Nanomaterials have received extraordinary attention owing to their unique properties, strongly associated to their nanoscale dimensions. In particular, noble metal (Au, Ag) nanoparticles (NPs) exhibit particular mechanical, electronic, optical and magnetic properties and present a high potential for developing applications in many domains with important societal impacts. Due to their higher stability by comparison with other metal-based nanoparticles, Au NPs have been extensively investigated for research in nanotechnology. In the last decades, N-Heterocyclic carbenes (NHCs) have emerged as an essential class of neutral ligands in organometallic chemistry. NHCs are characterized by their high synthetic flexibility, their specific geometry, and a very strong metalCcarbene bond in metal complexes.

All these properties have been widely studied and exploited for applications in homogeneous catalysis and for the development of biologically active complexes. By comparison, the use of NHCs in nanomaterials remains largely unexplored.

In this work, the potential of NHC ligands in the field of nanomaterials, as coating agents for gold nanocrystals synthesis, stabilization and self-assembly into supracrystals has been explored. First, well-defined silver and gold-NHC complexes with different well-known NHC ligands are investigated for their relevance to generate stable nanocrystals (NCs) under reductive conditions with a good control of nanocrystals size. We demonstrate that both Au and Ag NCs can be formed by reduction of metal-NHC complexes with amine-boranes. The efficiency of the process and the average size and size distribution of the nanocrystals markedly depends on the structure of the NHC ligand. However, we demonstrate in this part that different pathways are involved to generate nanocrystals from Au or Ag precursors, as a specific reaction is observed between Ag-NHCs and thiols leading to the formation of silver thiolates whereas the corresponding Au-NHCs remain unchanged.

In the second part, a new series of NHCs is designed with the aim of forming Au nanocrystals that can self-assemble in 3D organized superstructures (Au supracrystals). We demonstrate that the average size of the Au NCs and their ability to self-assemble are dependent on the length, orientation, and number of alkyl chains on the NHCs. Here, the geometry of both the CcarbeneAu bond and NC bonds, induce a specific orientation of the alkyl chains in the NHCs, different from that of alkylthiols. We assume that the long alkyl chains may be both involved in Au surface covering and in stabilizing interdigitation
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IV phenomena. This is demonstrated by the edge-edge distances in the supracrystals suggesting that the supracrystals are stabilized by interdigitation of neighboring nanocrystals alkyl chains, whose terminal part must point outward with the appropriate geometry. Finally, NHC-based Au nanocrystals are submitted to oxygen plasma to evaluate their stability under oxidative conditions to compare with the typical used thiol-based Au nanocrystals. The impact of the synthetic method to produce Au nanocrystals and the size of Au nanocrystals are studied. The stability of the dodecanethiol-stabilized Au nanocrystals is independent of the sizes of Au nanocrystals and the methods to generate the nanocrystals. We demonstrate that NHC-coated Au Nanocrystals are considerably more resistant to oxygen plasma than thiol-coated Au Nanocrystals. In addition, we demonstrate that NHC ligands bound to the surface of Au NCs are significantly more resistant to oxygen-induced transformations than dodecanethiol. Résumé V Résumé Les nanomatériaux ont beaucoup captivé l'attention pour leur propriétés uniques, fortement associées à leurs dimensions nanoscopiques. En particulier, les nanoparticules (NP) à base de métaux nobles (Au, Ag) présentent des propriétés mécaniques, électroniques, optiques et magnétiques particulières intéressantes pour le développement d'applications dans de nombreux domaines à fort impact sociétal. En raison de leur stabilité élevée par rapport aux autres nano-particules métalliques, les nanoparticules d'or ont été abondamment explorées pour les nanotechnologies. Ces dernières décennies, les NHC ont émergé en tant que classe essentielle de ligands neutres en chimie organométallique. Les NHC sont caractérisés par leur flexibilité synthétique élevée, leur géométrie spécifique, et une liaison métal-Ccarbène très forte dans les complexes métalliques. Toutes ces propriétés ont été largement étudiées et exploitées pour les applications en catalyse homogène et pour le développement de complexes biologiquement actifs. Par comparaison, l'utilisation des NHC dans les matériaux reste largement peu explorée. Dans ce travail, le potentiel de ligands NHC dans le domaine des nanomatériaux, comme des agents de revêtement pour le produit nanocristaux de synthèse de l'or (et l'argent), la produit de stabilisation et de l'auto-assemblage dans supracrystals ont été explorés. Tout d'abord, des complexes d'argent et d'or-NHC qui sont bien définies avec différents ligands qui sont connus comme le NHC, sont étudiés pour leur pertinence afin de générer des astable nanocristaux (NCs) dans des conditions réductrices avec un bon contrôle de la taille des nanocristaux. Nous démontrons que le Au et le Ag NCs peuvent tous être formés par la réduction des complexes métal-NHC avec les amine-boranes. L'efficacité du procédé, la taille moyenne et la taille de la répartition des nanocristaux dépendent fortement de la structure du ligand NHC. Cependant, nous démontrons dans cette partie que les différentes voies sont impliqués à générer des nanocristaux par Au ou Ag précurseurs, comme une spécifique réaction observée entre Ag-NHC et thiols conduisant à la formation de thiolates argent alors que le Au-NHC correspondant reste inchangé. Dans la deuxième partie, une nouvelle série de NHCs est conçu avec des Au nanocristaux dans le but d'être capable de se auto-assembler en 3D superstructures organisés (Au supracrystals). Nous démontrons que la taille moyenne de l'Au CN et leur capacité à auto-assembler sont dépend de la longueur, de l'orientation, et du nombre des chaînes alkyle N-Heterocyclic Carbenes coated Nanocrystals and Supracrystals VI sur le NHC. Ici, la géométrie à la fois de la liaison CcarbeneAu et des liaisons NC, s'induisent une spécifique orientation des chaînes alkyles dans le NHC, qui est différente de celle des alkylthiols. Nous supposons que les longues chaînes alkyle peuvent être à la fois impliqués dans Au revêtement et dans les phénomènes stabilisés de interdigitation. Cela est démontré par les distances de bord pointe dans les supracrystals suggérant où les supracrystals sont stabilisées par l'interdigitation des chaînes alkyle des nanocristaux voisins, dont la partie terminale doit pointer vers l'extérieur avec la géométrie appropriée. Enfin, les Au nanocristaux en basant de NHC sont soumis à un plasma d'oxygène pour évaluer leur stabilité sous les conditions oxydantes à comparer avec les nanocristaux de Au qui sont typiquement utilisés. L'impact de la méthode de synthèse pour produire les nanocristaux de Au et la taille de Au nanocristaux sont étudiés. La stabilité des DDT stabilisée de Au nanocristaux est indépendante de la taille des nanocristaux de Au et des méthodes pour générer les nanocristaux. Nous démontrons que NHC revêtu de Au nanocristaux sont considérablement plus résistants à plasma d'oxygène que les thiols revêtu de Au nanocristaux. De plus, nous avons démontré que les ligands NHC liés à la surface de Au NCs sont nettement plus résistants à l'oxygène induite par des transformations que le dodécanethiol.
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Nanomaterials are nanostructured materials, characterized by a well-defined grain size or a dimension from several nanometers to several dozen nanometers (< 50 nm). Nanomaterials can be classified according to the dimensionality resulting from the spatial arrangement of the structural elements. Zero-dimensional (0D) nanomaterials include nanoclusters, nanocrystals (NCs) or nanodispersions (isolated nanoparticles). Nanofibers, nanorods, and other nanotubular materials with fibers, are one-dimensional (1D) materials. Two-dimensional (2D) materials are films (coatings) with nanometer thickness. Three-dimensional (3D) materials result from the 3D arrangement of nanometer-sized grains to give 3D superlattices or supracrystals. The chemical and physical properties of a material are mainly due to the atoms at the surface. A decrease in the dimension (size) and dimensionality of nanomaterials induces a decrease in the number of bulk atoms and an increase of the number of atoms at the surface. Therefore, changes in the dimensionality and size induce marked changes in the material properties. In addition, nanoentities of same dimension(alitie)s and made of the same structural units, can adopt a range of different well-defined shapes (cylinders, rods, disks, cubes, etc.) that can also be associated with different properties. Furthermore, at very low sizes, quantic properties erase. Supracrystals that present a new level or hierarchy, may also be associated with unique collective properties, different from those of discrete NCs.

The concept of using nanocrystals as building blocks for the generation of larger colloidal structures has attracted great attention from scientists. Assemblies of nanocrystals of higher dimensionality are expected to exhibits unique properties resulting from the combination of both single nanocrystals properties and of collective properties resulting from the interactions between proximal NCs, either aligned along one direction (1D), self-ordered in close-packed networks (2D) or in 3D superlattices. Self-assembly is one of the most promising way to drive individual particles into highly ordered superstructures in a controlled way. A major challenge in nanosciences is to develop flexible, efficient and reproducible methods to control the assembly of nanocrystal building blocks. Here again, an important prerequisite is to produce NCs with a narrow size distribution. Simulations showed that a polydispersity exceeding 10 -12% could impedes crystallization (self-assembly). For this reason, thiolate-coated AuNCs that can be obtained as nearly monodisperse NCs, have been identified as model systems.

Supracrystals can be obtained by slow evaporation of colloidal solutions of monodisperse

NCs in organic solvents. Many fundamental aspects of the phenomena involved in this N-Heterocyclic Carbenes coated with Nanocrystals and Supracrystals process remain to be investigated. Here, the ligand and the solvent likely play an essential role in controlling the formation (crystalline structure and shape) and the different properties of the as-formed supracrystals.

Surface ligands play a very important role for nanoparticles, by controlling their size and shape during synthesis, preventing metal leaching into the surrounding solution, protecting from oxidation or even boosting properties such as the photoluminescent yield of semiconductor nanocrystals or the relaxivity of magnetic nanoparticles. NCs are usely coated with a layer of surfactant dispersed in a carrying solvent. The molecules of surfactant link through various modes of binding including covalent, dative, ionic bonds or physical adsorbtion to the metallic surface, preventing coalescence, and providing solubility and desired surface properties. During NC growth in solution, the organic surfactants adsorb to the NCs surface, providing a dynamic organic shell (capping layer) that stabilizes the NCs and mediates their growth. So far, a lot of surface ligands have been used for nanopaticles capping, such as citrate ligands, sulfur-based ligands (thiols or thiolates), phosphorus ligands, oxygen-based ligands, nitrogen-based ligands, polymers, dendrimers and surfactant (e.g. cetyltrimethylammonium bromide CTAB). The introduction of a specific capping agent may alter the way in which the final nanocrystal may be driven to adopt a specific shape. It was shown that selective chemisorption of molecular species onto the metal nanoparticle surface can have a profound effect on the shape displayed by a NC and may cause drastic morphological changes. Despite the importance of surface capping in controlling the shape of a nanocrystal, little is known about its explicit roles and the mechanisms are far from being fully elucidated. Surface ligands also act as templates for NCs 3D assembly to form supracrystals. Here, the nature/structure of the ligand (coating agent) and its properties (e.g. grafting density, mode of bonding with the nanocrystal surface, solubility) have a great influence on the ability of the nanocrystals to self-assemble in high-dimensional organized structures. The surface ligands play also an essential role for functionalizing nanoparticles and surfaces. It enables the direct or post-introduction of many different functionalities for various applications. The ability of the ligand to be functionalized and its synthetic flexibility are essential parameters to be considered for the design of future materials, which are particularly important for biomedical applications.

The introduction of new ligands associated with different spatial structures, more flexible synthetic routes, and different binding properties is also of great interest to investigate the self-assembly of NCs to control supracrystals formation as well as their properties. Many fundamental aspects in this field remain to be investigated. This prompted us to explore the use of N-heterocyclic carbene (NHC) ligands which are C-ligands associated with particular electronic and structural properties, for the preparation and stabilization of AuNCs and their self-assembly into 3D superstructures.

Chapter 1 State of the Art
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Gold nanoparticles (AuNPs), also called gold colloids, are metal nanoparticles of particular interest. Because of the quantum size effect resulting in specific electronic structures, metal nanoparticles have been considered to have unique physical and chemical properties different from those of the bulk state or atoms. [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF][2][3] AuNPs are the most outstanding members of the metal NP groups. 4,5 They have attracted a lot of attention in many aspects, related to the behavior of individual particles, their assembly of multiple types, their size-related optical, electronic and magnetic properties, [6][7][8] and their applications in catalysis [9][10][11][12][13][14] and biology. [START_REF] Wu | Physical and chemical stability of drug nanoparticles[END_REF][16][17][18] 

History of gold nanoparticles

Gold has been used in a variety of forms throughout human history. The extraction of gold could date back to the 5 th millennium B.C. near Varna, and reached 10 tons per year in Egypt around 1200-1300 B.C. In ancient time, materials were used in an ecological sense for aesthetic and curative purposes. Colloidal gold, was used to make ruby glass and for coloring ceramics. These applications are still used in recent period. In 1850s, M. Faraday conjectured that gold exits in solution in a "finely divided metallic state". 19 Thus, the preparation of AuNPs with controlled sizes and shapes has raised increased attention, and a lot of breakthroughs have been made. Firstly, in 1951, Turkevich et al. reported the citrate method. 20 Then Frens et al. in 1973 improved this method. 21 Secondly, Schmid et al. reported a phosphine-stabilized Au55 cluster in 1981. Later in 1993, P. Mulvaney et al. reported the first synthesis of AuNPs stabilized by thiolates. Finally in 1994, Schiffrin et al. reported the Brust-Schiffrin biphasic method for synthesizing AuNPs stabilized by thiols. 4 The importance of Au in nanotechnology, chiefly stems from its unique stability compared to most other metals under ambient conditions. Hence, AuNPs have been a preferred choice for research in nanotechnological applications.

Ligands for gold nanoparticles synthesis

AuNPs can be prepared by two different ways: the "top-down" or "bottom-up" strategy. 22 The mechanical fragmentation of bulk materials into nano-sized debris is used in the top-down method. Here, bulk state Au is systematically broken down to generate AuNPs in the corresponding nanoscale dimensions. However, the resulting fragments always have a broad size distribution. The bottom-up method starts from molecular precursors, such as organometallic compounds or salts, which are decomposed to generate individual metal atoms by chemical reduction or thermal/optical excitation. Then, the metals nucleate to form nanoparticles with a much narrower size distribution. 23 In a typical bottom-up system for colloidal nanoparticles preparation, there are four components: the precursor, the reducing agent, surface ligands, and solvents. All these four components, especially surface ligands, play an important role in controlling the size and shape of the nanoparticles. Many kinds of surface ligands have been used in the synthesis of AuNPs, such as trisodium citrate dehydrate, sulfur ligands, phosphorus ligands, oxygen-based ligands, nitrogen-based ligands, carbon-based ligands, polymers, and dendrimers. However, compared with other ligands, carbon-based ligands have rarely been explored.

Citrate ligands

In 1940, Hauser and Lynn proposed the first synthesis of gold nanoparticles by citrate reduction of aqueous gold ions. Then in 1951, this method was studied and promoted by Turkevich et al. 20 Addition of a sodium citrate solution quickly to a boiling HAuCl4 solution was shown to give (Figure 1), after a few minutes, a wine-red colloid was obtained with the AuNPs size of 20 ± 1.5 nm. In this procedure, the resulting spherical gold nanoparticles are stabilized electrostatically by surface-bound citrate ions. Since then, AuNPs stabilized by citrate have been the most popular one among AuNPs obtained by reduction of HAuCl4. In 1973, Frens et al. 21 modified the Turkevich method by controlling the ratio of trisodium citrate to Au. They obtained different sizes of AuNPs varying from 16 nm to 150 nm. The average particle size and size distribution could be determined accurately from electron micrographs.

Since then, the Turkevich-Frens method to genetrate citrate-stabilized AuNPs has been continuously studied and optimized. Especially, the mechanism of AuNPs formation in this method has been studied in details recently. [24][25][26][27][28] Due to Turkevich's report on the presence of a very small percentage of triangular particles in citrate-reduced gold solution, in 2005, M. Sastry et al. reinvestigated the citrate reduction procedure in detail for gold nanotriangle formation. 28 They found that the temperature of the reaction is a crucial parameter and that slowing down the reduction rate of gold ions by progressive temperature decrease leads to the Chapter 1 State of the Art growth of gold nanotriangles. Furthermore, they observed that the presence of halide ions in solution during gold ion reduction critically affects the morphology of the particles. Br -and I - ions distort the morphology and lead to the formation of spherical particles, while Cl -ions promote the formation of gold nanotriangles. In the following year, A. Plech et al. found that a general relation exits between the gold-to-reductant ratio and the final size of the particles. 24 They indicated that low gold concentration favors longer time stable AuNPs of smaller sizes, while high gold concentration leads to unstable AuNPs of larger sizes. The limit for the production of long time stable AuNPs is below 2mM. Then in 2007, J. Y. Lee et al. focused on the particle growth process in the citrate reduction and found that the growth process is different from the commonly accepted LaMer nucleation growth model. 25 They indicated that small Au particles of about 5 nm in diameter coalesce to form an extensive network of nanowires during the initial stage of the reaction, which fragments into spherical particles later. Subsequently, in the same year, S. Kumar et al. 29 developed a model to study the mechanism of the citrate process of synthesis of Au nanoparticles in multiple steps, as follows: reduction of Au 3+ in solution, disproportionation of Au + to gold atoms and their nucleation, growth by disproportionation on particle surface, and coagulation. The oxidation of citrate forms dicarboxy acetone, which aids nucleation but also decomposes into side products. In 2007, X. Peng et al. studied growth kinetics and temporal size/shape evolution of gold nanocrystals by citrate reduction in detail. 27 They found that the solution pH which was controlled by the concentration of sodium citrate influences the size variation and overall reaction mechanism. Based on this result, by varying the pH of the solution, monodispersed AuNPs with an average size ranging from 20-40 nm have been synthesized. [30][31][32][33] In addition, there are some other improvements of the citrate method which have been done involing reaction temperature adjustment, 34 introduction of fluorescent light irradiation, 35 and use of high-power ultrasound. 36 Because of the modest reducing ability of trisodium citrate, the size of AuNPs stabilized by citrate is always larger than 10 nm. However, in 2010, Puntes et al.

obtained smaller sized AuNPs (5.3 nm) with the citrate method by using D2O as the solvent instead of H2O. 37 This indicated that the presence of deuterium increases the reducing strength of the citrate molecule.

In these cases described above, citrate acts as both stabilizing and reducing agent. The wide use of citrate as stabilizing agent is limited by its weak reducing ability, implying relatively high temperature to prepare AuNPs. To decrease the temperature of the reaction, in 1985, tannic acid was used by Geuze et al. as a reducing agent to assist citrate. They obtained AuNPs at 60 o C. Then in 1996, M. J. Natan et al. made a significant progress by using NaBH4 as reducing agent to obtain citrate stabilized AuNPs at room temperature. 38 Compared with the AuNPs larger than 10 nm using traditional citrate method, 6 nm AuNPs were obtained by using this method.

Figure 1. AuNPs synthesis using the Turkevich method

Sulfur ligands

Since 1988, Whiteside et al. have demonstrated that a wide variety of alkanethiols form well-defined monolayers on gold metal surfaces. 39 On this basis, then, in 1993 P. Mulvaney et al. firstly reported AuNPs stabilized with alkylthiols through ligand exchange. 40 They demonstrated that it is possible to use alkylthiols of various chain length to stabilize AuNPs and that the alkylthiol-capped AuNPs can produce ordered two-dimensional arrays.

Combining the two-phase approach introduced by Faraday 19 and the technique of ion extraction and alkanethiols self-assembly to well-defined monolayers on gold metal surfaces, in 1994, M. Brust et al. described the first one-step method for preparation of thiol-stabilized AuNPs. 41 They used two-phase (water-toluene) reduction of AuCl4 -by sodium borohydride in the presence of alkanethiol to obtain gold particles. The average sizes of AuNPs bearing a surface coating of thiol are in the range 1-3 nm, and the shapes of AuNPs are cuboctahedral and icosahedral. The particles prepared in this way are more stable. They can be precipitated, redissolved, and isolated without any apparent change in their properties. Based on the results obtained by Brust et al., it was indicated that larger thiol/gold molar ratio give smaller average core sizes, and fast reductant addition and cooled solutions produced smaller, more monodisperse particles due to the nucleation-growth-passivation process. 42 Quenching the reaction immediately following reduction or the use of sterically bulky ligands leads to form higher portion of very small NPs. 43 Following the Brust-schiffrin two-phase method, in 1995, R. W. 44 In 1998, R. W. Murray et al. succeeded to adjust the mean size of dodecanethiolate-stabilized AuNPs varying between 1.5 and 5.2 nm by tuning the Au/dodecanethiol ratio and the temperature and the rate of reductant addition. 42 To functionalize AuNPs, in 1998, S.D. Evans et al. used small aromatic thiol molecules HS-C6H4-X, where X=OH, COOH, NH2, and CH3. 45 They found that the physical properties of the surfactant-coated nanoparticles, both in solution and as thin films, were dependent upon the nature of the functional group X. Particularly, the particles bearing COOH and NH2 functionalities were prone to significant aggregation through hydrogen bond formation. T. R.

Lee et al. also reported AuNPs functionalized with n-octadecyl disulfide in the same year. 46 Very recently, the Brust-Schiffrin method is still much in use for the preparation and application on the thiolate stabilized AuNPs, [47][48][49][50] such as stable gold nanoparticles stabilized by different mono-and bi-functional arenethiols, namely, benzylthiol and 1,4-benzenedimethanethiol, as reported by Floriana Vitale et al. in 2011. 47 In 1995, M. Brust et al. extended the two-phase method. They reported the synthesis of stable gold nanoparticles stabilized by a bifunctional thiol ligand, which was p-mercaptophenol. The p-mercaptophenol AuNPs were synthesized in a one-phase system in order to avoid the phase-transfer agent TAOB, which introduced impurities. Then, in the following years, the formation of these functional thiol stabilized AuNPs by using the one-phase method has attracted a lot of attention. In 2002, M. Brust et al. synthesized water-soluble gold nanoparticles of two different size ranges (2-4 and 5-8 nm) by using monohydroxy (1-mercaptoundec-11-yl) tetraethylene glycol as a novel capping agent, which do not aggregate or loose stability under any conditions likely to be encountered in bio-analytical applications. 51 For the biological interest, nonspecific binding between nanoparticles and biomolecules is one of the major barriers. Based on the results obtained by M. Brust, X. Huang et al. reported in 2004 a new approach to eliminate nonspecific interactions between nanoparticles and biological molecules by shielding the nanoparticle with a monolayer of ethylene glycol, as di-, tri-, and tetra(ethylene glycol)-protected gold nanoparticles. 52 Very recently, AuNPs stabilized by thiolates were synthesized by this one-phase method, such as -functionalized alkylthiolates, 53 bifunctional alkanethiolates, 54,55 arenethiolates [56][57][58] and other functional thiolates (Figure 2) from the corresponding thiols. 59 
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Figure 2. Functional thiolate stabilized AuNPs

In addition, a lot of other kinds of sulfur ligands have also been used in the synthesis of AuNPs by the Brust-Schiffrin two-phase method or ligand exchange, such as disulfides, [60][START_REF] Oh | One-Phase Synthesis of Water-Soluble Gold Nanoparticles with Control over Size and Surface Functionalities[END_REF][START_REF] Manna | Optimized Photoisomerization on Gold Nanoparticles Capped by Unsymmetrical Azobenzene Disulfides[END_REF][START_REF] Li | Identification of a source of size polydispersity and its solution in Brust-Schiffrin metal nanoparticle synthesis[END_REF][START_REF] Tang | Synthesis and Structural Determination of Multidentate 2,3-Dithiol-Stabilized Au Clusters[END_REF] xanthates, [START_REF] Sistach | Thermoresponsive Amphiphilic Diblock Copolymers Synthesized by MADIX/RAFT: Properties in Aqueous Solutions and Use for the Preparation and Stabilization of Gold Nanoparticles[END_REF] thioacetates, [START_REF] Zhang | Monolayer-Protected Gold Nanoparticles Prepared Using N-heterocyclic carbene coated Nanocrystals and Supracrystals Long-Chain Alkanethioacetates[END_REF] dithiocarbamates, [START_REF] Vickers | Dithiocarbamate ligand stabilised gold nanoparticles[END_REF] trithiolates, 68 benzenesulfonate (SDBS), [START_REF] Wang | Influence of Speciation of Aqueous HAuCl4 on the Synthesis, Structure, and Property of Au Colloids[END_REF] and thioctic acid. [START_REF] Volkert | Salt-Mediated Self-Assembly of Thioctic Acid on Gold Nanoparticles[END_REF] The binding strength of these ligands bind with the AuNP cores of AuNPs might be weaker than that of the thiolates. [START_REF] Béthencourt | SAMs on Gold Derived from the Direct Adsorption of Alkanethioacetates Are Inferior to Those Derived from the Direct Adsorption of Alkanethiols[END_REF][START_REF] Biradar | Polydentate disulfides for enhanced stability of AuNPs and facile nanocavity formation[END_REF] However, sulfur ligands-stabilized AuNPs as the bioprobes have a broad used in DNA or protein detection and other bio-applications because of the abundance of sulfur ligand in DNA or other proteins. 60 However, the AuNPs prepared by Brust-Schiffrin two-phase method and its variations typically have a continuous and broad size distribution in the range of 1-3 nm. In 2006, G. D. Stucky et al. reported a facile one-step one-phase method to prepare AuNPs stabilized by dodecanethiol with a narrow distribution on gram scale. [START_REF] Zheng | One-Step One-Phase Synthesis of Monodisperse Noble-Metallic Nanoparticles and Their Colloidal Crystals[END_REF] They used Au(PPh3)Cl as precursor through reduction by amine-borane complexes in the presence of dodecanethiol to obtain the AuNPs. The sizes of AuNPs were in the range of 2-8 nm, which were controlled by varying the reaction temperature and solvent. This method was revised in the SUPRANANO group. [START_REF] Goubet | Which Forces Control Supracrystal Nucleation in Organic Media?[END_REF] The AuNPs in the range of 5-8 nm were prepared in toluene at 100 o C by varying the concentration of the capping agent dodecanethiol and the reducing agent t-butylamine-borane complex.

Phosphine ligands

Phosphine stabilized gold nanoparticles have been found broad application in imaging, catalysis, nanoscale electronic development, sensing and drug delivery platforms. [START_REF] Walter | A unified view of ligand-protected gold clusters as superatom complexes[END_REF][START_REF] Shem | One-Step Synthesis of Phosphine-Stabilized Gold Nanoparticles Using the Mild Reducing Agent 9-BBN[END_REF][START_REF] Moores | Phosphinine stabilised gold nanoparticles; synthesis and immobilisation on mesoporous materials[END_REF] They also can act as starting materials for the production of nanoparticles functionalized by other Chapter 1 State of the Art ligands, such as thiols, amines and other phosphines, as they can readily be replaced through ligand exchange reactions. [START_REF] Yang | Surface Manipulation of the Electronic Energy of Subnanometer-Sized Gold Clusters: An Electrochemical and Spectroscopic Investigation[END_REF][START_REF] Caragheorgheopol | Mechanistic aspects of ligand exchange in Au nanoparticles[END_REF] In 1981, G. Schmid et al. prepared Au55 cluster stabilized by triphenyl-phosphine with a narrow size distribution (1.4 ± 0.4 nm). This Au cluster defined as [Au55(PPh3)12Cl6], was characterized by X-ray crystal structure. It also firstly showed the properties of a quantum-dot particle. [START_REF] Schmid | P(C6H5)3]12CI6 -ein Goldcluster ungewöhnlicher Größe[END_REF] In recent years, some papers reported improvements of the Schmid method. Particularly, in 2009, J. S. Shumaker-Parry et al. reported a simple method to synthesize triphenylphosphine stabilized AuNPs varying from 1.2 to 2.8 nm (Figure 3). [START_REF] Shem | One-Step Synthesis of Phosphine-Stabilized Gold Nanoparticles Using the Mild Reducing Agent 9-BBN[END_REF] The size of the triphenylphosphine stabilized AuNPs can be tuned by controlling the temperature during synthesis. These AuNPs display size-dependent optical properties.

Triphenylphosphine (PPh3) is commonly assigned a passive role as a chemical placeholder, electron balancing species, or surfactant. However, in 2011, J. W. Hudgens et al. reported the first direct evidence that PPh3 is a proactive etching agent that promotes the formation of specific closed-shell cluster sizes. [START_REF] Pettibone | Gold Cluster Formation with Phosphine Ligands: Etching as a Size-Selective Synthetic Pathway for Small Clusters?[END_REF] In 2009 and 2010, A. Katz et al. reported the synthesis and characterization of gold nanoparticles stabilized by calix [6]arene-and calix [4]arene-phosphine ligand. [START_REF] De Silva | A bioinspired approach for controlling accessibility in calix[4]arene-bound metal cluster catalysts[END_REF] The calixarene-bound particles were demonstrated to have high level of accessibility for binding molecules to gold nanoparticles, which could be used for catalysis. 

Oxygen-based ligands

The oxygen-based ligands, which are able to stabilize AuNPs, contain carbonyl, alcohol, and phenol groups. Among the oxygen-based ligands, phenol and carboxyl derivatives are well-known as stabilizing ligands for AuNPs. In 2007, C. R. Raj et al. synthesized gold nanoflowers by a one-pot synthesis using N-2-hydroxyethypiperazine-N-2-ethanesulphonic acid (HEPES, Figure 4) as a reducing/stabilizing agent. [START_REF] Jena | Synthesis of Flower-like Gold Nanoparticles and Their Electrocatalytic Activity Towards the Oxidation of Methanol and the Reduction of Oxygen[END_REF] In 2009, E. Wang et al. reported the first example of using folic acid (Figure 4), to directly reduce a gold precursor salt (HAuCl4) for producing AuNPs, that also acts as a stabilizing agent for AuNPs via a carboxyl group. [START_REF] Li | One-Step Synthesis of Folic Acid Protected Gold Nanoparticles and Their Receptor-Mediated Intracellular Uptake[END_REF] The folic acid stabilized AuNPs could be taken up by HeLa cells, which are known to overexpress folic acid receptors. Thus, it is useful for nanomedicinal applications. Later on in the same year, Y. Xia et al. described a protocol that generates Au icosahedra in high yields by simply mixing aqueous solutions of HAuCl4 and N-vinyl pyrrolidone. [START_REF] Yavuz | Facile Synthesis of Gold Icosahedra in an Aqueous Solution by Reacting HAuCl4 with N-Vinyl Pyrrolidone[END_REF] Their mechanistic study indicated that water plays an important role in this synthesis. As a nucleophile, it induces the generation of an alcohol-based Au 1 intermediate by attacking the gold-vinyl complex. Then this intermediate undergoes a redox reaction in which Au 1 is reduced to Au 0 , leading to the formation of a carboxylic acid stabilized Au icosahedra of about 18 nm in size. In the case of neutral ligands, 4-(N, N-dimethylamino) pyridine (DMAP) is the most common ligand for AuNPs. It can be used to cap AuNPs as well as acting as an organic-aqueous transfer agent. DMAP is proposed to bind to AuNPs as a zwitterion through the nitrogen atom of the pyridine bearing a negative charge. In 2001, F. Caruso et al. firstly reported DMAP stabilized AuNPs. [START_REF] Gittins | Spontaneous Phase Transfer of Nanoparticulate Metals from Organic to Aqueous Media[END_REF] Their preparation method relies on the exchange of tetraoctylammonium bromide (TOAB) with DMAP, followed by spontaneous phase transfer of the DMAP stabilized nanoparticles from toluene to water. DMAP, acting as a zwitterion, is shown to be an excellent ligand for stabilizing water-soluble gold nanoparticles. Then in 2005, R. B. Lennox et al. prepared water-soluble, positively charged, and fairly monodispersed (6.2 ± 0.9 nm) DMAP-protected gold nanoparticles. [START_REF] Gandubert | Assessment of 4-(Dimethylamino)pyridine as a Capping Agent for Gold Nanoparticles[END_REF] They found that the DMAP-stabilized AuNPs are soluble and stable over a wide pH range (5.0 -12.8), and that excess of DMAP is necessary for both the preparartion and the stability of the DMAP-stabilized AuNPs. In 2011, H. Lange [START_REF] Lange | Adsorption Behavior of 4-Methoxypyridine on Gold Nanoparticles[END_REF] They demonstrated by SERS measurements and periodic DFT calculations that 4-methoxypyridine adsorbs in a flat binding mode on the gold surface via -electrons of the pyridine ring, a mode of binding different from that of DMAP and unsubstituted pyridines.

Except for DMAP, other kinds of neutral amine ligands have been used. In 2001, M. Sastry et al. synthesized octadecylamine (ODA)-stabilized AuNPs by phase transfer method. [START_REF] Sastry | Phase transfer of aqueous colloidal gold particles into organic solutions containing fatty amine molecules[END_REF] The fatty amine-capped AuNPs are very stable, could be easily precipitated out of solution and redissolved in different organic solvents without significant change in the particle size. Later in 2003, M. Sastry et al. also reported AuNPs stabilized by laurylamine (LAM). [START_REF] Kumar | Investigation into the Interaction between Surface-Bound Alkylamines and Gold Nanoparticles[END_REF] They found that the surface bound alkylamine monolayer may be place-exchanged with other amine derivatives in a manner similar to that observed for alkanethiols. In 2008, C. R. Suri et al.

reported the synthesis and capping of stable gold nanoparticles by using glutamic acid which is an amino acid. [START_REF] Wangoo | Synthesis and capping of water-dispersed gold nanoparticles by an amino acid: Bioconjugation and binding studies[END_REF] They showed that the AuNPs can be prepared in water directly by complexation with the glutamic acid molecules. The amino acid acted as a reducing agent, as well as a stabilizing agent where the amino groups were bound to AuNPs.

In the case of cationic ligands, tetraalkylammonium salts have a variety of applications in the synthesis and stabilization of nanoparticles, especially tetraoctylammonium bromide (TOAB) and cetyltrimethylammonium bromide (CTAB). The TOAB stabilized AuNPs are prepared by the Brust-Schiffrin two-phase method without adding other stabilizing agents, which are colloidally stable for two weeks without further functionalization. 41 The TOAB protected AuNPs are starting materials for the production of nanoparticles functionalized by other ligands, especially neutral amine ligands which have been described above. In the case of CTAB, in 2001, M. A. El-Sayed et al. synthesized CTAB stabilized AuNPs with an average size of 12 nm. [START_REF] Nikoobakht | Evidence for Bilayer Assembly of Cationic Surfactants on the Surface of Gold Nanorods[END_REF] Then in 2003, E. Wang et al. reported the first synthesis of CTAB-capped gold nanoparticles in a two-phase liquid/liquid system using CTAB as a phase-transfer catalyst and a stabilizer simultaneously. [START_REF] Cheng | Synthesis and Self-Assembly of Cetyltrimethylammonium Bromide-Capped Gold Nanoparticles[END_REF] They demonstrated that the alkyl chains in the 3D surface-bound CTAB monolayer on a gold cluster are in the disorder liquid state.

Carbon-based ligands

Carbon-based ligands, which have been used to stabilize AuNPs, mainly through carbon-gold covalent bonds. So far, carbon-based ligands stabilizing AuNPs have contained aryl or akyne groups. However, more recently, neutral N-Heterocyclic Carbenes have been introduced (see section 1.3). In the case of aryl ligands, the synthesis of AuNPs involves attachment of aryl radicals to perform or grow AuNPs. The aryl radicals are produced by reduction of diazonium salts. In 2006, F. Mirkhalaf et al. synthesized 4-decylbenzene-protected AuNPs with a size of 8.1 nm. [START_REF] Mirkhalaf | Synthesis of Metal Nanoparticles Stabilized by Metal-Carbon Bonds[END_REF] The corresponding diazonium derivative of the capping ligand decylbenzene were prepared and reduced together with HAuCl4 by aqueous NaBH4 to generate AuNPs stabilized by decylbenzene. The AuNPs protected by decylbenzene are very stable due to the strong metal-ligand covalent bond. In the case of terminal alkynes ligands, terminal alkynes have become a new type of protective ligand of Au clusters / nanoparticles in recent years. [START_REF] Zhang | Self-Assembled Monolayers of Terminal Alkynes on Gold[END_REF][START_REF] Maity | Organogold Clusters Protected by Phenylacetylene[END_REF][START_REF] Maity | Selective synthesis of organogold magic clusters Au54(C[triple bond, length as m-dash]CPh)26[END_REF][START_REF] Maity | Binding Motif of Terminal Alkynes on Gold Clusters[END_REF][START_REF] Wan | Au19 Nanocluster Featuring a V-Shaped Alkynyl-Gold Motif[END_REF][100] In 2007, C. B. Gorman et al.

synthesized dodecyne-capped AuNPs with a two size ranges (4.5 and 2.6 nm) which were made in the presence of dodecyne by reducing HAuCl4 in toluene/water containing 6 mM dodecyne. It was concluded that terminal acetylenes form self-assembled monolayers on gold substrates and nanoparticles that are relatively densely packed and stable. In 2011, T. Tsukuda et al. reported the first synthesis of phenylacetylene-protected Au clusters by using a biphasic ligand exchange of preformed polyvinylpyrrolidone-stabilized Au clusters (diameter < 2 nm). [START_REF] Maity | Organogold Clusters Protected by Phenylacetylene[END_REF] Then in the following year, they also succeeded in synthesizing a magic cluster, Au54 (pheylacetylene)26 selectively by reacting polymer-stabilized Au clusters (1.2 nm) with excess phenylacetylene in chloroform. [START_REF] Maity | Selective synthesis of organogold magic clusters Au54(C[triple bond, length as m-dash]CPh)26[END_REF] To investigate the fundamental information about the interfacial structures between the terminal alkynes and Au clusters and their formation process, gold clusters protected by terminal alkynes (1-octyne, pheylacetylene and 9-ethynyl-phenanthrene) were prepared by T. Tsukuda et al. through the ligand exchange of small Au clusters stabilized by polyvinylpyrrodidone. [START_REF] Maity | Binding Motif of Terminal Alkynes on Gold Clusters[END_REF] The binding motif of these alkynes on Au clusters was investigated using various spectroscopic methods. It was revealed that the terminal hydrogen is lost during the ligand exchange and that the C≡C bond of the alkynyl group is weakened upon attachment to the Au clusters. Also, EXAFS analysis suggests that the alkynyl carbon is bound to bridge and/or hollow sites of the Au cluster surfaces.

Polymer ligands

In general, polymer ligands have large molecular weights, and easily fold up to form 3-dimensional network structures. Polymer ligands which contain functional groups such as NH2, SH and CN at the end or in the middle of polymers, can stabilize Au nanoparticles and prevent them from aggregating. Using polymers as stabilizing agents can enhance long-term stability of AuNPs and adjust the solubility and amphiphilicity of AuNPs. They also can tailor the properties of AuNPs. 101 Various polymers have been used to stabilize AuNPs from Chapter 1 State of the Art aggregation via either physisorption or chemisorption on Au nano-cores. Among these polymers, most of polymers used to protect AuNPs through chemisorption contain sulfur groups which possess strong affinities to gold. The synthesis routes which have widely been studied toward polymer stabilized AuNPs through covalent binding include the ''grafting to'' and ''grafting from'' techniques.

In 1998, R. W. Murray et al. reported the synthesis of poly(ethylene glycol)-functionalized gold nanoparticles (PEG-Au) using a "grafting to" method. 102 poly(N-vinyl caprolactam) (PVCL) (Figure 5). 112 However, some polymers such as PS and PAAPHA not only act as stabilizing agents but also as reducing agents. Therefore, AuNPs were formed without any additional reducing agents. But these AuNPs formed by such weak reducing agent were much larger than those using additional stronger reducing agents such as NaBH4. properties, NHC ligands form stronger bonds with metal centers than most classical ligands such as phosphines, thus giving transition metal complexes that are generally resistant to decomposition and can be used as precatalysts without an excess of ligand. [132][133][134] A better steric protection of the active site within the inner metal coordination sphere gives a further advantage in catalysis, as the exocyclic nitrogen substituents of the NHC shield the metal center in a fence-or fan-like fashion, more efficiently than a tertiary phosphine. These beneficial features make NHCs to become firstly an essential class of ligands in organometallic chemistry, 135 as evidenced by numerous applications ranging from homogenerous catalysis to material and medical sciences, [136][137][138][139][140] and secondly, an excellent nuclephilic organocatalyst. 141,142 For the same reason, and because of NHCs exhibiting a particular geometry associated with a flexible structure allowing fine-tuning of their steric properties, NHCs are expected to be highly promising ligands for the development of functionalized materials. Furthermore, the strength of the Au-NHC bond in metal complexes is estimated to be 90 kJ mol -1 higher than the corresponding Au-phosphine bond and double that of the sulfide-metal bond. 143
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N-Heterocyclic Carbenes as ligands for SAMs stabilization and functionalization

NHC-based self-assembled monolayers (SAMs) on Au surfaces were recently reported as well as their high stability in various conditions and their relevance for modifying Au surfaces properties by chemical post-functionalization. 144 The bond strength in NHC-Au surfaces was estimated at 150 KJ.mol -1 , 25 KJ.mol -1 higher than the thiolate-Au bond.

More recently, NHC ligands have been rarely been explored for stabilizing or modifying nanoparticles. So far, three general methods have been employed to generate structurally defined NHC-stabilized metal NPs, involving: (i) a ligand exchange approach by using free NHCs to replaced thioethers on the suface of metal-NPs, [144][145][146][147] (ii) the selective reduction of the corresponding metal-NHC complexes, 148-152 and (iii) the reduction of metal salts and the deprotonation of imidazolium salts. 153

N-Heterocyclic Carbenes as ligand for nanoparticles synthesis and stabilization a) Ligand exchange by using free NHCs to replace thioethers

The first example of structurally defined NHC stabilized metal NPs was reported by V.

Chechik et al. in 2009. 145 They have prepared NHC-coated Au and Pd nanoparticles by ligand exchange. Bis-tert-butylimidazol-2-ylidene was synthesized by the deprotonation of the corresponding imidazolium salt by KO t Bu. This ligand was then reacted with the Au nanoparticles protected by thioethers and Pd nanoparticles coated with trioctylphosphine to get the corresponding NHC-coated Au and Pd nanoparticles (Figure 7). However, these nanoparticles have as limited stability in solution. A spontaneous irreversible aggregation of nanoparticles was observed along with the release of NHC-metal complexes. These observations suggest that NHC-coated nanoparticles might leach mononuclear NHC-metal species in catalytic process. 

b) Selective reduction of metal-NHC complexes

As we decribed above, Stucky's group reported a facile one-step one-phase synthetic route to achieve a variety of noble-metallic NPs by reduction of metal salts or organometallic precursors. [START_REF] Zheng | One-Step One-Phase Synthesis of Monodisperse Noble-Metallic Nanoparticles and Their Colloidal Crystals[END_REF] Therefore, the use of organometallic complexes bearing organic ligands makes it possible, by changing the ability of the ligands to give electrons to the metal center and the bulkiness of the ligand or reducing agent, to tune kinetics of metal reduction which in turn enables control of nanocrystal size. T. D. Tilley et al. 148 reported the first example of a facile, one-phase synthesis of AuNPs coated with NHC ligands based on reduction of single source NHC-AuCl complexes (Figure 9). They found that the nature of the substituent on the NHC ligand allows for the control of NP size, with NPs of more or less 2 nm in diameter being obtained with bulky and rigid NHC binding was controlled by the substituents on the nitrogen atoms (Figure 13). the procedure using chloroaurate (III) imidazolium salts as precursors, involving a one-pot deprotonation / reduction sequence (Figure 14). In this method, NHC-coated AuNPs and PdNPs are formed after in situ deprotonation of the azolium salt to generate the NHC ligand, followed by reduction of gold or palladium (AuCl4 -or PdCl4 -). This method avoids the isolation and characterization of Au-NHC or Pd-NHC complexes which have frequently been used as precursors for metal-NPs (mentioned below), as well as the formation of the free NHC ligand separately, thus reducing the overall number of steps. 

Stability of gold nanoparticles

Many studies showed that Au 0 nanoparticles do not show detectable cytotoxicity for Chapter 1 State of the Art relatively short periods of exposure (48-72 h). 156 Thus, it has been generally considered that AuNPs were noncytotoxic, nonimmunogenic, and present biocompatible properties suitable for application in nanoimmunology, nanomedicine, or nanobiotechnology. 157 However, the toxicity and biocompatibility of NPs is highly related to their stability, and in particular to their long-term stability that remains a major concern. So far, there have been a lot of studies reporting the thermal and chemical stability of ligand-stabilized gold nanoparticles. In general, heat-treatment method, cyanide-induced decomposition and oxygen plasma etching were used to examine the stability of gold nanoparticles.

Thermal stability

In 1995, R. W. Murray et al. investigated the gold clusters stabilized by chemisorbed monolayers of octane-, dodecane-and hexadecanethiol by thermogravimetry analysis (TGA). 44 described an investigation of temperature-manipulated size and shape evolution for dodecanethiol-coated AuNPs. 159 They used the two-phase method to prepare the dodecanethiol-stabilized AuNPs which were subjected to heat treatment at 110 o C under reduced pressure. They found that the size of the AuNPs increased. The details of the evolution process were researched in the follow-up study. 160,161 Based on the experimental data of TEM, FTIR and UV-Vis, it was indicated that the chemical reactivities in the evolution process involve shell desorption, core-coalescence and re-encapsulation. They found that the temperature at which the particles change sizes or shapes was dependent on the chain length of the encapsulating thiols and the compositions of the nanocrystal cores. In 2001, M. Miyake et al. reported a simple method to control the size of alkanethiol-protected Au nanoparticles by heat treatment in the solid state. 162,163 The size of the Au nanoparticles could be evolved to 

Chemical stability

Oxygen plasma etching and cyanide-induced decomposition have been used to examine the chemical stability of AuNPs and other metal nanoparticles. In the case of oxygen plasma etching, in 2009, the SUPRANANO group investigated the stability of silver nanocrystals self-assembled in 2D by oxygen plasma etching. 167 We found that higher ordered self-assemblies remain unchanged, while less ordered organizations coalesce into larger nanocrystals with spheroidal shapes that could be single crystals. In 2014, M. ligands. 173 Through the resistance to NaCN decomposition they found that there was a balance between the coordination number and the density of ligand packing on the nanoparticle surface. For smaller NPs, where a larger surface curvature reduces the ligand packing density, a higher coordination number is clearly beneficial. In comparison, a higher ligand density allowed by the smaller curvature for larger nanocrystals makes monothiol-PEG-capped AuNPs more resistant to cyanide decomposition.

Besides, there have been some studies reporting the kinetic, 165 ultrasonic, 164 pH and solvent stability 144 of AuNPs.

Self-assembly of nanoparticles

Self-assembly is one of the most promising way to drive individual particles into highly ordered and functional structures in a controlled way. Because of the self-assembly phenomena of micrometer colloids such as silica spheres and polystyrene beads is known for decades, the attention started to be turned to nanoscale self-assembly of nanoparticles in the early 1990s. Since 1995, semiconducting nanoparticles were self-assembled in compact two dimensions (2D) and three dimensions (3D) with face centered cubic (fcc), hexagonal close packed (hcp), or body centered cubic (bcc) crystalline structures in thermodynamically stable states. 174 This clearly demonstrated that the organization of nanocrystals in supracrystals is N-Heterocyclic Carbenes coated nanocrystals and supracrystals similar to that of carbon atoms in diamonds or to those of Na + and Cl -ions in stable salt.

Other types of self-organization of nanocrystals like rings or honeycomb arrangements, linked to the Marangoni instabilities, have also been produced. 175

Self-assembly in two dimensions

Self-assembly of nanoparticles in organized 2D networks is relatively easy to accomplish, compared with 3D assembly. In the past decades, a lot of self-organized nanoparticles in 2D closed-packed superlattices in very large scale with a small number of defects have been synthesized. So far, there have been several methods to fabricate 2D self-assembly of nanoparticles. First, Langmuir-Blodgett (LB) films are effective for depositing thin films of nanocrystals on solid substrates, 176 which are well-known procedures to prepare 2D hexagonal close-packed superlattices. In 2003, R. P. Andres et al. reported a method in which 5 nm AuNPS encapsulated by alkanethiol could be self-assembled into well-ordered monolayers on a water surface, and these nanoparticle films were transferred intact onto various solid subtstrates. This method included spreading a thin film of a colloidal solution of AuNPs on the water surface. The water surface had a controlled surface curvature. After the solvent evaporated, a close-packed monolayer of AuNPs nucleated at the center of the water surface and grew gradually outward. At last, the monolayers could be transferred from the water surface to a hydrophobic substrate by Langmuir-Schaefer technique. Second, evaporation-induced assembly of colloidal solution of nanoparticles is another convenient way to generate 2D networks. One drop colloidal solution of nanoparticle is deposited on the substrate and then evaporated at the substrate surface. This method is widely used in the SUPRANANO group. [START_REF] Goubet | Which Forces Control Supracrystal Nucleation in Organic Media?[END_REF]167,177 It is easier and more flexible than the LB film method. However, the superlattices obtained are local ordering with some areas containing multilayers.

Third, interfacial self-assembly also is a useful method for creating 2D assemblies. This method is a combination of LB film method and evaporation-induced assembly method. For example, in 2011, C. B. Murray et al. used the liquid-air interfacial assembly approach to grow large-area 2D binary nanocrystal superlattices. 178 Besides, versatile biological templates such as proteins are also frequently used to generate 2D superlattices. For example, in 1997, W. Shenton et al. described the use of bacterial Slayers as templates for the in situ nucleation of ordered two-dimensional arrays of cadmium sulphide nanocrystals about 5 nm in size. 179 The bacterial Slayers are self-assembled, two-dimensionally ordered films of proteins that feature in many bacterial cell walls.
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Self-assembly in three dimensions

In the past 20 years, self-assemblies of 3D superlattices of inorganic nanoparticles (semiconductors, metals, oxides, etc.) have been produced. These nanocrystal assemblies in three dimensions are called supra-or supercrystals. The structures of 3D supracrystals are similar to the structures of atoms in bulk phase metals and nanocrystals such as bcc, fcc, hcp, or disordered with the formation of so-called amorphous material. Evaporation-induced assembly is a well-known method to generate 3D structures, which allows the nanocrystals to assemble into 3D superlattices by slow and controlled evaporation of the organic solvent, or water on a suitable substrate surface such as silicon wafer. A lot of studies described the use of evaporation method to generate 3D structures. For example, in 2001, the SUPRANANO group succeeded in fabricated 3D superlattices of 8 nm cobalt nanocrystals through evaporation method, and demonstrated that it is possible to obtain 3D superstructures of cobalt nanocrystals. 180 Then in 2003, supracrystals of cobalt nanocrystals with more than 1000 layers of ordered nanocrystals was produced by my group. 181 Another way to crystallize nanocrystals into ordered 3D superlattices is diffusing non-solvent into a concentrated solution of nanocrystals. 182,183 In 2001, A. L. Rogach et al. first reported this approach to crystallization of CdSe nanoparticles into ordered 3D superlattices. 183 The growth of CdSe crystals was induced by slow diffusion of a non-solvent into concentrated solution of CdSe nanocrystals, either directly or through a buffer layer. The buffer layer is low, but not negligible solubility for nanocrystals. Besides, interfacial self-assembly used to create 2D networks could also be used to prepare supracrystals. 184

Chapter 2

Well-defined Ag and Au-NHC complexes as precursors for one-phase synthesis of nanocrystals

Abstract

Herein, we report the formation of nanocrystals by one-phase reduction of metal-NHCs (metal = Au, Ag) bearing common NHC ligands, namely 1,3-diethylbenzimidazol-2-ylidene (L 1 ), 1,3-bis(mesityl)imidazol-2-ylidene (L 2 ) and 1,3-bis(2,6-i Pr2C6H3)imidazol-2-ylidene (L 3 ). We show that both Au and Ag nanocrystals displaying narrow size distribution can be formed by reduction with amine-boranes. The efficiency of the process and the average size and size distribution of the nanocrystals markedly depend on the nature of the metal and NHC ligand, on the sequence in the reactants addition (i.e. presence or absence of thiol during the reduction step), and on the presence or absence of oxygen. Dodecanethiol was introduced to produce stable nanocrystals associated with narrow size distributions. A specific reaction is observed with Ag-NHCs in the presence of thiols whereas Au-NHCs remain unchanged. Therefore, different organometallic species are involved in the reduction step to produce the seeds. This can be correlated to the lack of effect of NHCs on Ag nanocrystals size. In contrast, alteration of Au nanocrystals average size can be achieved with a NHC ligand of great steric bulk (L 3 ). This demonstrates that a well-defined route for a given metal cannot be extended to another one.

Nanocrystals: Why Do Silver and Gold N-Heterocyclic Carbene Precursors Behave Differently?

Langmuir 2013, 29, 12647 

Abstract

Controlling the generation of organized 3D assemblies of individual nanocrystals, called supracrystals, as well as their properties, is an important challenge for the design of new materials, in which the coating agent plays a major role. We present herein a new generation of structured fcc Au supracrystals made of N-heterocyclic carbene (NHC)-coated Au nanocrystals. The 3D assemblies were achieved by using benzimidazole-derived NHCs tailored with long alkyl chains at different positions. The average size of the nanocrystal precursors (4, 5 or 6 nm) and their ability to self-assemble were found to be dependent on the length, orientation and number of alkyl chains on the NHC. Thick and large supracrystal domains were obtained from 5 nm Au nanocrystals coated with NHCs substituted by C14 alkyl chains on the nitrogen atoms. Here, the geometry of both the Ccarbene-Au and N-Calkyl bonds induces a specific orientation of the alkyl chains, different from that of alkylthiols, resulting in Au surface covering by the chains. However, the edge-edge distances in the supracrystals suggest that the supracrystals are stabilized by interdigitation of neighboring nanocrystals alkyl chains, whose terminal part must point outward with the appropriate geometry.

Supracrystals of N-heterocyclic carbene-coated Au nanocrystals

Chem. Mater. 2015, 27, 414 (7). 2 To a solution of 5-ethoxycarbonyl benzimidazole (6) (2 g, 10.6 mmol) in THF (30 mL) was added dropwise at 0 °C a solution of hexylmagnesium bromide 2 M in Et2O (18.6 mL, 37.2 mmol). The mixture was allowed to reflux for 5 h, after which it was cooled to 0 °C and quenched with NH4Cl(aq) 10% (5 mL) and water (10 mL). The organic and aqueous layers were separated and the aqueous layer was extracted with Et2O. The combined organic phases were dried over MgSO4 and concentrated in vacuo. The residue was purified by silica gel chromatography (EtOAc:CH2Cl2 = 3:1) to give the title compound as a light brown oil (2.8 g, 84%). 1 H NMR (300 MHz, CDCl3)  8.32 (s, 1H), 7.82 (s, 1H), 7.64 (d, J = 8.5 Hz, 1H), 7.29 (d, J = 8.5 Hz, 1H), 6.05 (br s, 2H), 1.94-1.77 (m, 4H), 1.35-1.08 (m, 16H), 0.78 (t, J = 6.6 Hz, 6H). 13 C NMR (75 MHz, CDCl3)  142.17, 141.03, 137. 22, 136.67, 120.75, 115.27, 112.10, 77.63, 43.40, 31.85, 29.82, 23.70, 22.69, 14.11. (8). To a solution of ester 6 (2 g, 10.6 mmol) in THF (30 mL) was added dropwise at 0 °C a solution of octylmagnesium bromide 2 M in Et2O (18.6 mL, 37.2 mmol). The mixture was allowed to reflux for 5 h, after which it was cooled to 0 °C and quenched with NH4Cl(aq) 10% (5 mL) and water (10 mL).

N-heterocyclic carbene coated Nanocrystals and Supracrystals

5-[1,1-Dihexyl-1-(hydroxy)methyl]benzimidazole

5-[1,1-Dioctyl-1-(hydroxy)methyl]benzimidazole

The organic and aqueous layers were separated and the aqueous layer was extracted with Et2O. The combined organic phases were dried over MgSO4 and concentrated in vacuo. The residue was purified by silica gel chromatography (EtOAc:CH2Cl2 = 3:1) to give the title compound as a light brown oil (2.9 g, 73%). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (300 MHz, CD2Cl2)  8.07 (s, 1H), 7.80 (s, 1H), 7.60 (d, J = 8.5 Hz, 1H), 7.27 (dd, J = 8.5 and 1.5 Hz, 1H), 1.95-1.75 (m, 4H), 1.45-0.90 (m, 24H), 0.84 (t, J = 6.8 Hz, 6H). 13 C NMR (75 MHz, CDCl3)  142.04, 140. 87, 137.20, 136.54, 120.70, 115.46, 112.09, 77.60, 43.47, 31.96, 30.20, 29.64, 29.40, 23.72, 22.75, 14.20. (9) (protonated form). To a solution of alcohol 7 (0.95 g, 3 mmol) in toluene (20 mL) was added conc. H2SO4 (0.08 mL). The solution was allowed to reflux for 16 h, after which it was cooled to 20 °C and sat.

(E)-5-[1-(Hexyl)-hept-1-en-1-yl]benzimidazole

NaHCO3(aq) (20 mL) was added. The organic phase was separated and the aqueous phase was extracted with EtOAc. The combined organic phases were dried over MgSO4 and concentrated in vacuo. The residue was purified by silica gel chromatography (EtOAc:CH2Cl2 = 1:1) to give 0.8 g of the title compound as a light brown oil.

(E)/(Z) ratio = 94:6. The nature of the counterion (X -) could not be determined. [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (300 MHz, CDCl3)  12.02 (br s, 2H), 9.94 (s, 1H), 7.88 (d, J = 8.7 Hz, 1H), 7.83 (s, 1H), 7.47 (dd, J = 8.7 and 1.3 Hz, 1H), 5.64 (t, J = 7.3 Hz, 1H), 2.28-2.20 (m, 2H), 2.16 (q, J = 7.3 Hz, 2H), 1.25-1.02 (m, 14H), 0.89 (t, J = 6.9 Hz, 3H), 0.80 (t, J = 6.9 Hz, 3H). 13 C NMR (75 MHz, CDCl3) 143. 64, 139.23, 139.02, 131.97, 130.29, 128.61, 126.32, 114.21, 111.71, 31.77, 31.69, 30.07, 29.51, 29.20, 28.84, 28.62, 22.65, 14.15, 14.12. (10) (protonated form). To a solution of alcohol 8 (1.12 g, 3 mmol) in toluene (20 mL) was added conc. H2SO4 (0.08 mL). The solution was allowed to reflux for 16 h, after which it was cooled to 20 °C and sat.

(E)-5-[1-(Octyl)-non-1-en-1-yl]benzimidazole
NaHCO3(aq) (20 mL) was added. The organic phase was separated and the aqueous phase was extracted with EtOAc. The combined organic phases were dried over MgSO4 and concentrated in vacuo. The residue was purified by silica gel chromatography (EtOAc:CH2Cl2 = 1:1) to give 0.9 g of the title compound as a light brown oil. (E)/(Z) ratio = 94:6. The nature of the counterion (X -) could not be determined. [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (400 MHz, CDCl3)  11.75 (br s, 2H), 9.55 (s, 1H), 7.85 (d, J = 8.7 Hz, 1H), 7.82 (s, 1H), 7.47 (d, J = 8.7 Hz, 1H), 5.65 (t, J = 7.2 Hz, 1H), 2.50-2.30 (m, 2H), 2.16 (q, J = 7.5 Hz, 2H), 1.50-1.06 (m, 22H), 0.90 (t, J = 6.8 Hz, 3H), 0.83 (t, J = 6.9 Hz, 3H). 13 C NMR (75 MHz, CDCl3) 140. 93, 140.51, 139.33, 137.57, 137.13, 129.26, 122.28, 115.31, 112.76, 32.02, 31.99, 30.41, 30.13, 29.75, 29.58, 29.42, 28.89, 28.82, 22.81, 22.78, 14.24, 14.21. (11). To a solution of alkene 9 (0.75 g, 2.5 mmol) in CH3CN (10 mL) was added K2CO3 (0.35 g, 2.5 mmol) and EtBr (0.56 mL, 7.5 mmol). The mixture was stirred at 80 °C for 24 h. The solvent was removed under reduced pressure. The residue was taken off in CH2Cl2 and filtered through a short pad of Celite to remove the precipitate (KBr). The filtrate was concentrated under reduced pressure. The residue was washed with Et2O and pentane and dried under vacuum to give the title compound as a light yellow solid (0.7 g, 52% from 7). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (400 MHz, CDCl3)  11.10 (s, 1H), 7.62 (s, 2H), 7.53 (s, 1H), 5.70 (t, J = 7.2 Hz, 1H), 4.69-4.63 (m, 4H), 2.60-2.50 (m, 2H), 2.22 (q, J = 7.3 Hz, 2H), 1.78-1.73 (m, 6H), 1.25-1.07 (m, 14H), 0.90 (t, J = 6.4 Hz, 3H), 0.84 (t, J = 6.4 Hz, 3H). 13 (12). To a solution of alkene 10 (0.97 g, 2.7 mmol) in CH3CN (10 mL) was added K2CO3 (0.37 g, 2.7 mmol) and EtBr (0.62 mL, 8.1 mmol). The mixture was stirred at 80 °C for 24 h. The solvent was removed under reduced pressure. The residue was taken off in CH2Cl2 and filtered through a short pad of Celite to remove the precipitate (KBr).

(E)-1,3-Diethyl-5-[1-(hexyl)-hept-1-en-1-yl]benzimidazolium bromide

(E)-1,3-Diethyl-5-[1-(octyl)-non-1-en-1-yl]benzimidazolium bromide

The filtrate was concentrated under reduced pressure. The residue was washed with pentane and dried under vacuum to give the title compound as a white solid (0.3 g, 20% from 8). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] (13). A mixture of 9 (1.8 g, 6.1 mmol), K2CO3 (1.01 g, 7.32 mmol) and n-tetradecyl bromide (5.5 mL, 18.3 mmol) in CH3CN (10 mL) was stirred at reflux for 24 h.

(E)-1,3-Ditetradecyl-5-[1-(hexyl)-hept-1-en-1-yl]benzimidazolium bromide

The solvent was removed under reduced pressure. The residue was taken off in CH2Cl2 and filtered through a short pad of Celite to remove the precipitate (KBr). The filtrate was concentrated under reduced pressure. The residue was purified by chromatography on alumina (neutral, eluent : CH2Cl2) to give the title compound as a light yellow oil (2.4 g, 51%). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] 47, 142.13, 138.59, 132.23, 131.38, 129.75, 126.05, 112.61, 109.60, 47.53, 47.21, 31.64, 31.39, 31.33, 29.80, 29.41, 29.37, 29.34, 29.27, 29.15, 29.12, 29.08, 28.83, 28.51, 28.24, 26.32, 26.30, 22.40, 22.30, 13.82, 13.78, 13.74. HRMS (ESI) m/z calcd for C48H87N2 [M-Br -] + 691.6869, found 691.6871. (14). A mixture of ester 6 (1.9 g, 10 mmol), K2CO3 (1.38 g, 10 mmol) and n-tetradecyl bromide (9 mL, 30 mmol) in CH3CN (10 mL) was stirred at reflux for 24 h. The solvent was removed under reduced pressure. The residue was taken off in CH2Cl2 and filtered through a short pad of Celite to remove the precipitate (KBr). The filtrate was concentrated under reduced pressure. The residue was recrystallized from CH2Cl2/pentane and dried under vaccum to give the title compound as white solid (3.6 g, 54%). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (400 MHz, CDCl3)  11.82 (s, 1H), 8.38 (s, 1H), 8.33 (dd, J = 8.7 and 1.3 Hz, 1H), 7.75 (d, J = 8.7 Hz, 1H), 4.69-4.64 (m, 4H), 4.48 (q, J = 7.1 Hz, 2H), 2.13-2.02 (m, 4H), 1.47 (t, J = 7.1 Hz, 3H), 1.50-1.12 (m, 44H), 0.86 (t, J = 6.8 Hz, 6H). 13 C NMR (100 MHz, CDCl3)  164. 78, 145.20, 134.09, 131.34, 129.91, 128.21, 115.10, 113.11, 62.35, 48.17, 48.13, 32.04, 29.79, 29.76, 29.70, 29.62, 29.52, 29.50, 29.47, 29.16, 29.14, 26.69, 22.80, 14.45, 14.23 1,3-(Ditetradecyl)benzimidazolium bromide (15). A mixture of benzimidazole (1.18 g, 10 mmol), K2CO3 (1.38 g, 10 mmol) and n-tetradecyl bromide (9.0 mL, 30 mmol) in CH3CN (10 mL) was stirred at reflux for 24 h. The solvent was removed under reduced pressure. The residue was taken off in CH2Cl2 and filtered through a short pad of Celite to remove the precipitate (KBr). The filtrate was concentrated under reduced pressure. The residue was recrystallized from CH2Cl2/pentane and dried under vacuum to give the title compound as a white solid (5.3 g, 89%). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (400 MHz, CDCl3)  11.61 (s, 1H), 7.75-7.60 (m, 4H), 4.62 (t, J = 7.4 Hz, 4H), 2.14-1.98 (m, 4H), 1.48-1.13 (m, 44H), 0.87 (t, J = 6.7 Hz, 6H). 

5-Ethoxycarbonyl-1,3-(ditetradecyl)benzimidazolium bromide

(E)-1,3-Diethyl-5-[1-(hexyl)-hept-1-en-1-yl]benzimidazolium tetrachloroaurate(III) (1)

. 3 To a solution of 11 (0.18 g, 0.42 mmol) in CH2Cl2 (12 mL) was added under stirring a solution of HAuCl4•3H2O (0.15 g, 0.42 mmol) in water (12 mL).

The mixture was stirred vigorously for 2 h at 20 °C. During the course of the reaction, the yellow color of the aqueous layer disappeared, while the organic phase became deep red. The organic layer was separated, concentrated and dried under vacuum to give the title compound as a blood red oil (0.256 g, 88%). 1 H NMR (400 MHz, CDCl3)  9.45 (s, 1H), 7.68 (d, J = 8.8 Hz, 1H), 7.63 (dd, J = 8.8 and 1.2 Hz, 1H), 7.56 (s, 1H), 5.72 (t, J = 7.3 Hz, 1H), 4.58 (q, J = 7.4 Hz, 4H), 2.53 (t, J = 7.0 Hz, 2H), 2.20 (q, J = 7.4 Hz, 2H), 1.76-1.69 (m, 6H), 1.39-1.10 (m, 14H), 0.88 (t, J = 6.5, 3H), 0.82 (t, J = 6.5 Hz, 3H). 13 

(E)-1,3-Diethyl-5-[1-(octyl)-non-1-en-1-yl]benzimidazolium tetrachloroaurate(III) (2). To a solution

of 12 (0.206 g, 0.42 mmol) in CH2Cl2 (12 mL) was added under stirring a solution of HAuCl4•3H2O (0.15 g, 0.42 mmol) in water (12 mL). The mixture was stirred vigorously for 2 h at 20 °C. During the course of the reaction, the yellow color of the aqueous layer disappeared, while the organic phase became deep red. The organic layer was separated, concentrated and dried under vacuum to give the title compound as a blood red oil (0.3 g, 95%). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (400 MHz, CDCl3)  9.31 (s, 1H), 7.69 (d, J = 8.8 Hz, 1H), 7.61 (dd, J = 8.8 and 1.3 Hz, 1H), 7.55 (s, 1H), 5.71 (t, J = 7.3 Hz, 1H), 4.55 (q, J = 7.3 Hz, 4H), 2.52 (t, J = 7.0 Hz, 2H), 2.19 (q, J = 7.6 Hz, 2H), 1.71 (t, J = 7.6 Hz, 3H), 1.70 (t, J = 7.6 Hz, 3H), 1.50-1.10 (m, 22H), 0.84 (t, J = 6.4 Hz, 3H), 0.80 (t, J = 6.4 Hz, 3H). 13 

(E)-1,3-Ditetradecyl-5-[1-(hexyl)-hept-1-en-1-yl]benzimidazolium tetrachloroaurate(III) (3).

To a solution of 13 (0.94 g, 1.35 mmol) in CH2Cl2 (36 mL) was added under stirring a solution of HAuCl4•3H2O (0.53 g, 1.35 mmol) in water (36 mL). The mixture was stirred vigorously for 2 h at 20 °C. During the course of the reaction, the yellow color of the aqueous layer disappeared, while the organic phase became deep red. The organic layer was separated, concentrated and dried under vacuum to give the title compound as an orange oil (1.1 g, 79%). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (400 MHz, CDCl3)  9.41 (s, 1H), 7.67 (d, J = 8.8 Hz, 1H), 7.63 (d, J = 8.8 Hz, 1H), 7.53 (s, 1H), 5.73 (t, J = 7.3 Hz, 1H), 4.61-4.44 (m, 4H), 2.54 (t, J = 6.7 Hz, 2H), 2.21 (q, J = 7.3 Hz, 2H), 2.10-1.95 (m, 4H), 1.52-1.13 (m, 58H), 0.95-0.75 (m, 12H). 13 

5-Ethoxycarbonyl-1,3-(ditetradecyl)benzimidazolium tetrachloroaurate(III) (4).

To a solution of 14 (0.37 g, 0.56 mmol) in CH2Cl2 (16 mL) was added under stirring a solution of HAuCl4•3H2O (0.2 g, 0.56 mmol) in water (16 mL). The mixture was stirred vigorously for 2 h at 20 °C. During the course of the reaction, the yellow color of the aqueous layer disappeared, while the organic phase became deep red. The organic layer was separated, concentrated and dried under vacuum to give the title compound as a red oil (0.38 g, 74%). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (400 MHz, CDCl3)  9.77 (s, 1H), 8.39 (d, J = 1.6 Hz, 1H), 8.33 (dd, J = 8.8 and 1.6 Hz, 1H), 7.82 (d, J = 8.8 Hz, 1H), 4.57 (t, J = 7.5 Hz, 4H), 4.44 (q, J = 7.1 Hz, 2H), 2.11-2.02 (m, 4H), 1.40 (t, J = 7.1 Hz, 3H), 1.48-1.14 (m, 44H), 0.84 (t, J = 6.8 Hz, 6H). 13 C NMR (100 MHz, CDCl3)  164. 67, 142.38, 134.10, 131.37, 130.12, 128.54, 115.30, 113.64, 62.17, 48.50, 48.45, 31.92, 29.70, 29.68, 29.66, 29.64, 29.56, 29.45, 29.43, 29.36, 29.08, 29.05, 26.76, 22.68, 14.37, 14.12. HRMS (ESI) m/z calcd for C38H67N2O2 [M-AuCl4 -] + 583.5197, found 583.5191.

1,3-(Ditetradecyl)benzimidazolium tetrachloroaurate(III) (5). To a solution of 15 (0.25 g, 0.42 mmol) in CH2Cl2 (12 mL) was added under stirring a solution of HAuCl4•3H2O (0.15 g, 0.42 mmol) in water (12 mL). The mixture was stirred vigorously for 2 h at 20 °C. During the course of the reaction, the yellow color of the aqueous layer disappeared, while the organic phase became deep red.

The organic layer was separated, concentrated and dried under vacuum to give the title compound as an orange solid (0.27g, 76%). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (400 MHz, CDCl3)  9.63 (s, 1H), 7.81-7.65 (m, 4H), 4.55 (t, J = 6.4 Hz, 4H), 2.20-2.00 (m, 4H), 1.51-1.15 (m, 44H), 0.87 (t, J = 6.2 Hz, 6H). 13 

Gold(I) complex L 5 AuCl.

General scheme:

L 5 AgBr: 4 Ag2O (0.278 g, 1.2 mmol) was added to a solution of 15 (0.592 g, 1.0 mmol) in CH2Cl2 (20 mL). The mixture was refluxed for 20 h, and filtered over celite. The filtrate was reduced to ca. 10 mL under reduced pressure. Pentane was added to the residual solution until precipitation of a white solid.

The precipitate was isolated by filtration, washed with pentane and dried under vacuum to give the title compound as a white powder (0.546 g, 82%). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (400 MHz, CD2Cl2) δ 7.52 (dd, J = 6.2 and 3.1 Hz, 1H), 7.41 (dd, J = 6.2 and 3.1 Hz, 1H), 4.41 (t, J = 7.3 Hz, 2H), 1.98-1.78 (m, 2H), 1.42-1.12 (m, 22H), 0.88 (t, J = 6.9 Hz, 3H). 13 C NMR (400 MHz, CD2Cl2) δ 134. 31, 124.44, 112.17, 50.16, 32.52, 30.84, 30.27, 30.24, 30.21, 30.14, 30.05, 29.94, 29.83, 27.42, 23.27, 14.45.

L 5 AuCl: To a solution of L 5 AgBr (0.51 g, 0.74 mmol) in CH2Cl2 (45 mL) was added [AuCl(SMe2)] (0.215 g, 0.74 mmol). The resulting solution was stirred at 20 °C for 4 h. The grey precipitate formed 4 The procedure was adapted from : Wang, H. M. J.; Lin, I. J. B. Organometallics, 1998, 17, 972.

(AgBr) was filtered off and the remaining clear solution was reduced to ca. 5 mL under reduced pressure. Hexane was added to the residual solution until precipitation of a white solid. The precipitate was isolated by filtration, washed with hexane and dried under vacuum to give the title compound as a white powder (0.515 g, 90%). [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR (400 MHz, CD2Cl2) δ 7.50 (dd, J = 6.3 and 3.0 Hz, 1H), 7.42 (dd, J = 6.2 and 3.1 Hz, 1H), 4.47 (dd, J = 10.0 and 4.7 Hz, 2H), 2.16-1.83 (m, 2H), 1.44-1.13 (m, 22H), 0.88 (t, J = 6.9 Hz, 3H). 13 

INTRODUCTION

Au nanocrystals have attracted increasing interest for their particular optical and electronic properties, [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF][2][3] and their potential applications in biology, [4][5][6][7] and catalysis. [8][9][10] Furthermore, many studies demonstrated that Au NCs do not show detectable cytotoxicity for relatively short periods of exposure (48-72 h). 11,12 Thus, it has been generally accepted that Au nanocrystals are non-cytotoxic and present biocompatible properties suitable for applications in nanomedicine or nanobiotechnology. 13,14 However, the toxicity and biocompatibility of nanocrystals is highly related to their stability, [START_REF] Wu | Physical and chemical stability of drug nanoparticles[END_REF]16 and more particularly to their long-term stability. The long-term stability of Au nanocrystals is still a major concern for the development of reliable and safe applications. 17 So far, functionalized thiol-coated Au NCs have been the most widely studied for biomedical applications. However, recent studies showed that the thiol-Au covalent bond, which is generally considered as a strong bond, is subject to cleavage when exposed to air, high salt concentration, elevated temperatures or high pH, resulting in compromised long-term stability. [18][19][20][21] N-Heterocyclic Carbenes (NHCs) have emerged as a major class of ligands in organometallic chemistry. [22][23][24][25] Owing to their strong -donating properties, NHC ligands can form strong bonds with metal centers to give stable metal-NHC complexes. Furthermore, NHCs exhibit a particular geometry and high synthetic flexibility allowing fine-tuning of their steric and electronic properties. 26 Thus, metal-NHC complexes have been extensively investigated for catalytic applications, 27 and have shown promising potential in the N-heterocyclic carbene coated Nanocrystals and Supracrystals biomedical field. [28][29][30][31] For the same reasons, NHCs are expected to be highly promising ligands for the development of stable and functionalized materials. In recent years, an increasing number of studies described the use of NHC ligands to stabilize nanocrystals. [32][33][34][35][36][37][38][39][40][41][42][43][44][45][46][47][48][49][50][51] A few reports also focussed on the formation of NHC-based self-assembled monolayers (SAMs) on Au surfaces. [52][53][54] Benzimidazole-derived NHCs were shown to provide SAMs with high stability in various conditions, including oxidative treatment with 1% hydrogen peroxide. 54 However, to the best of our knowledge, the stability of NHC-coated NCs under oxygen exposure, which is a major cause of degradation, was virtually not explored.

We present herein an investigation of the stability of various NHC-and DDT-coated Au NCs upon exposure to either oxygen plasma treatment or pure oxygen flow (Figure 1). 55 For this comparative study, we prepared a series of DDT-coated Au NCs ( DDT Au 1-5 ) of different sizes, from HAuCl4 (1), [Au(PPh3)Cl] (2) or [Au(NHC)Cl] complexes (3-5) as precursors (Table 1 and Figure 2) through three differents methods, involving either a reverse micelle system (see experimental, method A), 56 or procedures derived from the Stucky's method (methods B and C). 57,58 We also prepared a series of NHC-coated Au NCs (Figure 1, NHC Au 6-10 ) with different NHC ligand structures (Figure 3, NHC A-E ) from the corresponding azolium chloroaurate salts (6-10) (method D). 51 We demonstrate here that NHC-coated Au nanocrystals exhibit greater resistance to oxygen plasma etching and pure oxygen treatment than DDT-coated Au nanocrystals. according to the procedure previously reported. 43 Benzimidazolium chloraurate salts (6-10) were synthesized as previously described. 51 Dichloromethane was distilled from CaH2. Dry and degassed (argon bubbling) toluene was used. Au NCs preparations were carried out in a glove-box according to methods B-D (Table 1). The nanocrystals were re-suspended in toluene for TEM analyses unless otherwise stated. 

Preparation of Au nanocrystals.

Method A: This method gave DDT-coated Au NCs DDT Au 1 via reverse micelles. 55 An aqueous solution of [HAuCl4] (1) (0.2 M, 15 L) was added to a solution of NaAOT in isooctane (0.2 M, 3 mL) and aqueous hydrazine (0.75 M, 12 L) was added under stirring.

Immediately after addition, the color of the medium turned from yellow to dark red, indicating the formation of Au NCs. After 20 min, dodecanethiol (DDT, 20 L) was added to the reaction mixture. After 2 h, EtOH was added to the solution followed by centrifugation at 4500 rpm for 5 min to remove AOT (surfactant). The black precipitate was recovered and dried under a nitrogen flow to give DDT Au 1 NCs.

Method B: This method gave DDT-coated Au NCs DDT Au 2 by one-phase reduction according to Stucky's method. 56,57 . The synthesis was carried out by using two solutions. For the first one, [(PPh3)AuCl] (2) (0.25 mmol) was dissolved in toluene (25 mL) and DDT (2 mmol) was added under stirring. The second solution was obtained by dissolving borane tert-butylamine complex (2.5 mmol) in toluene (15 mL). Both solutions were stirred at 100 °C until complete dissolution of all products and mixed together. After mixing, a rapid color change was observed from colorless to dark red. The colloidal solution was dried with a nitrogen flow to give a dark powder. EtOH was added and the mixture was stirred and centrifuged to give a black precipitate which was recovered after removal of the supernatant and dried under a nitrogen flow. Dispersion of the precipitate in toluene and centrifugation gave Au NCs DDT Au 2 after removal of the supernatant and drying.

Method C: This method gave DDT-coated Au NCs DDT Au 3 , DDT Au 4 and DDT Au 5 by one-phase reduction of [Au(NHC)Cl] complexes (3-5) (Figure 2). 43 A solution of 3-5 (0.125 mmol) and DDT (250 L, 1 mmol) in toluene (12.5 mL) was heated at 100 °C (oil bath) under vigorous magnetic stirring. To the mixture was added (at 100 °C) a solution of NH3BH3 (1.25 mmol) in toluene (5 mL) and ethanol (2.5 mL). The reaction was allowed to proceed for 30 min (at 100 °C) before cooling down to room temperature. Toluene was evaporated under a nitrogen flow. The as-formed precipitate was washed with ethanol and dried to give Au NCs DDT Au 3-5 .

Method D: This method gave NHC-coated Au NCs NHC Au 6-10 by reduction of azolium chloroaurate salts (6-10) (Figure 2). 51,44 In this procedure, the NHC ligands (NHC A-E , Figure 3) are generated in situ (not isolated). To a suspension of sodium hydride (60% dispersion in mineral oil, 7.4 mg, 0.188 mmol) in a 1:1 mixture of CH2Cl2 / toluene (7.2 mL) was added dropwise at 0.6 °C (ice bath) a solution of chloroaurate benzimidazolium salt (6-10) (0.12 mmol) in CH2Cl2 (1.8 mL). The mixture was stirred for 30 min. A solution of NaBH4 (24 mg, 0.62 mmol) in water (0.9 mL) was added dropwise while maintaining the temperature at 0.6 °C (ice bath). After addition, the mixture was allowed to stir at room temperature for 2 h.

The solvents were removed under a nitrogen flow to give a dark powder. The powder was washed with ethanol and the suspension was centrifuged. The supernatant (EtOH) was removed. The residue was dried under a nitrogen stream to give Au NCs NHC Au 6-10 as dark powders. Subsequently, size selection was performed to obtain NHC-coated Au nanocrystals with improved size distribution. 51

Instruments. Transmission Electron Microscopy (TEM) was performed with a JEOL model JEM-1001 (100 kV). NMR spectra were recorded on a Bruker Nanobay spectrometer 400 MHz. In CD2Cl2, proton chemical shifts () are reported relative to the residual protonated solvent ( = 5.32 ppm).

Reactive Ion Etching (RIE). Experimental Conditions:

After deposit of the nanocrystals solution on the TEM grids covered by amorphous carbon, the samples were loaded into the RIE apparatus (reactive ion system Plassys MG 200). The plasma treatment was carried out using oxygen as the etching gas, with a plasma power of 10 W, a working pressure maintained at 6.4 bar, and an oxygen flow rate of 10 sccm.

Results and Discussion

Etching of dodecanethiol-coated Au NCs with oxygen plasma.

The stability to oxygen plasma exposure of dodecanethiol-coated Au NCs DDT Au 1-5 , obtained by various methods (A-C) and from different precursors was examined. Au NCs DDT Au 1 , prepared through reverse micelles, were suspended in toluene and deposited on a carbon-covered copper TEM grid. The TEM image showed a hexagonal-arranged 2D network of DDT Au 1 with well-separated NCs having an average size of 6.1 nm (Figure 4A). Following the deposit, the sample was loaded into the RIE apparatus and submitted to oxygen plasma for 60 s. After this exposure time, the TEM image showed that the NCs started to be affected by the oxidative treatment as attested by the presence of a few pairs of associated NCs (see amorphous carbon and analyzed before oxygen exposure. As for DDT Au 1 , the initial TEM image showed a well-ordered hexagonal-packed monolayer of DDT Au 2 with an average NC size of 6.0 nm associated with a narrow size distribution (Figure 4B and Table 1). All the NCs are well-separated on the surface. Following the deposit, the sample was treated for 60 s with oxygen plasma. After this treatment, no changes in either the DDT Au 2 nanocrystals integrity or their 2D assembly was detectable from the TEM images (see Figure S1 in the Supplementary Information). However, when the exposure to oxygen plasma was increased to 80 s, a dramatic alteration of the monolayer was observed. The TEM images show that many adjacent Au nanocrystals have bound together and formed ill-defined objects resulting from coalescence (Figure 4B).

Similar experiments were carried out with Au NCs DDT Au 3 , DDT Au 4 and DDT Au 5 , prepared by one-phase reduction of Au-NHC complexes in the presence of DDT. This Au NCs series was considered as DDT-coated. DDT was shown to be essential for the formation of stable Au NCs from Au-NHC complexes 3-5, for which the NHC ligand is likely ill-suited for efficient Au NCs stabilization. 43 Dispersions of DDT Au 3 , DDT Au 4 and DDT Au 5 in toluene were deposited on copper TEM grids covered by amorphous carbon. The TEM images of these samples, used as references, showed that DDT Au 3 and DDT Au 4 are arranged in 2D hexagonal networks with well-separated NCs. DDT Au 3-4 NCs are characterized by narrow size distributions and similar average sizes of 6.3 and 6.2 nm, respectively (Figures 5A and5B).

As previously observed, 43 DDT Au 5 nanocrystals exhibit a smaller average size of 2.6 nm with a slighly broader size distribution and a less orderly 2D arrangement (Figure 5C and Table 1).

After deposit and TEM control, the samples of DDT Au 3-5 were exposed for 60 s to oxygen plasma into the RIE apparatus. The TEM images showed that this treatment induces no changes in either the nanocrystals integrity or their ordering regardless of the sample concerned ( DDT Au 3 , DDT Au 4 or DDT Au 5 ) (Figure S2 in the Supplementary Information). The time of etching with oxygen plasma was then increased from 60 s to 80 s. Under these conditions, the presence of a lot of coalesced objects was observed on the TEM grid for all NCs samples DDT Au 3 , DDT Au 4 and DDT Au 5 (Figure 5D, 5E and 5F), thus demonstrating a dramatic impact of the oxidative treatment on their integrity.

This first series of experiments demonstrated that all dodecanethiol-coated Au NCs DDT Au 1-5 are similarly affected by oxygen plasma treatment. Their resistance against aggregation when arranged as 2D networks is independent of the NCs sizes as shown by the similar resistance of DDT Au 4 (6.2 nm) and DDT Au 5 (2.6 nm). In addition, the method to prepare the NCs (methods A-C), also seems to have no effect on the stability. All DDT-coated Au NCs DDT Au 1-5 coalesce at 80 s of exposure, suggesting that DDT ligands on the surface have partially been desorbed, and inducing agglomeration of the nanocrystals. Etching of NHC-coated Au NCs with oxygen plasma.

NHC-coated Au NCs NHC Au 6-10 are stabilized by three different families of NHC ligands (NHC A-E ) bearing long alkyl chains at different positions (Figure 3). 51 The structure of the NHC was previously shown to have an effect on the NCs size, likely related to the volume of the NHC. NHC-stabilized Au nanocrystals NHC Au 6-10 were dispersed in toluene and deposited on copper TEM grids covered by amorphous carbon. As previously observed, the TEM images, used as references, showed that NHC Au 6 and NHC Au 7 have similar average sizes of 5.7-5.9 nm whereas NHC Au 9 and NHC Au 10 exhibit slighly smaller average sizes of 5.1-4.9 nm ( ligand is characterized by a smaller average size of 4.0 nm (Table 1, Figure 6B). After TEM control, the samples were loaded into the RIE apparatus and submitted to oxygen plasma for The results for DDT-coated Au nanocrystals showed that their stability was similar, regardless of the sizes of Au nanocrystals and the synthetic method. Compared with DDT-coated Au nanocrystals, NHC-coated Au NCs show a remarkable higher resistance to oxygen plasma which similarly, seems to be independent of NCs size and NHC structure. This indicates that NHC ligands provide much more stability to Au nanocrystals than dodecanethiol. This is consistent with literature reports highlighting the use of strong headgroup-substrate binding as a particularly effective strategy for generating films that provide long-term stability to the underlying metal substrates and NCs. 16 In the case of thiol-coated Au surfaces, typical thiols are expected to bind to gold with a S-Au binding energy of approximately 125 kJ mol -1 . 59,60 For NHC-coated Au(111) surfaces, a calculated Ccarbene-Au bond strength of 150 kJ mol -1 was reported, approximately 25 kJ mol -1 higher than that of thiols. 54 Influence of pure oxygen on NHC Au and DDT Au nanocrystals. NMR analyses.

To further evaluate the stability of NHC-protected Au nanocrystals and compare with thiol-based NCs, control experiments have been implemented where the dry solid samples of NHC E -stabilized Au nanocrystals ( NHC Au 10 ) and DDT-coated NCs DDT Au 1 were exposed to a pure oxygen flow for one week (see device in Figure S5 in the Supplementary Information). that indicates that about 30% of the dodecanethiol have been oxidized into disulfide.

These data clearly show that the exposure to oxygen induces the oxidation of a significant amount of DDT into its corresponding disulfide. By comparison, the oxygen treatment of NHC-coated Au NCs induces the formation of lower amounts of ligand-derived species that might be related to the increased stability of the NHC-Au moieties. Thus, although NHC ligands bound to the surface of nanocrystals are not completely insensitive to the effect of oxygen, they show more resistance to oxygen than the thiol.

CONCLUSION

We showed herein that NHC-stabilized Au nanocrystals exhibited considerably greater resistance to oxygen plasma than DDT-protected Au nanocrystals. The stability of the DDT-stabilized Au nanocrystals is independent of the sizes of Au nanocrystals and the methods to generate the nanocrystals. In addition, we demonstrated that NHC ligands bound to the surface of Au NCs are significantly more resistant to O2-induced transformations than dodecanethiol.
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Conclusions and Perspectives

stabilize Au nanocrystals without additives. We also describe a new generation of structured fcc Au supracrystals made of NHC-coated Au nanocrystals. We demonstrate in this study that large and thick supracrystal films can be obtained from the 3D assembly of Au nanocrystals coated with appropriate NHCs. The average size of the NHC-coated Au nanocrystal and their ability to self-assemble are found to be highly dependent on the position, combination and length of the alkyl chains on the NHCs. We also demonstrate by the edge-edge distances in the supracystals that the supracrystals are stabilized by interdigitation of neighboring nanocrystals alkyl chains, whose terminal part must point outward with the appropriate geometry.

The third part focus on the study and comparison of the stability to oxygen of Au nanocrystals coated with typical thiols or NHC ligands. We demonstrate that NHC-coated Au nanocrystals exhibit greater resistant to oxygen plasma than dodecanethiol-coated Au nanocrystals. The stability of the dodecanethiol-stabilized Au nanocrystals is independent of the sizes of Au nanocrystals and the methods to generate the nanocrystals. We also demonstrate that NHC ligands bound to the surface of Au nanocrystals are significant more resistant to oxygen-induced transformations than dodecanethiol. 

Figure 3 .

 3 Figure 3. Synthetic pathway for TPP-stabilized AuNPs.

Figure 4 .

 4 Figure 4. The structures of HEPES and folic acid

  et al. synthesized stable 4-methoxypryridine colloidal solutions of AuNPs by a transfer method.

  In 2004, R. B. Lennox et al. prepared AuNPs stabilized by thiol-terminated polystyrene (PS) ligands. 103 The polymer ligands were found to form dense brushes on the faceted gold nanoparticle surfaces. In 2005, D. J. Pine et al. synthesized PS-and poly (vinyl pyridine) (PVP)-coated gold particles by standard reduction of HAuCl4 in THF or two phase toluene/water utilizing thiol-terminated PS and PVP stabilizing ligands, respectively. 104 H. Tenhu et al. have for the first time successfully prepared amphiphilic gold nanoparticles grafted with a mixture of hydrophilic poly(N-isopropylacrylamide (PNIPAM) and hydrophobic PS chains by using the "grafting-to" technique in a homogeneous THF phase. 105 N. Higashi et al. described the preparation of polypeptide (poly(γ-benzyl-L-glutamate)) monolayer-covered gold nanoparticles (PBLG(n)SS-Au). 106 Two types of PBLG(n)SS having a PBLG segment length of n = 20 and 50 were synthesized and successfully attached to the gold nanoparticle surface using the Brust-Schifferin method. M. Brust et al. reported a single-step method which leads to near monodisperse gold nanoparticles stabilized by a water-soluble alkyl thioether end-functionalized poly(methacrylic acid) in the 1-4 nm size range. 107 The size of AuNPs is controlled precisely by the ratio of polymer to Au, and the particles are readily available in both aqueous and nonaqueous solutions. In 2006, J. F. Gohy et al. reported on the formation of quite monodisperse AuNPs of improved stability against aggregation, prepared by using poly(ethylene glycol)-block-poly(-caprolactone) (PEG-b-PCL) five-arm star block copolymers. 108 Those AuNPs were templated by the PEG core of the star block copolymers, and their stability was directly related to the length of the PCL chains acting as stabilizing groups against aggregation. In 2008, L. Pasquato et al. succeeded in synthesizing the first example of water-soluble gold nanoparticles protected by a monolayer of fluorinated amphiphilic thiols (MPC-F8-PEG). 109 The solubility properties of the nanoparticles in connection with the intrinsic features of perfluorinated amphiphiles opens the way to possible applications in the medical field such as antioxidant carriers. In 2011, some other kinds of polymers were used for stabilizing AuNPs, such as poly(ethylenimine) (PEI) with amine N-Heterocyclic Carbenes coated nanocrystals and supracrystals groups, 23,110 thioether-functionalized polymer ligands (DDT-PVAc and PTMP-PVAc), 110 ionic polymers, 111 and O-ethyl-s-(1-methoxycarbonyl)ethyl dithiocarbonate functionalized

Figure 5 . 1 . 2 . 8 Figure 6 .

 51286 Figure 5. Synthesis of PVCL and coating of AuNPs

Figure 7 .

 7 Figure 7. Synthesis of NHC-protected Au Nanoparticles through ligand exchange

Figure 8 .

 8 Figure 8. Ligand exchange reaction on thioether stabilized Pd-NP with NHCs. Cite the source from ref. 146. Copyright from 2014 ACS publishing group.

  the NHC ligand, while 6-7 nm NPs are formed with flexible, long linear alkyl chains on the NHC. The self-assembly of AuNPs coated by NHCs into thin 3D superlattices, made of three NHCs layers, without the requirement of a post-treatment procedure for narrowing the size distribution has been described in Tilley's paper.

Figure 9 .

 9 Figure 9. Synthesis of complex and its reduction with (a) KBEt3H, THF and (b) 9-BBN, Et2O (9-BBN = 9-borabicyclo [3.3.1]nonane

Figure 10 .

 10 Figure 10. Synthesis of organometallic precursors [RMIM] [Au(C6F5)2] or [Au(C6F5)-(RNHC)] (with R = C18H37-) and Au UNPs

Figure 11 .

 11 Figure 11. Schematic representation of NHC-CP / AuNPs. Cite the source from ref 145. Copyright from 2014 ACS publishing group.

Figure 12 .

 12 Figure 12. Synthesis of PtNPs from Pt complexes
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  5-cyclooctadiene)(1,3,5-cyclooctatriene)ruthenium(0) [(Ru(cod)(cot)] in pentane at room temperature under 3 bar H2 in the presence of variable amount of the carbene ligands. Furthermore, by the synthesis of the analogous ligands 13 C-labeled on the carbine carbon, they presented NMR spectroscopic evidence for NHC binding to nanoparticles, which gives us a way to analyze the NPs coated by NHCs. In a recent study, P. D. Beer et al., 153 reported

Figure 13 .Figure 14 .

 1314 Figure 13. N-heterocyclic carbenes and reaction conditions used for the synthesis of ruthenium nanoparticles

  They found that the mass lossed by the gold clusters stabilized by C8SH, C12SH and C16SH beginning at 230, 266 and 310 o C respectively. It was indicated that the thermal stability of alkanethiol-protected gold nanoparticles increased while the chain length increased. Later in 1999, R. W. Murray et al. used TGA to analysis the gold nanoparticles stabilized by monolayers of arenethiols. 158 They found that alkanethiol-protected AuNPs are more thermally stable than arenethiol-coated AuNPs. In the same year, C. Zhong et al.

3. 4

 4 -9.7 nm by heating to 150-250 °C in air. It was suggested that the melting of the AuNPs surface induced the particle growth. In 2004, V. Chechik et al. synthesized L-Lysine based dendrimers-coated AuNPs via a one-phase chemical reduction method. 116 They found that the size of AuNPs decreased while dendritic generation increased. Furthermore, the thermal N-Heterocyclic Carbenes coated nanocrystals and supracrystals stability of the nanoparticles in solution was controlled by the extent of branching in the protecting dendritic shell. In 2006, Y. S. Shon et al. studied the thermal stability of AuNPs coated with thiols derived from normal and -functionalized alkane-and arenethiols. 164 They found that the monolayer-protected AuNPs with longer chains needed higher temperature for complete loss than those with shorter chains. They also found that the linkers used to build nanoparticle multilayer films govern the overall stability of hybrid nanostructures. In 2008, V. M. Rotello et al. explored the effect of subtle structural changes of surface ligands on the cluster stability. 165 They found that the thermodynamic stability of Au cluster was influenced by the surface ligand packing. In 2010, T. R. Lee et al. investigated the thermal stability of gold nanoparticles protected by n-octadecanethiol (n-C18), 2-hexadecylpropane-1,3-dithiol (C18C2), 2-hexadecyl-2-methylpropane-1,3-dithiol (C18C3), and 1,1,1-tris(mercaptomethyl)heptadecane (t-C18). 166 They used UV-visible spectrometry to monitor the thermal stability of AuNPs in decalin at 120 o C. Based on the UV spectra results, they found the following trend in thermal stability of the MPCs: t-C18 > C18C2 ≈ C18C3 > n-C18, which correlates directly with the degree of chelation (tridentate > bidentate > monodentate). Thus, it indicated that the chelation affords enhanced the thermal stability to metal nanoparticles.

  Fialkowski et al. in investigated changes in the morphology of AuNPs coated with positively and negatively charged as well as uncharged ligands by deposition onto silicon substrate and subsequent oxygen plasma treatment of the deposit.168 The plasma treatment affects the morphology of the AuNPs in two ways: (i) making coalescence; (ii) changing the shapes of individual particles. They found that the AuNPs behave like droplets of a non-wetting liquid, exhibiting the ability to move and merge. However, in the case of cyanide-induced decomposition, cyanide degraded the AuNPs by reacting with AuNPs to form Au(CN) 2-complexes, dialkylsulfides, and dialkyl cyanides.169 In 1996, G. M. Whitesides et al. reported the first Chapter 1 State of the Art investigation of the etching of AuNPs by cyanide. 170 They examined the chemical stability of AuNPs protected by HS(CH2)nOH. They found that the rate of KCN-induced decomposition decreased while the length of coating ligand increased. In 1998, R. W. Murray et al. investigated the steric environment of alkanethiol ligand shells of monolayer-protected AuNPs. 169 They found that the rate of NaCN-induced decomposition decreased with increasing alkanethiol chain length and steric bulk. In 2002, V. M. Rotello et al. synthesized a series of gold nanoparticles having amide functionality within the monolayer chains and altering the peripheral end groups of the monolayer to investigate the effect of branched ligands on the chemical stability of AuNPs. 171 They found that a correlation exits between the cyanide-induced decomposition rate and the intramonolayer hydrogen bonding and ligand packing density. In 2005, Y. S. Shon et al. reported that the chemical stability of tetraoctylammonium thiolate-coated AuNPs was much higher than tetraoctylammonium bromide-protected AuNPs by cyanide-induced decomposition . 172 In 2009, H. Mattoussi et al. investigated the effects of ligand coordination number and surface curvature on the colloidal stability of AuNPs cap-exchaged with either monothiol-or dithiolane-terminated PEG-OCH3

1 H and 13 C

 13 Figure S1. TEM images and size distributions of Au nanocrystals obtained from the reduction of L 1 -AuCl (A) and L 2 -AuCl (B) by t BuNH2BH3 in the presence of DDT.

Figure S2 .

 S2 Figure S2. TEM images and size distributions of Ag nanocrystals obtained from the reduction of L 1 -AgCl (A), L 2 -AgCl (B) and L 3 -AgCl (C) by t BuNH2BH3 in the presence of DDT.

  H NMR (300 MHz, CDCl3)  11.29 (s, 1H), 7.58 (d, J = 8.8 Hz, 1H), 7.53 (d, J = 8.8 Hz, 1H), 5.63 (t, J = 6.9 Hz, 1H), 4.70-4.40 (m, 4H), 2.55-2.40 (m, 2H), 2.15 (q, J = 7.5 Hz, 2H), 2.10-1.80 (m, 4H), 1.50-1.01 (m, 58H), 0.90-0.70 (m, 12H). 13 C NMR (100 MHz, CDCl3)  143.

  . Anal. calcd for (C38H67BrN2O2)•(H2O)0.5: C 67.83, H 10.19, N 4.16; found C 67.63, H 10.25, N 4.20. HRMS (ESI) m/z calcd for C38H67N2O2 [M-Br -] + 583.5197, found 583.5193.

Figure S2 .

 S2 Figure S2. TEM images and size distributions (insets) of Au nanocrystals stabilized by L 1 (A), L 2 (B), L 3 (C), L 4 (D) and L 5 (E), before size selection.

Figure S3. 1 H

 1 Figure S3.[START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR spectra of L5 -coated AuNCs in CD2Cl2 (A) and L5 -AuCl (B).

Figure S4 .

 S4 Figure S4. Evaporation device for Au supracrystals preparation.

Figure S5 . 4 . 2

 S542 Figure S5. HRSEM image and SAXRD pattern of supracrystals made of L 4 -coated Au nanocrystals.

Figure 1 .Au 1 -DDT Au 5 )( NHC Au 6 -NHC Au 10 )Figure 2 .

 1156102 Figure 1. DDT-coated and NHC-coated Au NCs submitted to oxygen treatments.

Figure 3 .

 3 Figure 3. NHC ligands used in this study for NHC-coated Au NCs.

Figure

  Figure S1 in the Supplementary Information). By extending the exposure time to 80 s, the formation of a large proportion of coalesced objects was observed. This demonstrated that DDT Au 1 start to decompose from 60 s of exposure and are clearly affected by the oxidative treatment at 80 s (Figure 4C).

Figure 4 .

 4 Figure 4. TEM images of DDT Au 1 (A) and DDT Au 2 (B) deposited on an amorphous carbon-covered TEM grid before oxygen plasma exposure (t = 0 s). Same areas after exposure to oxygen plasma for 80 s at 10 W of DDT Au 1 (C) and DDT Au 2 (D).A similar treatment was applied to DDT-coated Au NCs DDT Au 2 , synthesized from [Au(PPh3)Cl] as precursor through one-phase reduction (see Experimental section). One drop of the DDT Au 2 dispersion in toluene was deposited on a copper TEM grid covered by

Figure 5 .

 5 Figure 5. TEM images of DDT Au 3 (A), DDT Au 4 (B) and DDT Au 5 (C) deposited on an amorphous carbon covered TEM grid before oxygen plasma exposure. Same areas after exposure to oxygen plasma for 80 s at 10 W of NHC Au 3 (D), NHC Au 4 (E) and NHC Au 5 (F).

  80 s. At this exposure time, in contrast to DTT-coated Au NCs, no changes in either the NCs integrity or their 2D assembly was detectable by TEM for all NHC-based Au NCs. The Chapter 4 Superior Oxygen Stability of N-Heterocyclic Carbene-coated Au Nanocrystals -Comparison with Thiol-coated Analogues exposure time was then increased to 120 s. Here again, the TEM images revealed that NHC Au 9-10 remained structurally not affected by the oxidative treatment (Figures 6D-F and S3). This demonstrated that all the NHC-coated Au NCs used in this study are resistant to oxygen plasma treatment for at least 120 s, regardless of the NCs size and the NHC ligand structure. Subsequently, NHC Au 10 was used as a sample to test an extended exposure time of 180 s. The TEM image demonstrated that the integrity and the 2D arrangement of the NCs remained unchanged under these conditions (FigureS4). This experiment could not be reproduced with the same quality on other samples as the carbon film on copper grids is strongly affected at this exposure time and totally broken down at an exposure time exceeding 180 s. For the same reason, no further tests could be implemented at longer times.

Figure 6 .

 6 Figure 6. TEM images of NHC Au 6 (A), NHC Au 8 (B) and NHC Au 10 (C) deposited on an amorphous carbon covered TEM grid before oxygen plasma exposure. Same areas after exposure to oxygen plasma for 120 s at 10 W of NHC Au 6 (D), NHC Au 8 (E) and NHC Au 10 (F).

1 H

 1 NMR spectroscopy was used to analyze the colloidal solutions of the samples before and after exposure to oxygen. The initial 1 H NMR spectrum of Au NCs NHC Au 10 in CD2Cl2 before treatment (Figure7A) shows a significant broadening of some peaks, which is characteristic of ligands bound at the surface of nanocrystals. After oxygen treatment, the dry sample was dissolved in CD2Cl2 and directly analyzed. By comparison with the initial sample, no visible changes were detected in the solution. In both experiments, the dissolution of NHC Au 10 in CD2Cl2 gave a deep colored mixture with no visible precipitate. The 1 H NMR spectrum (Figure7B) of the sample after treatment was found to be very similar to that of the initial sample. It shows a major species corresponding to the bound NHC ligand as observed before oxygen exposure (Figure7A). However, a new set of peaks (*), corresponding to a single minor species, is also visible. This new set of signals has the same profile than the bound NHC ligand although it presents slightly different chemical shifts. For this reason, it could be attributed to a NHC E -derived molecule. On the basis of the NMR integration of the signals around 4.5 ppm, less than 17% of the bound NHC E ligands have been converted to this new compound.

Figure 7 . 1 H

 71 Figure 7. 1 H NMR spectra of NHC Au 10 before exposure (A) and after exposure (B) to a pure oxygen flow for one week.

Figure 8 . 1 H 1 (

 811 Figure 8. 1 H NMR spectra of DDT Au 1 before exposure (A) and after exposure (B) to a pure oxygen flow for one week. The same experiments were performed with DDT-stabilized Au nanocrystals DDT Au 1 . The initial 1 H NMR spectra of DDT Au 1 before exposure to oxygen presents typical broad signals

Chapter 4

 4 Figure S1. TEM images of DDT Au 1 (A) and DDT Au 2 (B) deposited on an amorphous carbon covered TEM grid before oxygen plasma exposure. Same areas after exposure to oxygen plasma for 60 s at 10 W of DDT Au 1 (C) and DDT Au 2 (D).

Figure S2 .

 S2 Figure S2. TEM images of DDT Au 3 (A), DDT Au 4 (B) and DDT Au 5 (C) deposited on an amorphous carbon covered TEM grid before oxygen plasma exposure. Same areas after exposure to oxygen plasma for 60 s at 10 W of DDT Au 3 (D), DDT Au 4 (E) and DDT Au 5 (F).

Figure S3 .

 S3 Figure S3. TEM images of NHC Au 7 (A) and NHC Au 9 (B) deposited on an amorphous carbon covered TEM grid before oxygen plasma exposure. Same areas after exposure to oxygen plasma for 120 s at 10 W of NHC Au 7 (C) and NHC Au 9 (D).

Figure S4 .

 S4 Figure S4. TEM images of NHC Au 10 (A) deposited on an amorphous carbon covered TEM grid before oxygen plasma exposure. Same areas after exposure to oxygen plasma for 180 s at 10 W of NHC Au 10 (B).

Figure S5 .

 S5 Figure S5. Device for the experiments with exposure to pure oxygen experiment.

Appendices 1 H 4 - 5 -

 145 and13 C NMR spectra (Chapter 3 supporting information)(E)-1,3-Diethyl-5-[1-(hexyl)-hept-1-en-1-yl]benzimidazolium tetrachloroaurate(III) (1) -1,3-Diethyl-5-[1-(octyl)-non-1-en-1-yl]benzimidazolium tetrachloroaurate(III) (2) -1,3-Ditetradecyl-5-[1-(hexyl)-hept-1-en-1-yl]benzimidazolium tetrachloroaurate(III) (3) Ethoxycarbonyl-1,3-(ditetradecyl)benzimidazolium tetrachloroaurate(III) (4) -5-[1-(Hexyl)-hept-1-en-1-yl]benzimidazole(9) 

  -5-[1-(Hexyl)-hept-1-en-1-yl]benzimidazole(10) 

C 7 H 15 (

 15 E)-1,3-Diethyl-5-[1-(hexyl)-hept-1-en-1-yl]benzimidazolium bromide (11) -1,3-Diethyl-5-[1-(octyl)-non-1-en-1-yl]benzimidazolium bromide (12) -1,3-Ditetradecyl-5-[1-(hexyl)-hept-1-en-1-yl]benzimidazolium bromide(13) 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  Murray et al. obtained AuNPs stabilized by alkanethiols of various chain length(8, 12, 

	Chapter 1
	State of the Art
	and 16 carbons).

  C NMR (100 MHz, CDCl3)  144.22, 141.37, 138.97, 132.82, 131.65, 129.93, 126.59, 112.57, 110.04, 43.14, 42.92, 31.78, 31.71, 30.22, 29.50, 29.23, 28.91, 28.61, 22.69, 15.10, 15.08, 14.18, 14.14.

	HRMS (ESI) m/z calcd for C24H39N2 [M-Br -] + 355.3113, found 355.3109. The (E) configuration of the
	major isomer was determined by NOESY experiments (see page S16).

  H NMR (400 MHz, CDCl3)  11.45 (s, 1H), 7.61 (d, J = 8.8. Hz, 1H), 7.59 (d, J = 8.8. Hz, 1H), 7.51 (s, 1H), 5.69 (t, J = 7.2 Hz, 1H), 4.69-4.63 (m, 4H), 2.55-2.52 (m, 2H), 2.21 (q, J = 7.2 Hz, 2H), 1.75-1.70 (m, 6H), 1.25-1.12 (m, 22H), 0.92-0.79 (m, 6H). 13 C NMR (100 MHz, CDCl3)  144.07, 142.29, 138.96, 132.76, 131.63, 129.93, 126.44, 112.54, 110.01, 43.02, 42.81, 31.94, 30.19, 29.81, 29.55, 29.54, 29.47, 29.32, 28.93, 28.64, 22.77, 22.73, 15.10, 15.07, 14.21, 14.18. HRMS (ESI) m/z calcd for C28H47N2 [M-Br -] + 411.3739, found 411.3739.

13 C

 13 NMR (400 MHz, CDCl3)  143.18, 131.50, 127.19, 113.18, 47.84, 32.06, 29.81, 29.78, 29.72, 29.71, 29.64, 29.52, 29.49, 29.19, 26.72, 22.83, 14.25. Anal. calcd for (C35H63BrN2)•(H2O)0.5: C 69.97, H 10.74, N 4.66; found C 69.90, H 10.84, N 4.69. HRMS (ESI) m/z calcd for C35H63N2 [M-Br -] + 511.4986, found 511.4983.

  C NMR (100 MHz, CDCl3)  144.35, 139.17, 138.81, 132.83, 131.69, 130.00, 126.90, 112.90, 110.14, 43.40, 43.15, 31.69, 31.61, 30.09, 29.37, 29.14, 28.82, 28.53, 22.59, 14.88, 14.83, 14.10, 14.08.

	HRMS (ESI) m/z calcd for C24H39N2 [M-AuCl4 -] + 355.3113, found 355. 3108.

  C NMR (100 MHz, CDCl3)  144.13, 138.93, 138.66, 132.61, 131.54, 129.87, 126.75, 112.85, 110.00, 43.29, 43.03, 31.70, 29.92, 29.56, 29.34, 29.31, 29.23, 29.10, 29.06, 28.72, 28.43, 22.54, 22.50, 14.73, 14.67, 14.01, 14.00. HRMS (ESI) m/z calcd for C28H47N2 [M-AuCl4 -] + 411.3739, found 411.3736.

  C NMR (100 MHz, CDCl3)  144.28, 139.79, 138.73, 132.83, 131.74, 130.04, 126.88, 112.94, 110.09, 48.21, 47.92, 31.92, 31.68, 31.60, 30.96, 30.08, 29.69, 29.68, 29.65, 29.64, 29.56, 29.43, 29.36, 29.15, 29.06, 28.82, 28.54, 26.69, 26.67, 22.68, 22.58, 22.57, 14.10, 14.06, 14.04. HRMS (ESI) m/z calcd for C48H87N2 [M-AuCl4 -] + 691.6869, found 691.6863.

  C NMR (100 MHz, CDCl3)  140.53, 131.58, 127.82, 113.51, 48.36, 32.06, 29.83, 29.80, 29.75, 29.66, 29.61, 29.55, 29.50, 29.18, 26.82, 22.83, 14.25. Anal. calcd for (C35H63AuCl4N2)•(H2O): C 48.39, H 7.54, N 3.22; found C 48.46, H 7.49, N 3.06. HRMS (ESI) m/z calcd for C35H63N2 [M-AuCl4 -] + 511.4986, found 511.4980.

  C NMR (101 MHz, CD2Cl2) δ 178.45, 133.54, 133.49, 124.60, 124.56, 111.91, 49.30, 49.17, 32.31, 30.29, 30.06, 30.03, 30.00, 29.93, 29.83, 29.74, 29.61, 27.13, 23.07, 14.25.

Table S1 :

 S1 Reproducibility: Average sizes and size distributions of different AuNCs batches.

	NCs Batch 2					
	Entry	NHC Ligand Before size selection	After size selection
			d (nm)	σ (%)	d (nm)	σ (%)
	1	L 1	5.9	15.8	6.1	9.0
	2	L 2	5.6	19.2	5.8	10.9
	3	L 3	3.7	20.5	3.9	11.6
	4	L 4	5.3	17.2	5.2	10.9
	5	L 5	4.9	16.4	5.1	9.6
	NCs Batch 3					
	Entry	NHC Ligand Before size selection	After size selection
			d (nm)	σ (%)	d (nm)	σ (%)
	1	L 1	5.7	13.9	5.9	9.8
	2	L 2	5.5	21.4	5.7	11.6
	3	L 3	3.9	23.2	4.1	12.3
	4	L 4	5.4	16.8	5.3	11.2
	5	L 5	4.8	17.5	4.9	10.1

Table 1 .

 1 Preparation of Au NCs: precursors, methods and NC sizes. Average size of Au NCs. [b] Standard deviation for the size distribution.

	Et	N N Et

Table 1 ,

 1 Figures 6A, 6C and Figures S3A, S3B). NHC Au 8 , stabilized by the most bulky NHC C

1,3-Diethylbenzimidazol-2-ylidene silver(I) chloride (L 1 -AgCl)

Barrow, J. C.; Coburn, C.; Selnick, H. G.; Ngo, P. L. "Preparation of

2-(pyridin-4-yl)acetamides as thrombin inhibitors" U. S. Patent 20020193398, December 19, 2002.

The procedure was adapted from: (a) Cho, S. Y.; Grimsdale, A. C.; Jones, D. J.; Watkins, S. E.; Holmes, A. B. J. Am. Chem. Soc. 2007, 129, 11910-11911. (b) de Arriba, Á. L. F.; Simón, L.; Alcázar, V.; Cuellar, J.; Lozano-Martínez, P.; Morán, J. R. Adv. Synth. Catal. 2011,

353, 2681. 

The procedure was adapted from: Serpell, C. J.; Cookson, J.; Thompson, A. L.; Brown, C. M.; Beer, P. D., Dalton Trans. 2013,

42, 1385. 

1,3-(Ditetradecyl)benzimidazolium tetrachloroaurate(III)(5) 
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General Information

Reagents were purchased from commercial sources and used as received unless stated otherwise. 5-Ethoxycarbonyl benzimidazole (6) was prepared from benzimidazole-5-carboxylic acid according to a literature procedure. [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] THF was distilled from sodium-benzophenone ketyl under nitrogen atmosphere. Dichloromethane was distilled from CaH2. Reactions involving organometallic species or air-or moisture-sensitive compounds were carried out under an atmosphere of argon by using standard In CDCl3 and CD2Cl2, proton chemical shifts (δ) are reported relative to the residual protonated solvent (δ = 7.26 and 5.32 ppm, respectively). 13 C chemical shifts (δ) are reported relative to the NMR solvent (CD2Cl2: δ = 54.00 ppm; CDCl3: δ = 77.16 ppm). Coupling constants are reported in Hertz (Hz). The following abbreviations are used : s = singlet, d = doublet, t = triplet, q = quadruplet, m = multiplet, br = broad). Elemental analyses were performed at the "Institut de Chimie des Substances Naturelles" (service de microanalyse). HRMS were performed at the "Institut Parisien de Chimie Moléculaire" (UPMC-Univ Paris 6). XPS analyses were carried out at the "Laboratoire de Réactivité de Surface" (UPMC-Univ Paris 6).

Synthesis of Chloroaurate(III) Benzimidazolium Salts (1-5) [NHC-H•AuCl4]

Scheme S1: General synthetic scheme. 
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Conclusions and Perspectives

Nanomaterials are nanostructured materials, characterized by a well-defined grain size or a dimension from several nanometers to several dozen nanometers (<50nm). Nanomaterials have received remarkable attention due to their unique properties. Particularly, noble metal (Au, Ag) nanoparticles exhibit special mechanical, electronic, optical and magnetic properties and present a high potential for developing applications in many domains with important societal impacts. Au nanoparticles are the most outstanding members of the metal nanoparticles groups due to their higher stability by comparison with other metal nanoparticles. In the last decades, N-Heterocyclic carbenes have emerged as an essential class of neutral ligands in organometallic chemistry because of their high synthetic flexibility, specific geometry and strong metalCcarbene bond in metal complexes. Although all these properties have been widely studied and exploited for applications in homogeneous catalysis and for the development of biologically active complexes, the use of NHCs in nanomaterials remains largely unexplored. In this thesis, we focus on exploring the potential of NHC ligands in the field of nanomaterials, as coating agents for gold (and silver) nanocrystals synthesis, stabilization and self-assembly into supracrystals.

The first part deals with the use of Au-NHCs and Ag-NHCs as precursors to generate the corresponding metal nanocrystals. We describe the formation of nanocrystals by one-phase reduction of metal-NHCs (metal = Au, Ag) bearing common NHC ligands, namely 1,3-diethylbenzimidazol-2-ylidene, 1,3-bis(mesityl)imidazol-2-ylidene and 1,3-bis(2,6-iPr2C6H3)imidazol-2-ylidene. We demonstrate that the efficiency of the process and the average size and size distribution of the nanocrystals markedly depends on the structure of the NHC ligand, on the sequence in the reactants addition (i.e. presence or absence of thiol during the reduction step), and on the presence or absence of oxygen. We also demonstrate that in this part that different pathways are involved to generate nanocrystals from Au or Ag precursors. We observe by [START_REF] Schatz | Using theory and computation to model nanoscale properties[END_REF] H NMR experiments a specific reaction between Ag-NHCs and thiols leading to the formation of silver thiolates whereas the corresponding Au-NHCs remain unchanged under the same conditions.

The second part is related to the obtainment of Au supracrystals from the 3D self-assembly of NHC-coated AuNCs, by using NHC ligands as the sole stabilizing and coating agent of nanocrystals. We describe different NHC-stabilized Au nanocrystals with average sizes ranging from 4.0 to 6.0 nm. We demonstrate here that NHCs with appropriate design can N-heterocyclic carbene coated Nanocrystals and Supracrystals
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