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L'optique non linéaire est un outil très puissant pour l'étude des propriétés photoniques de molécules, de matériaux et de nanostructures. La taille et la forme des nanoparticules de métaux nobles (NMNPs) influencent fortement leurs propriétés optiques non linéaires du second ordre. Dans cette thèse, nous proposons une étude systématique de l'influence de la surface de nanoparticules sur leurs valeurs de première hyperpolarisabilité !. Des nanoparticules en poudre d'argent (de diamètres ~7 nm) ainsi que des solutions colloïdales sur NMNPs -avec différentes compositions, tailles et formes -ont été synthétisés : des nanosphères d'argent (de diamètres ~10 nm), des nanosphères d'or (de diamètres 3,0; 11,6; 15,8; 17,4; 20,0 et 43,0 nm), des nanobâtonnets d'or (de rapports d'aspect 1,47; 1,63 et 2,30), des nanobâtonnets d'argent (de rapports d'aspect 5,0; 6,3; 7,5; 8,2 et 9,7), des nanofleurs de platine (de diamètres 7,0; 8,0; 10,0; 14,0; 20,0 et 31,0 nm) ainsi que des nanoprismes d'or (d'une longueur de côtés de 47,5 à 112,3 nm). La diffusion harmonique de la lumière (HLS) à 1064 nm est utilisée pour étudier la génération du second harmonique des NMNPs colloïdaux, et d'en déduire leurs valeurs de première hyperpolarisabilité !. Pour les nanosphères et les nanorods étudiés dans ce travail, nous démontrons que leurs valeurs de ! présentent une forte dépendance avec leur surface, qui est le paramètre dominant dans l'évolution des valeurs de !.

Par ailleurs, la rugosité de la surface des particules ainsi que la forme des irrégularités des nanofleurs sont responsables de valeurs exceptionnellement élevées de !. En outre, nous démontrons expérimentalement, pour la première fois dans la littérature, que les valeurs de ! des nanoprismes présentent non seulement une dépendance linéaire par rapport à la surface, mais sont également sensibles aux courbures des sommets du triangle.
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Introduction

One of the most attractive properties of noble metal nanoparticles (NMNPs) is their large optical second-order nonlinearities. Huge hyperpolarizabilities have been reported in numerous publications in relation with their localized surface plasmon resonance. In this work, we want first to consolidate the already existing results for gold and silver nanospheres, by performing a systematic investigation of size effect on their nonlinear optical (NLO) responses, especially for gold particles for which a large number of data is already available.

In that respect, we have explored the upper and lower limits of particle diameters corresponding to a dipolar origin of the second harmonic response. The validity of this dipolar hypothesis has been tested by systematic studies of the dependence of hyperpolarizabilities with respect to gold nanosphere surface area on one hand, and by a verification of the dipolar response by performing harmonic light scattering (HLS) polar plots on the other hand. Then we have extended our investigations of nanoparticles beyond gold and silver nanospheres (AuNSs and AgNSs), towards more specific geometries: gold and silver nanorods (AuNRs and AgNRs), platinum nanoflowers (PtNFs) and gold nanotriangles or nanoprisms (AuNPrs), the rationale of this presentation being to extend quadratic NLO studies of NMNPs to new metals and geometries, i.e. to non-spherical objects and finally to non-centrosymmetric ones.

Their first hyperpolarizabilities have been measured in water by HLS at 1064 nm, using the set-up described above.

The present thesis is organized as follow:

• In Chapter 1, we briefly introduce nonlinear optics and noble metal nanomaterials for photonics as well as their optical properties.

• In Chapter 2, we summarize some of the methods used for the fabrication of NMNPs and outline some investigation tools used to characterize the structure and nonlinear optical properties of NMNPs.
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• Chapter 3 is devoted to the synthesis, structural and NLO studies of AuNSs and AgNSs. The objectives of this part are 3-fold: a) To perform a systematic investigation of the NLO response of AuNSs with different diameters, in order to identify the limits of the dipolar nonlinear response of these nano-objects. It is expected that the upper limit is related to the emergence of multipolar contributions beyond the pure Rayleigh scattering limit (non-local effects), the lower one corresponding to a decrease of the metallic character of nanoparticles containing small number of metal atoms. b) To explore the possibility to stabilize over several months the stability of colloidal AgNSs, which are known to be less stable than gold ones in water solutions c) To evidence, for the first time to the best of your knowledge, a strong SHG emission from "dry", powdery metallic nanoparticles, especially powdery AgNSs fabricated by thermal decomposition and characterized by a Kurtz and Perry Powder test using a set-up similar to HLS.

• Chapter 4 is devoted to the synthesis, structural and NLO studies of AuNRs and AgNRs. This particle geometry is now widely used because nanorods absorb in the near IR, and generate heat when excited with IR light, then making them interesting for cancer treatment. If these nanorods can be incorporated to tumor cells, the patient can be exposed to IR light (which passes through body tissue), and nanorods located tumor cells are locally heated, leading to the death of cancerous tissues only, while leaving healthy parts of the body intact.

As recent studies conducted in our lab had evidence the influence of nanorod aspect ratio on their quadratic nonlinear properties, we decided to perform a more systematic study of AuNRs and AgNRs (no second-order NLO characterization having been reported yet for the latter ones) in order to explore other effects, such as nanoparticle surface area, and to compare the respective hyperpolarizabilities of AuNRs and AgNRs. For this purpose, colloidal solutions of AuNRs (aspect ratios 1.47; 1.63 and 2.30) have been synthesized by the seed-mediated method, and colloidal solutions of AgNRs with various average values of aspect ratios (5.0; 6.3; 7.5; 8.2 and 9.7) have been elaborated using a rapid one-pot seedless growth method.
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• Chapter 5 is dedicated to present, for the first time, a large hyperpolarizability ! values of PtNFs. Highly corrugated surface for nanoparticle with irregular shape seem to be the dominant factor governing these exceptionally high ! values. These nanoflowers have been synthesized in aqueous solution for six different diameters (!7.0; 8.0; 10.0; 14.0; 20.0 and 31.0 nm) by chemical reduction and seed-mediated methods.

• In Chapter 6, noncentrosymmetric AuNPrs with various edge lengths, ranging from 47.5 to 112.3 nm, have been elaborated by using a seedless growth method. As expected, these nanotriangles display higher hyperpolarizability values than centrosymmetric AuNPs showing a similar surface area, and displayed a linear dependence with respect to the surface area. However, other measurements performed on AuNPrs with smoother corners, did not confirm this superiority of acentric nanoparticles over centrosymmetric ones then suggesting that the significant increase of ! values for "sharp corner" nanoprisms originates from sharp tip effects rather than from symmetry considerations.

Finally, the main results obtained within the frame of the thesis are discussed in terms of further additional studies to be implemented beyond the present work, together with potential perspectives which can be further investigated and exploited in the near future. 

. Overview of nonlinear optics

Nonlinear optics is the study of phenomena related to the modification of the optical properties of a molecule or a material system by the presence of light. However, only laser light is sufficiently intense to modify the optical properties of a material system. As a consequence, all-optical nonlinear optical (NLO) effects were not discovered until the discovery of lasers. The starting point of experimental nonlinear optics is associated to the first evidence of second harmonic generation (SHG) by Franken et al. (1961) [START_REF] Franken | Generation of Optical Harmonics[END_REF] from a quartz crystal pumped by a ruby laser beam, shortly after the invention of the laser by Maiman in 1960. [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] Nonlinear optics is the study of the interactions of light with matter under conditions involving a significant modification of the matter optical response induced by light itself. The propagation of a wave through a material produces changes in the spatial and temporal distribution of electrical charges as electrons and atoms interact with the electromagnetic fields of the wave. The main effect of the forces exerted by the field on charged particles is the displacement of the valence electrons from their normal orbits. This perturbation creates electric dipoles whose macroscopic manifestation is the polarization. Thus, interaction of intense electromagnetic field with materials produce modified fields that are different from the input field in phase, frequency or amplitude. For example, SHG occurs as a result of the part of the atomic response that scales quadratically with the strength of the applied optical Chapter 1 2 field. Consequently, the intensity of the light generated at the second harmonic frequency tends to increase as the square of the intensity of the applied laser light. [START_REF] Boyd | Nonlinear Optics[END_REF] When a material is submitted to an oscillating external electric field, its electro-magnetic response is usually described by the induced electrical polarization. In the case of linear optics, in the presence of a relatively weak electromagnetic field, this polarization is proportional to the amplitude of the applied field. [START_REF] Boyd | Nonlinear Optics[END_REF][START_REF] Zyss | Molecular Nonlinear Optics: Materials, Physics, and Devices[END_REF][START_REF] Zyss | Nonlinear optics in multipolar media: theory and experiments[END_REF] P = ! 0 " [START_REF] Franken | Generation of Optical Harmonics[END_REF] E (1.1) where P is the polarization vector, E is the electric field vector, the ! [START_REF] Franken | Generation of Optical Harmonics[END_REF] tensor is known as the linear susceptibility and ! 0 is the permittivity of free space.

In nonlinear optics, when the optical electric field strength is very high and comparable to the intra-atomic electric field, the induced polarization is given by P = ! 0 " [START_REF] Franken | Generation of Optical Harmonics[END_REF] E + " [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] 

E 2 + " (3) E 3 + ... ! " # $ (1.2) 
! P [START_REF] Franken | Generation of Optical Harmonics[END_REF] + P [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] + P [START_REF] Boyd | Nonlinear Optics[END_REF] + ...

where ! [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] and ! [START_REF] Boyd | Nonlinear Optics[END_REF] are second and third order nonlinear optical susceptibilities. P [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] and P (3) are second and third order nonlinear polarization. Examples of second order ! [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] processes are sum frequency generation (SFG) (! 3 = ! 1 + ! 2 ) and difference frequency

generation (! 3 = ! 1 ! ! 2 )
, where SHG (! 2 = 2! 1 ) is a special case of sum frequency generation. The most commonly employed third order ! [START_REF] Boyd | Nonlinear Optics[END_REF] processes are third harmonic generation (THG) (! 2 = 3! 1 ) and four-wave mixing (! 3 = 2! 1 ! ! 2 ) .

On the single molecule level, the polarization leads to nonlinear effect and can be expressed as .3) where,

P = ! ij E j + " ijk E j E k + # ijkl E j E k E l + ... ( 1 
! ij : linear polarizabilities ! ijk : first hyperpolarizability (second order effects)

! ijkl : second hyperpolarizability (third order effects) i,j,k,l correspond to the molecular coordinates Nonlinear optics impacts a wide range of technical fields, including optical communications, fiber optics, ultrafast lasers, quantum computing, ultra-cold atoms, plasma physics, particle accelerators, etc. Both chemistry and biology are increasingly using investigation tolls based on nonlinear optics. Nonlinear optics applies to numerous specific applications, such as in fiber optics, spectroscopy, photo-refractivity, liquid crystals, polymers, semiconductors, organics, switching, ultraviolet, X-rays, quantum optics, telecommunications, signal processing, and so on.

Second harmonic generation (SHG)

Within the last decades, various types of second order NLO processes, including SHG, SFG or difference frequency generation, linear electro-optic effect or Pockels effect and optical rectification, have been observed in plasmonic nanostructures, emphasizing their great potential to design advanced nonlinear nanosources of light and to manipulate light at small scales.

One of the most intensively studied NLO phenomena is SHG corresponding to secondorder NLO properties. SHG is a second-order nonlinear optical process, whereby two photons at the fundamental frequency (corresponding to the frequency of the incident light) are converted into one photon at the second harmonic frequency (see Figure 1.1). ! 1

(! 2 = 2! 1 )
According to a classical electromagnetic description, the source to the SHG light is the nonlinear polarization P [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] (! 2 ) oscillating at the second harmonic frequency. [START_REF] Boyd | Nonlinear Optics[END_REF] In the electric dipole approximation, the nonlinear polarization results from the interaction of the fundamental electric field E(! 1 ) with the nonlinear medium, via the second order nonlinear susceptibility tensor ! [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] :

P (2) (! 2 ) = " 0 # (2) E 2 (! 1 )
(1.4)

For a centrosymmetric material, if the sign of optical field is changed from E to -E, the sign of polarization must also change reversely due to the inversion symmetry. Hence,

!P (2) (! 2 ) = " 0 # (2) !E(! 1 ) [ ] 2 = ! 0 " (2) E 2 (# 1 )
(1.5)

where " P [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] (! 2 ) = P [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] (! 2 ) , which can only occur if P [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] (! 2 ) = 0 .This demonstrates that the nonlinear susceptibility must vanish in centrosymmetric media. Thus, SHG is forbidden in the bulk face-centered cubic metals such as gold, platinum, and silver. On the contrary, noncentrosymmetric materials possess a nonzero , resulting in the emission of SHG signals.

Under proper experimental conditions, (phase-matching) the process of SHG can be so efficient that up to 50% of the power of the incident beam at frequency " is converted to radiation at the second harmonic frequency 2". A common use of SHG is to convert the output of a fixed-frequency laser to a different spectral region. For example, the Nd: YAG laser operates in the near infrared at a wavelength of 1064 nm. SHG is routinely used to convert the wavelength of the radiation to 532 nm, in the middle of the visible spectrum.

The SHG method is widely used for NLO analysis of films and interfaces. For NLO analysis of species in solution, the SHG technique named harmonic light scattering (HLS, socalled hyper-Rayleigh scattering) is the most suitable one. While HLS was experimentally demonstrated in 1965, [START_REF] Terhune | Measurements of Nonlinear Light Scattering[END_REF] it became popular decades later as a tool to measure the first hyperpolarizabilities tensor ! for solution species. [START_REF] Clays | Hyper-Rayleigh scattering in solution[END_REF] Currently, this is the most effective and versatile technique to determine ! values, both for molecules and nanoparticles. [START_REF] Novoa | Four-coordinate nickel(II) and copper(II) complex based ONO tridentate Schiff base ligands: synthesis, molecular structure, electrochemical, linear and nonlinear properties, and computational study[END_REF][START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF][START_REF] El Harfouch | Hyper-Rayleigh Scattering from Gold Nanorods[END_REF][START_REF] Hubert | Role of surface plasmon in second harmonic generation from gold nanorods[END_REF][START_REF] Das | Hyper-Rayleigh scattering from gold nanoparticles: Effect of size and shape[END_REF][START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF][START_REF] Nappa | Hyper-Rayleigh scattering of gold nanorods and their relationship with linear assemblies of gold nanospheres[END_REF][START_REF] Russier-Antoine | Multipolar contributions of the second harmonic generation from silver and gold nanoparticles[END_REF][START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF][START_REF] El Harfouch | Effect of a thioalkane capping layer on the first hyperpolarizabilities of gold and silver nanoparticles[END_REF][START_REF] Ngo | Second harmonic generation from silver nanoparticles in aqueous solution with different protective agents[END_REF][START_REF] Ngo | Optimization of second harmonic generation of gold nanospheres and nanorods in aqueous solution: the dominant role of surface area[END_REF][START_REF] Ngo | High second-order nonlinear response of platinum nanoflowers: the role of surface corrugation[END_REF][START_REF] Jais | Plasmon-enhanced second harmonic generation in semiconductor quantum dots close to metal nanoparticles[END_REF][START_REF] Johnson | Nonlinear surface-enhanced spectroscopy of silver colloids and pyridine: hyper-Raman and second-harmonic scattering[END_REF][START_REF] Johnson | Hyper-Rayleigh scattering studies of silver, copper, and platinum nanoparticle suspensions[END_REF][START_REF] Shaviv | Synergistic Effects on Second Harmonic Generation of Hybrid CdSe"Au Nanoparticles[END_REF] ! (2)

! (2)

Materials for nonlinear optics

At the end of the 1960's, the Kurtz and Perry powder SHG method was introduced. [START_REF] Kurtz | A Powder Technique for the Evaluation of Nonlinear Optical Materials[END_REF] For the first time, a rapid, but still qualitative evaluation for second order NLO effects was possible.

The set-up was set for a quick screening of new materials, both inorganic and organic. The early history summarized here is based on a more extensive book authored by D. S. Chemla and J. Zyss [START_REF] Chemla | Nonlinear Optical Properties of Organic Molecules and Crystals[END_REF] and entitled "Nonlinear Optical Properties of Organic Molecules and Crystals".

The development of NLO materials has been driven by a multitude of important technological applications that can be realized if suitable materials are available. Future generations of optoelectronic devices for telecommunications, information storage, optical switching, and signal processing are based, to a large extent, on the development of novel materials with exceptional NLO responses, e.g. conversion of light wavelength, amplification of light, and modification of the refractive index with respect to optical intensity. Various NLO materials have been investigated both experimentally and theoretically, including inorganic or organic crystals, semiconductor or metal nanostructures, polymer thin films, chiral surfaces, etc. 3-5,26- 32 

Molecular engineering: Dipoles and Octupoles

The vast majority of molecular compounds that possess large ! values contain conjugated !systems with donor (D) and acceptor (A) moieties (see Figure 1.2). The linear optical properties of such dipolar, polarizable molecules are characterized by low energy, intramolecular charge transfer (ICT) transitions. Over the past decades, much work has been focused towards the optimization of their ! values. [START_REF] Chemla | Nonlinear Optical Properties of Organic Molecules and Crystals[END_REF][START_REF] Nalwa | Nonlinear Optics of Organic Molecules and Polymers[END_REF][START_REF] Bruce | Molecular Materials[END_REF] Nonlinearities can be enhanced by either increasing the conjugation length between the donor and acceptor group (and or by improving delocalization) or by increasing the strength of donor or acceptor groups (improving electron asymmetry). The position and number of acceptor and donor groups in the molecule play also an important role. [START_REF] Chemla | Nonlinear Optical Properties of Organic Molecules and Crystals[END_REF] In addition to push-pull dipolar molecules, a recently new strategy was introduced for second generation of compounds. Studies based on group theory and quantum mechanics have built-up the theoretical basis of the field of non-dipolar molecules for nonlinear optics, which became known as octupolar, and more generally multipolar molecules. The concept of octupolar nonlinearities was described in the early 1990 by Zyss. [START_REF] Zyss | Nonlinear optics in multipolar media: theory and experiments[END_REF][START_REF] Ledoux | Second-harmonic generation from non-dipolar non-centrosymmetric aromatic charge-transfer molecules[END_REF][START_REF] Zyss | Molecular engineering implications of rotational invariance in quadratic nonlinear optics: From dipolar to octupolar molecules and materials[END_REF] Basically, purely octupolar symmetries can be derived from a cubic structure made of alternate positive and negative charges located a corners of a cube. A projection of these 

Inorganic NLO materials

The search for nonlinear optical materials began soon after the demonstration of secondharmonic generation of light in quartz crystal by Franken et al. (1961) [START_REF] Franken | Generation of Optical Harmonics[END_REF] . Inorganic materials exhibiting second-order NLO properties have attracted interest in the recent past due to their ability to be processed into crystals, their wide optical transparency domain, their large nonlinear figure of merit for frequency conversion, their fast optical response time and wide phase-matching angular acceptance. [START_REF] Nalwa | Nonlinear Optics of Organic Molecules and Polymers[END_REF] These ionic-bonded inorganic crystals are easy to synthesize, and to grow and they have a high melting point and high degree of thermal and chemical stability. [START_REF] Dewey | Frequency doubling in KB 5 O 8 $4H 2 O and NH 4 B 5 O 8 $4H 2 O to 217.3 nm[END_REF][START_REF] Packiya Raj | growth, and structural, optical, mechanical, electrical properties of a new inorganic nonlinear optical crystal: Sodium manganese tetrachloride (SMTC)[END_REF] Studies were concentrated on inorganic materials such as lithium niobate (LiNbO 3 ), [START_REF] Giordmaine | Tunable Coherent Parametric Oscillation in LiNbO 3 at Optical Frequencies[END_REF] NLO semiconductors materials are gallium arsenide [START_REF] Auerhammer | Frequency doubling of mid-infrared radiation in gallium selenide[END_REF] or cadmium selenide [START_REF] Colvin | Light-emitting diodes made from cadmium selenide nanocrystals and a semiconducting polymer[END_REF] , which are mostly used as quantum dots.

These crystals played an important role in the development of nonlinear optics as a major area of laser science and of techniques such as harmonic generation, frequency mixing and parametric generation as viable methods for generating coherent radiation in new regions of the optical spectrum. Many of these materials have also been successfully used in commercial frequency doublers, mixers and parametric generators to provide coherent laser radiation with high frequency conversion efficiency in new regions of the spectrum, which are inaccessible by other conventional nonlinear crystal sources. [START_REF] Packiya Raj | growth, and structural, optical, mechanical, electrical properties of a new inorganic nonlinear optical crystal: Sodium manganese tetrachloride (SMTC)[END_REF][START_REF] Munn | Principles and Applications of Nonlinear Optical Materials[END_REF] For example, KDP, potassium dideuterium phosphate (KD 2 PO 4 , DKDP) and ammonium dihydrogen phosphate (NH 4 H 2 PO 4 , ADP) are widely used as second, third and fourth harmonic generators for Nd:YAG and Nd:YLF lasers (see Figure 1.4). The crystals are also widely used for electro-optic applications as Q-switches for Nd:YAG, Nd:YLF, Ti:Sapphire and Alexandrite lasers, as well as for Pockels cells and as for acousto-optic applications. The most commonly used electrooptic crystal is DKDP with a deuteration rate higher than 98%. These crystals are grown by a water-solution method and can be reach very large sizes (thousands of cm 3 ). Therefore, low- However, inorganic materials also show some drawbacks, as their optical nonlinearity remains modest. Moreover, they display a large dispersion of their dielectric constant within the electro-magnetic spectrum (from GHz to the optical domain), then limiting the bandwidth of electro optic modulations to a few tens of GHz).

Organic NLO materials

As an alternative to inorganic materials, organic molecules and polymers can suppress the limitations identified above and have been investigated widely due to their high nonlinear optical properties, rapid response in electro-optic effect and large second or third order hyperpolarizibilities compared to inorganic NLO materials. The NLO effects in organic materials are usually electronic in nature, which leads to a fast nonlinear response.

Benzopyrene was the first observation of SHG in an organic material by Rentzepis and Pao 53 in 1964. In the same year, SHG from a hexamethylenetetramine single crystal was evidenced. [START_REF] Heilmeier | Relationship between optical second harmonic generation and the electro-optic effect in the molecular crystal hexamine[END_REF] Soon later, hippuric acid and benzil also have been found. [START_REF] Gott | Effect of molecular structure on optical second-harmonic generation from organic crystals[END_REF] Benzil, the first organic NLO material, proved relatively easy to grow into large single crystals. Over the last two decades, NLO processes in organic and polymer materials were studied with a rapid and sustained growth. The most important feature of organic molecules is a typical push-pull structure, i.e., #-conjugated systems connecting an electron-donating group and an electronwithdrawing group. Various examples of donor or acceptor groups and of the conjugated backbone are shown in Figure 1.5. Organic NLO molecules often possess donor-acceptor groups attached to an aromatic ring system that increases charge transfer through p-electron delocalization.

Figure 1.5 Examples of organic NLO molecules with donor-acceptor electron groups, pushpull chromophore [START_REF] Singh | Nonlinear optical properties of nanostructures, photochromic and lanthanide complexes in solution[END_REF] .

A large number of good quality organic NLO materials have been investigated such as l-(4-nitrophenyl)-2-(4-methoxyphenyl)-l-cyanoethene (CMONS), [START_REF] Blair | The Effect of the Substrate on the Isomerization of Model Disperse Dyes based on Stilbene[END_REF] urea, [START_REF] Ledoux | Influence of the molecular environment in solution measurements of the Secondorder optical susceptibility for urea and derivatives[END_REF][START_REF] Cassidy | Nonlinear optical properties of urea[END_REF] p-nitroaniline (PNA), [START_REF] Oudar | Hyperpolarizabilities of the nitroanilines and their relations to the excited state dipole moment[END_REF] 3-methyl-4-nitropyridine-1-oxide (POM), 61 2,4,6-triamino-1,3,5-trinitrobenzene (TATB), [START_REF] Joffre | Second order optical nonlinearity in octupolar aromatic systems[END_REF] N-(4-nitrophenyl)-(L)-prolinol (NPP), [START_REF] Zyss | Chirality and hydrogen bonding in molecular crystals for phasematched secondharmonic generation: N(4nitrophenyl)(L)prolinol (NPP)[END_REF] 4-dimethylamino-N-methyl-4-stilbazolium tosylate (DAST), [START_REF] Marder | Synthesis of Organic Salts with Large Second-Order Optical Nonlinearities[END_REF] and so on. Further, organometallic complexes have been investigated and displayed high molecular hyperpolarizabilities. Metals coordinated with NLO chromophores result in molecules of much greater complexity than for the first generation of "push-pull" organic molecules and can give rise to tunable optical properties. In a greater design flexibility, the metal center may be an extremely strong electron donor or acceptor, e.g. by variation in metal oxidation state, ligand environment and geometry, a requirement for electron asymmetry and hence second-order nonlinearity. [START_REF] Bozec | Molecular engineering of octupolar tris(bipyridyl) metal complexes[END_REF][START_REF] Powell | Nonlinear optical properties of transition metal acetylides and their derivatives[END_REF] Additionally, several polymers have interesting ! [START_REF] Maiman | Stimulated Optical Radiation in Ruby[END_REF] properties. Poly(vinylidene flouride), PVF2, and its copolymers with poly(trifluoroethylene), PVF3, show piezoelectric properties, and SHG emission. These NLO properties can be enhanced by poling the material under an electric field. [START_REF] Berge | Second-Harmonic Generation of Light and Evidence of Phase Matching in Thin Films of P(VDF-TrFE) Copolymers[END_REF] Similar effects are observed in alternating copolymers of vinyl acetate and vinylidene cyanide, co(PVCN-
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PVAc). [START_REF] Marder | Materials for Nonlinear Optics: Chemical Perspectives[END_REF] The incorporation of highly nonlinear push-pull molecules to polymer matrices, preferably in the form of functionalized macromolecules where NLO units are chemically grafted to the polymeric chain, resulted in high-performance electro-optic polymers with EO coefficient above 100pW/V and a very wide bandwidth (hundreds of GHz).

Noble metal NLO nanomaterials

Since 1998, various nanomaterials with high second order NLO properties and interesting applications in photonics as well as chemical and biological detection have been researched

and developed. The surface-enhanced phenomenon is predicted to have a particularly important impact in NLO applications, since the generally weak nonlinear effects can be significantly increased via strong electromagnetic fields at the surfaces of noble metal nanoparticles (NMNPs) (plasmonic resonance). [START_REF] Novoa | Four-coordinate nickel(II) and copper(II) complex based ONO tridentate Schiff base ligands: synthesis, molecular structure, electrochemical, linear and nonlinear properties, and computational study[END_REF][START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF][START_REF] El Harfouch | Hyper-Rayleigh Scattering from Gold Nanorods[END_REF][START_REF] Hubert | Role of surface plasmon in second harmonic generation from gold nanorods[END_REF][START_REF] Das | Hyper-Rayleigh scattering from gold nanoparticles: Effect of size and shape[END_REF][START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF][START_REF] Nappa | Hyper-Rayleigh scattering of gold nanorods and their relationship with linear assemblies of gold nanospheres[END_REF][START_REF] Russier-Antoine | Multipolar contributions of the second harmonic generation from silver and gold nanoparticles[END_REF][START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF][START_REF] El Harfouch | Effect of a thioalkane capping layer on the first hyperpolarizabilities of gold and silver nanoparticles[END_REF][START_REF] Ngo | Second harmonic generation from silver nanoparticles in aqueous solution with different protective agents[END_REF][START_REF] Ngo | Optimization of second harmonic generation of gold nanospheres and nanorods in aqueous solution: the dominant role of surface area[END_REF][START_REF] Ngo | High second-order nonlinear response of platinum nanoflowers: the role of surface corrugation[END_REF][START_REF] Jais | Plasmon-enhanced second harmonic generation in semiconductor quantum dots close to metal nanoparticles[END_REF][START_REF] Johnson | Nonlinear surface-enhanced spectroscopy of silver colloids and pyridine: hyper-Raman and second-harmonic scattering[END_REF][START_REF] Johnson | Hyper-Rayleigh scattering studies of silver, copper, and platinum nanoparticle suspensions[END_REF][START_REF] Shaviv | Synergistic Effects on Second Harmonic Generation of Hybrid CdSe"Au Nanoparticles[END_REF] Equation 1.4 clearly emphasizes that SHG increases nonlinearly with the fundamental electric field amplitude. The basic idea behind nonlinear plasmonics is to use the enhanced electric field associated with plasmon resonances to increase the strength of NLO effects. The first plasmon enhancement of SHG was reported in 1974 for surface plasmon polaritons propagating at the surface of a silver film. [START_REF] Simon | Optical Second-Harmonic Generation with Surface Plasmons in Silver Films[END_REF] The localized surface plasmon resonance (LSPR) enhancement of SHG from metallic nanoparticles has also been theoretically predicted and experimentally confirmed. [START_REF] Agarwal | Theory of second harmonic generation at a metal surface with surface plasmon excitation[END_REF][START_REF] Hua | Theory of second-harmonic generation by small metal spheres[END_REF] Due to the LSPR enhancement, SHG from plasmonic nanostructures is much higher than that from the best chromophores 72 and comparable, if not higher to that from nanoparticles made of nonlinear materials as KNbO 3 , LiNbO 3 , BaTiO 3 , KTP, and ZnO [START_REF] Staedler | Harmonic Nanocrystals for Biolabeling: A Survey of Optical Properties and Biocompatibility[END_REF] . In plasmonic structures with nanometer sizes, an enhancement of the second harmonic intensity is clearly observed when the wavelength of the incident light matches the resonant wavelength of a LSPR. [START_REF] Dadap | Second-Harmonic Rayleigh Scattering from a Sphere of Centrosymmetric Material[END_REF][START_REF] Dadap | Theory of optical second-harmonic generation from a sphere of centrosymmetric material: small-particle limit[END_REF][START_REF] Butet | Optical Second Harmonic Generation in Plasmonic Nanostructures: From Fundamental Principles to Advanced Applications[END_REF] Currently, scientists are focused on studying the development of NMNPs based second order NLO materials with different sizes and shapes.

Part B. Noble metal nanoparticles (NMNPs): introduction, properties and applications

Introduction

The word "nano" is a Greek prefix meaning dwarf or something very small and depicts one billionth of a unit. Nanotechnology is the science that deals with matter at the scale of 1 billionth of a meter (i.e., 1 nm = 10 -9 m), and is also the study of manipulating matter at the atomic and molecular scales. A nanoparticle is the most fundamental component in the fabrication of a nanostructure, and is far smaller than everyday objects that are described by Newton's laws of motion, but bigger than an atom or a simple molecule that are governed by quantum mechanics. In general, the term "metallic nanoparticle" is used to describe nanosized metals with dimensions (length, width or thickness) within a size range between 1 and 100 nm (see Figure 1.6). [START_REF] Louis | Gold nanoparticles for physics, chemistry and biology[END_REF][START_REF] Cao | Nanostructures and Nanomaterials: Synthesis, Properties, and Applications[END_REF] NMNPs made of gold, silver and platinum belong to the most extensively studied colloidal systems in the field of nanoscience and nanotechnology because of their unique properties. Nanoparticles of noble metals display physical, chemical, and attractive linear and nonlinear properties that strongly differ from those of bulk metals (e.g., lower melting points, higher specific surface areas, specific optical properties, mechanical strengths, etc.), making them potentially attractive in various applications. [START_REF] Cao | Nanostructures and Nanomaterials: Synthesis, Properties, and Applications[END_REF] The optical properties of NMNPs are tunable throughout the visible and near-infrared region of the spectrum as a function of nanoparticle size, shape, surface state, and local environment.

The physicochemical properties of NMNPs can be tuned by a proper control of their size and shape and by carefully selecting appropriate surface functionalities. The implementation of proper synthetic methods is thus crucial in optimizing the size and shape of nanoparticles and thereby in tuning their properties for given specific applications. [START_REF] Alex | Functionalized Gold Nanoparticles: Synthesis, Properties and Applications-A Review[END_REF] Nonspherical plasmon resonant nanoparticles offer favorable properties for their use as analytical tools, or for diagnosis and as therapeutic agents. Anisotropic features in nonspherical nanoparticles have shown to improve their performances for various applications such as photonics, information storage, electronic and optical detection systems, sensing, imaging, electronics, energy harvesting, catalysis and biomolecular manipulation. [START_REF] Murphy | Anisotropic Metal Nanoparticles:( Synthesis, Assembly, and Optical Applications[END_REF][START_REF] Burda | Chemistry and Properties of Nanocrystals of Different Shapes[END_REF][START_REF] Sau | Properties and Applications of Colloidal Nonspherical Noble Metal Nanoparticles[END_REF][START_REF] Talapin | Prospects of Colloidal Nanocrystals for Electronic and Optoelectronic Applications[END_REF][START_REF] Cuenya | Synthesis and catalytic properties of metal nanoparticles: Size, shape, support, composition, and oxidation state effects[END_REF][START_REF] Daniel | Gold nanoparticles: assembly, supramolecular chemistry, quantum-sizerelated properties, and applications toward biology, catalysis, and nanotechnology[END_REF][START_REF] Eustis | Why gold nanoparticles are more precious than pretty gold: Noble metal surface plasmon resonance and its enhancement of the radiative and nonradiative properties of nanocrystals of different shapes[END_REF][START_REF] Sardar | Gold Nanoparticles: Past, Present, and Future[END_REF][START_REF] Zhou | Functionalized gold nanoparticles: synthesis, structure and colloid stability[END_REF][START_REF] Rosi | Nanostructures in biodiagnostics[END_REF][START_REF] Giljohann | Gold nanoparticles for biology and medicine[END_REF][START_REF] Saha | Gold Nanoparticles in Chemical and Biological Sensing[END_REF][START_REF] Boisselier | Gold nanoparticles in nanomedicine: preparations, imaging, diagnostics, therapies and toxicity[END_REF][START_REF] Anker | Biosensing with plasmonic nanosensors[END_REF][START_REF] Sperling | Biological applications of gold nanoparticles[END_REF] 

Historical background

The first use of metallic nanoparticles emerged several centuries before the development of modern science. Perhaps the oldest object is the Lycurgus chalice from fourth-century Rome, which contains gold nanoparticles (AuNPs) and is exhibited at the British Museum in London (see Figure 1.7 (a)). Nanotechnology is easily evident in various old churches. A well-known application of early nanotechnology is the ruby red color that was used for stained glass windows during the Middle Ages. Beautiful examples of these applications can be found in glass windows of many Gothic European cathedrals. Among them, the stained glass of a wonderful rose can be seen at the world heritage Cathédrale Notre-Dame de Chartres in France, where the size and shape of silver and gold nanoparticles are responsible for the colors of the glass. The stained glass made in medieval times is displayed in Figure 1.7 (b) and (c). [START_REF] Louis | Gold nanoparticles for physics, chemistry and biology[END_REF][START_REF] Hunt | The true story of Purple of Cassius[END_REF][START_REF] Horikoshi | Microwaves in Nanoparticle Synthesis[END_REF] These effects are caused by one of the most important types of interaction of metal nanoparticles with the electromagnetic field, LSPR, which will be discussed in this chapter.

Chapter Rosace stained glass in the Cathédrale Notre-Dame de Chartres (France). [START_REF] Jin | Photoinduced Conversion of Silver Nanospheres to Nanoprisms[END_REF] (c) Stained glass museum, Great Britain. [START_REF] Horikoshi | Microwaves in Nanoparticle Synthesis[END_REF] Systematic chemical synthesis of colloidal nanoparticles was pioneered by Michael Faraday in 1857 [START_REF] Faraday | The Bakerian Lecture: Experimental Relations of Gold (and Other Metals) to Light[END_REF] (the word colloid itself did not exist at the time of Faraday's work). This is considered to be a major step in the development of nanotechnology. To date, Faraday original samples are still preserved and are on display at the Faraday Museum in London (see Figure 1.8). In 1861, Graham coined the word colloid from the French word colle. accomplished a major landmark in chemistry by preparing a silver colloid for the first time through reduction of silver nitrate using ferrous sulfate and ensured a consequent protection of colloidal particles by citrate ions. A huge interest in colloidal silver followed this first controlled synthesis, and a large number of researchers worked on the antibacterial properties of silver in the early twentieth century. 100 Besides the other precious metals, over the past decade, research into the design of platinum nanoparticles (PtNPs) with unique properties has been greatly intensified due to the potential for new applications and improving current applications such as fuel cells, sensors, and the petroleum and automotive industries due to their high catalytic activity and stability. [105][106][107][108][109][110][111][112][113][114][115][116][117][118][119][120][121][122] Since platinum is a precious metal, most of the recent efforts have focused on decreasing platinum utilization via increasing the catalytic efficiency of Pt-based catalysts by tailoring high-performance Pt-based nanostructured materials, revealing that the shape of PtNPs plays a critical role in catalysis. [122][123][124][125][126][127] Since the 1970s, the innovative development of NMNPs is due to theoretical as well as experimental developments in the fields of physics, chemistry, materials science, and biosciences. Specific phenomena (chemical and physical properties), not limited to the optical properties of NMNPs, have led to new possibilities in various fields.

Optical properties 1.6.1. Localized surface plasmon resonance (LSPR)

The resonant oscillation of conduction electrons at the interface between two materials with a negative and a positive permittivity respectively is stimulated under an incident electromagnetic wave, a phenomenon known as surface plasmon resonance (SPR). The electrons on the surface are the most significant ones, since the electromagnetic wave can penetrate within a very limited (< 100 nm) depth in a metallic structure, such as metallic films.

In the case of metallic nanoparticles, the collective oscillations of free electrons are confined to a finite volume defined by the particle dimensions. When surface plasmons are confined to a nanostructure that is much smaller than the wavelength of light, they are localized and do not propagate, and they show a specific resonance frequency known as LSPR. Figure 1.9 depicts the difference between SPR and LSPR. When the free electrons in a metallic nanostructure are driven by the incident electric field to collectively oscillate at a certain resonant frequency, the incident light is absorbed by the nanoparticles. Some of these photons will be scattered, i.e., released in all directions with the same frequency, while some others will turn into vibrations of the lattice, which is known as absorption. This is responsible for the very specific colors of NMNPs. 129 The frequency and width of the surface plasmon absorption depend on the size and shape of the nanoparticle as well as on the dielectric constant of the metal and on the surrounding environment. For NMNPs made of gold, silver, and copper, the plasmon resonance is strongest and appears in the visible part of the electromagnetic spectrum, which make them important in many fields. On the contrary, for PtNPs, the LSPR frequency lies in the UV region of the spectrum, and does not display well-defined LSPR bands that are tunable like those of the other noble metals. [START_REF] Alex | Functionalized Gold Nanoparticles: Synthesis, Properties and Applications-A Review[END_REF] The size and shape dependence of the plasmon absorption of NMNPs in aqueous solution has been investigated by different groups. [130][131][132][133] Figure 1.10

shows the extinction spectra of NMNPs of different shape and size. nanospheres (a) , nanocubes (b) , and nanorods with aspect ratios of 2.4 (c) , 3.4 (d) , and 4.6 (e) respectively. 132 (d) Extinction spectra of experimentally fabricated gold nanorods with different aspect ratios. 133 The red shifted absorption peaks from 500 to 550 nm corresponds to an increase in particle size of spherical AuNPs, giving red colored solution with particles smaller than 90 nm and purple or blue color for bigger particles (Figure 1.10 (a)). This phenomenon is also observed when increasing the edge length of Ag nanoprisms and the aspect ratios (AR, i.e.

length divided by width) of gold nanorods (AuNRs) (see HLS is the relevant method for the measurement of the first hyperpolarizability tensor ! of nanoparticles dispersed in a liquid solution. [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF][START_REF] El Harfouch | Hyper-Rayleigh Scattering from Gold Nanorods[END_REF][START_REF] Hubert | Role of surface plasmon in second harmonic generation from gold nanorods[END_REF][START_REF] Das | Hyper-Rayleigh scattering from gold nanoparticles: Effect of size and shape[END_REF][START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF][START_REF] Nappa | Hyper-Rayleigh scattering of gold nanorods and their relationship with linear assemblies of gold nanospheres[END_REF][START_REF] Russier-Antoine | Multipolar contributions of the second harmonic generation from silver and gold nanoparticles[END_REF][START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF][START_REF] El Harfouch | Effect of a thioalkane capping layer on the first hyperpolarizabilities of gold and silver nanoparticles[END_REF][START_REF] Ngo | Second harmonic generation from silver nanoparticles in aqueous solution with different protective agents[END_REF][START_REF] Ngo | Optimization of second harmonic generation of gold nanospheres and nanorods in aqueous solution: the dominant role of surface area[END_REF][START_REF] Ngo | High second-order nonlinear response of platinum nanoflowers: the role of surface corrugation[END_REF][START_REF] Jais | Plasmon-enhanced second harmonic generation in semiconductor quantum dots close to metal nanoparticles[END_REF][START_REF] Johnson | Nonlinear surface-enhanced spectroscopy of silver colloids and pyridine: hyper-Raman and second-harmonic scattering[END_REF][START_REF] Johnson | Hyper-Rayleigh scattering studies of silver, copper, and platinum nanoparticle suspensions[END_REF][START_REF] Shaviv | Synergistic Effects on Second Harmonic Generation of Hybrid CdSe"Au Nanoparticles[END_REF] Hyperpolarizabilities of NMNPs are expected to display large magnitudes because of the possibility of resonance enhancements through surface plasmon excitations. [START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF][START_REF] Russier-Antoine | Multipolar contributions of the second harmonic generation from silver and gold nanoparticles[END_REF][START_REF] Johnson | Hyper-Rayleigh scattering studies of silver, copper, and platinum nanoparticle suspensions[END_REF] The results in Figure 1.11 clearly show that the absolute magnitude of the first hyperpolarizability tensor obtained for AuNSs at the fundamental wavelength of 800 nm is smaller than that of AgNSs using 780 nm incident light. In this experiment, the LSPR enhancement for the AgNSs is indeed rather strong, owing to the harmonic wavelength involved in these experiments, in close vicinity to the LSPR wavelength. Additionally, ! values obtained for AuNSs by Galletto et al. [START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF] at the nearly resonant second harmonic wavelength of 532 nm are higher than those obtained at 400 nm [START_REF] Russier-Antoine | Multipolar contributions of the second harmonic generation from silver and gold nanoparticles[END_REF] .

To understand how ! value changes with diameter of the AuNPs, Griffin et al. 143 measured the ! values of AuNPs of different diameters (Figure 1.12). The results indicate that the ! value increases by two orders of magnitude on moving from 5 to 110 nm AuNPs. Since values for AuNPs (510-620 nm) are very far from the excitation source (860 nm) or second harmonic generated frequency (430 nm), the two-photon induced luminescence contributions in HRS experiment can be neglected.

It must be pointed-out that ! values as reported in ref. 143 and Figure 1.12 cannot be compared to results obtained in our works, as ! value of the reference solvent (water) has ! max been wrongly taken equal to 0.56 $ 10 -30 esu instead of the correct one ( ! H 2 O = 0.055 !10 "30 esu taken in our work, see part 2.6 of the Chapter 2).

Figure 1.12 Variation of ! with particle size in water solvent. 143 The influence of AR on the optical second harmonic response of AuNRs was explored in ref. 9 and are displayed in Figure 1.13. It is observed that ! per particle increases with the aspect ratio of nanorods having the same surface area. Brevet et al. [START_REF] Nappa | Hyper-Rayleigh scattering of gold nanorods and their relationship with linear assemblies of gold nanospheres[END_REF] also reported that the HLS intensity collected from a solution of a mixture of AuNRs and AuNSs in water solution confirms that the HLS signal mainly arises from the AuNRs. Further, the first hyperpolarizability values of five different shape AuNPs including nanospheres, nanotetrapods, nanostars, nanorods and nanoflowers were compared using their HLS properties. [START_REF] Das | Hyper-Rayleigh scattering from gold nanoparticles: Effect of size and shape[END_REF] The first hyperpolarizability values depend significantly on their symmetry as well as the presence of sharp tips on the gold nanoparticle surface. Star-and flower-shaped It is generally believed that the presence of sharp tips/edges in metallic nanoparticles generates intense electric fields in their vicinity, which is expected to increase their ! value.

When ! values are normalized with respect to the number of atoms per particle, tetrapod, flower and star-shaped AuNPs yield similar hyperpolarizability values. However, it is important to note that an accurate estimation of their number densities are not possible as some of these AuNPs do not show a regular geometrical shape. This study shows how the presence of pointed structures or tips can significantly affect the beta values and makes them better candidates for sensing applications based on nonlinear optical properties of these AuNPs.

The question of the origin of the first hyperpolarizability from small metallic particles has been raised in the past with, to date, no definitive experimental answer. It has been demonstrated that the frequency conversion process finds its origin at the surface of the particles when the shape of the particles is not perfectly spherical. As a consequence, the total HRS response is of electric dipole nature for small particles; however, for larger particles, retardation effects in the electromagnetic fields must be considered, and a non-negligible quadrupolar contribution is observed. In order to verify this hypothesis via HLS, the fundamental input beam is linearly polarized, and its polarization angle is modified using a rotating half-wave plate. The fundamental beam propagates along the Z direction, its electric field being linearly polarized in the {X,Y} plane with a variable polarization angle, and the harmonic light is collected along the Y direction, at a 90° angle with respect to the fundamental beam propagation direction (see part C for more details). [START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF] The polar plot of the HRS intensity as a function of the polarization angle % of the incoming fundamental wave for an aqueous suspension of NMNPs was reported by various groups. [START_REF] Russier-Antoine | Multipolar contributions of the second harmonic generation from silver and gold nanoparticles[END_REF][START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF][143][144][145] The experimental results (as shown in Figure 1.15) clearly show that, for the particles with a diameter smaller than 50 nm, the response is dominated by the dipolar contribution arising from the deviation of the particle shape from that of a perfect sphere. For larger diameter particles, retardation effects in the interaction of the electromagnetic fields with the particles cannot be neglected any longer and the response deviates from the pure dipolar response, exhibiting a strong quadrupolar contribution. The experimental plot for a 50 nm diameter nanoparticle shows two lobes, which are similar to the one for a pure electric dipole response from noncentrosymmetric organic molecules, as reported by several groups. 

Applications of NMNPs

Due to their unique physical and chemical properties, NMNPs have been used for various applications as presented below (see Figure 1.18). Extensive studies on AuNPs during the last few decades, exploited their different fascinating properties such as electronic, optical and catalytic properties together with their high degree of biocompatibility, rich surface functionalization chemistry, and high photostability. Therefore, these particles have been shown to be very attractive and useful material for applications in the fields of photonics, information storage, electronic and optical detection systems, sensing, imaging, diagnostics, therapeutics, electronics, energy harvesting, catalysis and biomolecular manipulation. [START_REF] Murphy | Anisotropic Metal Nanoparticles:( Synthesis, Assembly, and Optical Applications[END_REF][START_REF] Burda | Chemistry and Properties of Nanocrystals of Different Shapes[END_REF][START_REF] Sau | Properties and Applications of Colloidal Nonspherical Noble Metal Nanoparticles[END_REF][START_REF] Talapin | Prospects of Colloidal Nanocrystals for Electronic and Optoelectronic Applications[END_REF][START_REF] Cuenya | Synthesis and catalytic properties of metal nanoparticles: Size, shape, support, composition, and oxidation state effects[END_REF][START_REF] Daniel | Gold nanoparticles: assembly, supramolecular chemistry, quantum-sizerelated properties, and applications toward biology, catalysis, and nanotechnology[END_REF][START_REF] Eustis | Why gold nanoparticles are more precious than pretty gold: Noble metal surface plasmon resonance and its enhancement of the radiative and nonradiative properties of nanocrystals of different shapes[END_REF][START_REF] Sardar | Gold Nanoparticles: Past, Present, and Future[END_REF][START_REF] Zhou | Functionalized gold nanoparticles: synthesis, structure and colloid stability[END_REF][START_REF] Rosi | Nanostructures in biodiagnostics[END_REF][START_REF] Giljohann | Gold nanoparticles for biology and medicine[END_REF][START_REF] Saha | Gold Nanoparticles in Chemical and Biological Sensing[END_REF][START_REF] Boisselier | Gold nanoparticles in nanomedicine: preparations, imaging, diagnostics, therapies and toxicity[END_REF][START_REF] Anker | Biosensing with plasmonic nanosensors[END_REF][START_REF] Sperling | Biological applications of gold nanoparticles[END_REF] Further, for several (in vivo) applications, nonspherical AuNPs are also advantageous because their LSPR can be tuned to the near-infrared wavelength range, the so-called biological window, where absorption, scattering, and fluorescence from endogenous biological chromophores are minimal. [START_REF] Sau | Properties and Applications of Colloidal Nonspherical Noble Metal Nanoparticles[END_REF]159 Figure 1.18 Applications of NMNPs.

Particularly, in biomedical and environmental fields, AgNPs are mostly used in the medical field due to their antimicrobial effect, and AuNPs are used in cosmetics. In addition to their antimicrobial activities, AgNPs have also been proven to be more effective in designing sensors. For example, biogenic AgNPs were successfully used in the fabrication of an optical fiber-based sensor for the detection of H 2 O 2 that is cost effective and portable and can be used in various industrial applications. 160 Furthermore, based on the higher efficiency and biocompatible nature of biological metal nanoparticles, it has been assured that biological nanoparticle#Green Fluorescent Protein complexes leads to fluorescence light up. [START_REF] Saha | Gold Nanoparticles in Chemical and Biological Sensing[END_REF]168 Carbon monoxide (CO) is a highly toxic gas that causes potential harm to the environment and human health; therefore, it is of great interest to limit its emission from vehicles and other industries. Platinum and most other noble metals are good catalysts for CO oxidation. [169][170][171][172] Gold was widely believed to be an exception until the striking discovery by Haruta et al. 173 showing that supported AuNPs smaller than 5 nm are more active than other noble-metal catalysts for low-temperature CO oxidation. The best activity was found when reducible oxides (TiO 2 , CeO 2 , Fe 2 O 3 ) were used as substrates; this naturally led to the hypothesis that lattice oxide ions were somehow involved, or that anion vacancies caused by surface reduction of the substrates by CO provided possible sites for the adsorption of O 2 molecules adjacent to the gold particles (see Figure 1.22). [174][175][176] It now appears that ceramic oxide substrates (Al 2 O 3 , SiO 2 , MgO) can also be effective if the gold particles are small enough. Additionally, there are many applications of NMNPs based on their SHG properties. The relationship between the specific properties of SHG from plasmonic nanostructures and some advanced applications has been outlined in Figure 1.23. [START_REF] Butet | Optical Second Harmonic Generation in Plasmonic Nanostructures: From Fundamental Principles to Advanced Applications[END_REF][177][178][179][180][181][182][183] Figure 1.23 Outline of a review with the different links between fundamental principles of SHG in plasmonic nanostructures and practical applications. [START_REF] Butet | Optical Second Harmonic Generation in Plasmonic Nanostructures: From Fundamental Principles to Advanced Applications[END_REF] Chapter 1
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Looking further to future potential applications, one can expect that NMNPs of controlled morphologies will find applications as in vivo force sensors, smart catalysts (for fuel cells, waste treatment, bioprocessing, etc.), enhancers in photovoltaics and other energy conversion devices, performance therapeutic and imaging agents, probes for single-molecule sensing of drugs, toxins, and environmental pollutants, and key components in energy transport and novel optoelectronic devices. 82

Chapter 2

Experimental methods and instrumentation

Fabrication methods

In the synthesis of noble metal nanoparticles (NMNPs), controlling their shape and size is currently one of the most important and challenging tasks. Anisotropic NMNPs show interesting light absorption and scattering phenomena, resulting from extraordinary shapedependent collective electronic resonances. Therefore, during the past two decades, the exploration of anisotropic NMNPs and of their properties has been applied successfully in a variety of fields such as therapeutics, detection and diagnostics, biolabeling, drug delivery, chemical and biological sensing, imaging, nonlinear optics, photovoltaics and catalysis, etc. 80- 94 The A very basic top-down mechanical method to produce NMNPs is shattering and/or grinding bulk material. However, the sizes of resulting particles are usually relatively large and widely scattered, which leads to many difficulties either to control the size and shape of particles or to obtain a narrow particle size distribution. More advanced top-down approaches involve physical methods like electron-beam lithography (EBL), 184,185 focused ion beam (FIB) lithography, 186 ion sputtering, 187 arc discharge, 188 UV and IR radiation, 189,190 aerosol technology, 191 etc.

On the other hand, the bottom-up method uses wet chemical process to prepare metallic nanoparticles, including chemical reduction, electrochemical pathways and organometallic compound decomposition, etc. Among them, the chemical reduction method is simple and allows to prepare particles with various sizes and shapes with good yields and controllable polydispersity. Typically, the synthesis of metallic nanoparticles by chemical reduction involves two major parts: reduction of a precursor using suitable reducing agents, and stabilization of the obtained nanoparticles by suitable stabilizing or capping agents preventing aggregation of nanoparticles and their subsequent precipitation.

Top-down: "non solution" methods

Among the top-down physical lithography methods, electron-beam lithography (EBL) is the most widely used one. EBL is a technique used for the fabrication of micro-and nanostructures. This method is based on scanning a focused beam of electrons to draw custom shapes on an electron-sensitive film surface called a photoresist. The electron beam changes the solubility of the resist, enabling selective removal of the either exposed or non-exposed regions of the resist by washing it out with a developing agent. The primary advantage of electron-beam lithography is that it can draw custom patterns (direct-write) with sub-10 nm resolution. Then, noble metal can be deposited onto the opening patterns drawn by the electron beam. The remaining resist is then eliminated together with the metallic layer deposited on it, leaving only the metallic nanostructures that are in direct contact with the substrate. This lift-off technique can produce anisotropic nanoparticles with controllable positions, shapes and sizes in tens of nanometers length-scale. 184,192 In Figure 2.2, e-beam was used to chemically modify the -NO 2 group of the surface nitrobenzene layers to -NH 2 group. Finally this modified surface was exposed to an acidic solution of colloidal gold nanoparticles (AuNPs), and the particles were selectively adhered to the NH 2 functionalized regions. Similar to electrons, ions can also be used to lithographically pattern structures on suitable substrate surfaces. Direct ion writing methods, such as focused ion beam lithography (FIB), exist along with projection ion beam lithography. Ion lithography is considered as an alternative to electron beam lithography for two reasons: resist materials are far more sensitive to ions than to electrons and proximity effects due to scattering of the ions at the wafer/resist interface are reduced. As compared to optical lithography, where the resolution is diffraction-limited, and to e-beam lithography, where the resolution is limited by lateral scattering effects of electrons, the resolution limit for patterned structures using ion beams is estimated to be lower than 30 nm. The limit is determined by the lateral scattering of the ions in the resist material and the mean free path of the secondary electrons produced by the ions on their way through the resist layer. Although the top-down lithography techniques can produce nanoparticles with controllable size, shape, and position, their scaling down is limited and smaller nanoparticles with sizes less than 10 nm are not easily accessible. Further, the biggest problems with the top-down approach are the imperfections of the surface structure and the duration of the nanofabrication process. The surface of nanoparticles plays an important role in the properties of nanomaterials, especially optical properties.

Bottom-up: particle size and shape control

The chemical, electronic, and optical properties of NMNPs are extremely dependent upon their size and shape; therefore numerous approaches to synthetically and systematically control morphology and surface state of nanoparticles have been developed in recent decades. Among them, the chemical reduction method is the simplest and most controllable. Figure 2.4 presents the general formation mechanism of AuNPs by the chemical reduction method in solution. In the following descriptions, the synthetic strategies are called by the name of the first person to have proposed the method.

Turkevich method

For the synthesis of spherical AuNPs, the most popular method is based on the reduction of tetrachloroauric (III) acid (HAuCl 4 ) by trisodium citrate in water at 90-100 °C. This is the most commonly used process to synthesize gold nanospheres (AuNSs) due to its simplicity and environmental friendliness. Turkevich proposed this method in 1951, 194 which was improved later in 1973 by Frens. 195 In the experimental reduction process, sodium citrate In the preparation of AuNSs by citrate reduction, the particle size decreases as the relative concentration of citrate increases because of the stabilizing process of citrate. A high citrate concentration allows the fast and complete stabilization of small AuNPs, while, for lower citrate concentrations, the coverage of citrate is incomplete and the aggregation process results in the formation of larger particles. As many factors such as pH, concentration of reactants, stirring speeds and temperature influence the reaction process, the AuNSs obtained by the Turkevich method usually show a broad distribution of size and shape. However, it is useful to remember that if uniformity in geometry is not a key-point for the final application, the Turkevich method is the easiest and fastest process to obtain water-soluble AuNSs in a large quantity. [START_REF] Alex | Functionalized Gold Nanoparticles: Synthesis, Properties and Applications-A Review[END_REF]142,197 In our work, we have used a modified Turkevich method by using, as reducing agent, NaBH 4 instead of citrate. 19

Brust -Schiffrin method

The Brust"Schiffrin provides an easy and effective method at room temperature for the synthesis of highly stable functionalized AuNPs of small sizes. 198 Small particles were obtained by a two-phase reduction procedure based on a fast chemical reduction of gold ions by borohydride at ambient conditions at an oil-water interface, immediately followed by adsorption of thiolated molecules, which allowed handling of such particles as a simple chemical compound (see Figure 2.6). An aqueous solution of HAuCl 4 was stirred with an organic solvent, toluene, and then the gold precursor is transferred to toluene using tetraoctylammonium bromide (TOAB) as the phase-transfer reagent. The Au 3+ ions are reduced by NaBH 4 in the presence of dodecanethiol as a protecting ligand in organic phase. Upon addition of the reducing agent, the organic phase changes color from orange to deep brown within a few seconds. The particle size ranges between 1.5 and 5.2 nm. The chemical reaction involved can be represented as below, where de source of electron is

BH 4 ! . AuCl 4 ! (aq) + N(C 8 H 17 ) 4 + (toluene) " N(C 8 H 17 ) 4 + AuCl 4 ! (toluene) mAuCl 4 ! (toluene) + nC 12 H 25 SH (toluene) + 3me ! BH 4 ! # " ## 4mCl ! (aq) + (Au m )(C 12 H 25 SH ) n (toluene)
This two-phase reduction method has been preferred over many other alternatives because of its simplicity, and became the most widely used method for synthesizing nanoparticles of size less than 5 nm in organic solvents. Additionally, the method can be easily adapted to gram-scale production. The synthesis of other NMNPs such as that of Pt, Ag and Cu has been achieved successfully with different protecting ligands and reducing reagents by modifying the Brust-Schiffrin methods. We did not use this method in our PhD, as all NMNP solutions were prepared with water.

Seed-mediated growth method

Noble metal nanospheres is obtained by isotropic growth on the surface of metal nuclei, whereas anisotropic growth of particles will induce the formation of NMNPs of particular shapes. However, the shape of NMNPs is much more difficult to control. Among a large number of the chemistry methods, during the past two decades scientists have discovered and improved the seed-mediated growth method to prepare anisotropic NMNPs with high efficiency and excellent size distribution. This method is the most successful one in synthesizing anisotropic NMNPs with various nanostructures such as rods, wires, triangles, stars, flowers, and so on. Additionally, the seeding strategy has been usually used to synthesize large nanoparticles with excellent monodispersity. [START_REF] Ngo | Optimization of second harmonic generation of gold nanospheres and nanorods in aqueous solution: the dominant role of surface area[END_REF][START_REF] Ngo | High second-order nonlinear response of platinum nanoflowers: the role of surface corrugation[END_REF]130,132,[201][202][203] A typical seed-mediated growth process involves two steps: the synthesis of seed nanoparticles and their subsequent growth in growth solutions containing metal precursors, mild reducing reagents, and surfactant or shape-directing reagents. In the first step, to obtain the seed nanoparticles, the metal salt is reduced by reducing agents (e.g. commonly sodium borohydride) in the presence of stabilizing agents. The seed does not need to be a metal nanoparticle in all cases. After the formation of seed nanoparticles, the second step of this process is their growth towards the desired shape and size. In this procedure, metal salts will get reduced on the surface of the seed nanoparticles. The activation energy for metal reduction onto preformed seeds is significantly lower than that for homogeneous nucleation of seed particles in solution; therefore, it only allows autocatalytic growth of metal atoms on the pre-existing seeds. The surfactant molecules will form suitable templates that facilitates the growth process to yield nanoparticles of desired morphology. 204,205 Au and Pt nanospheres with controllable size and high monodispersity with 10-100 nm diameters have been synthesized in aqueous solutions by seeded growth. [START_REF] Ngo | Optimization of second harmonic generation of gold nanospheres and nanorods in aqueous solution: the dominant role of surface area[END_REF]130,201 The actual sizes of the resulting nanoparticles depend on seed sizes and on precursor concentrations. temperature; surfactant; pH; added precursor concentration; aging time; etc. [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF]133,[207][208][209] The morphology of the seed particle is one important parameter that triggers the anisotropic growth. Beautiful gold mesoflowers (see Figure 2.9) can be synthesized in large quantity by the seed-mediated method from an oligoaniline capped AuNP seeds at 80 0 C. 203 In this case, presence of multiple twinning in the seed particle leads to anisotropic growth at high temperature. We have used the seed-mediated synthesis technique for the elaboration of various NMNPs (gold nanospheres and nanorods, platinum nanoflowers). [START_REF] Ngo | Optimization of second harmonic generation of gold nanospheres and nanorods in aqueous solution: the dominant role of surface area[END_REF][START_REF] Ngo | High second-order nonlinear response of platinum nanoflowers: the role of surface corrugation[END_REF] The polyol synthesis, where different seeds can grow towards nanoparticles having different shapes (see Figure 2.12), must also be mentioned. For example, a single-crystal seed can grow to an octahedron or cube by controlling the relative growth rates along the !100"

and !111"#directions, plate-like seeds grow to hexagonal and then eventually triangular plates, etc. 100), ( 111), and ( 110) facets, respectively. The parameter R is defined as the ratio between the growth rates along the ( 100) and ( 111) directions. Twin planes are delineated in the drawing with magenta lines. 202,204,211 The strong electromagnetic fields at the surfaces of anisotropic NMNPs make them useful for NLO applications in photonics as well as chemical and biological detection. This seedmediated growth method has specific advantages over the other existing methods to control the size and shape of nanoparticles. A considerable amount of effort has been devoted for developing various NMNPs with high second-order NLO properties. 204,212

Structural characterization methods

Transmission electron microscopy (TEM)

The transmission electron microscope (TEM) is a very powerful tool for material science.

TEM is a microscopy technique in which a beam of electrons is transmitted through an ultrathin specimen, interacting with the specimen as it passes through it. An image is formed from the interaction of the electrons transmitted through the specimen; the image is magnified and focused onto an imaging device, such as a fluorescent screen, or a layer of photographic film, or is detected by a sensor such as a charge coupled device (CCD) camera. The image detected by the CCD may be displayed in real time on a monitor or a computer.

In TEM, the source of illumination is a beam of electrons of very short wavelength, emitted from a tungsten filament at the top of a cylindrical column of about 2 m high. The whole optical system of the microscope is placed in vacuum. Air must be evacuated from the column to create a vacuum to avoid the collision of electrons with air molecules and hence their scattering. Along the column, at specific intervals magnetic coils are placed. Just as the light is focused by the glass lenses in a light microscope, these magnetic coils in the electron microscope focus the electron beam. The magnetic coils placed at specific intervals in the column acts as an electromagnetic condenser lenses system. The specimen is stained with an electron dense material and is placed in the vacuum. The electron beams pass through the specimen and are scattered by its internal structures. 

X-ray diffraction (XRD)

X-ray diffraction (XRD) is a very important experimental technique that has long been used

to address all issues related to the crystal structure of solids, including lattice constants and symmetry, identification of unknown materials, orientation of single crystals, preferred orientation of polycrystals, defects, stresses, etc. In XRD, a collimated beam of X-rays, with a wavelength ranging typically from 0.7 to 2 Å, is incident on a specimen and is diffracted by the crystalline phases in the specimen according to Bragg's law:

where d is the spacing between diffracting planes, & is the incident angle, n is any integer, and $ is the wavelength of the beam (see Figure 2.14). n! = 2d sin"

XRD can be used to measure the average spacings between layers or rows of atoms, to determine the orientation of a single crystal or grain, to find the crystal structure of an unknown material and to measure the size, shape and internal stress of small crystalline regions.

In this PhD thesis, we have used the X-ray set-up as pictured in Figure 2.15 at East Paris Institute of Chemistry and Materials Science.

UV-Vis spectroscopy

Spectroscopy is based on the study of the interaction between radiation and matter. UV-Vis spectroscopy has been widely used for the characterization of nano-materials. This absorption spectroscopy uses electromagnetic radiations between 190 nm to 800 nm and is divided in the ultraviolet (UV, 190-400 nm) and visible (Vis, 400-800 nm) regions.

The basic parts of a spectrophotometer are a light source, a sample holder, a diffraction grating or monochromator to separate the different wavelengths, and a detector (see Figure 

Harmonic Light Scattering at 1064 nm

The approach followed here relies on HLS as initially proposed and developed by Terhune and Maker. [START_REF] Terhune | Measurements of Nonlinear Light Scattering[END_REF]213 A transverse single mode Nd 3+ : YAG laser is used as the fundamental source, consisting of 10 MW peak power, 3 ns duration infrared (IR) pulses at 1.064 #m repetition rate 10 Hz). The incident IR intensity can be continuously monitored by a half-wave plate rotated between two crossed Glan polarizers (Figure 2.17). A small part of the incident beam is removed at a low reflection angle by a glass plate and sent onto a highly nonlinear NPP [START_REF] Zyss | Chirality and hydrogen bonding in molecular crystals for phasematched secondharmonic generation: N(4nitrophenyl)(L)prolinol (NPP)[END_REF] powder used as a reference frequency doubler. The emitted second harmonic signal is detected by a photomultiplier. The scattered harmonic signal from a solvent is given by:

I S 2! = g S f S N S " S 2 I ! 2 (2.1)
where is a geometry factor, is the number of solvent molecules per unit volume; field f S is the local factor for the solvent, is the molecular hyperpolarizability of the solvent.

Similarly, the second harmonic signal collected from the reference material (NPP powder)

is (2.2)
The slopes of the lines obtained for the solvent by recording the variation of as a function of (the SHG intensity from a reference NLO material (NPP) sample which is proportional to )

P 0 = g S f S N S ! S 2 K NPP (2.3) ! 2 ! 2 ! 2 I ! I 2! g S N S ! S I NPP 2! = K NPP I ! 2 P 0 I 2! I NNP 2! I !
In the second step, we change the solvent cell with the cell containing the solution of the molecule to be investigated. By considering that the molecules of solute are completely dissolved in the solvent and that the emission of the scattered second harmonic intensity by the solution is described by an additive model, we have

I 2! = gf N S " S 2 + N " 2 ! " # $ I ! 2 (2.4)
where g is a geometry factor, f is the local field factor for the solution, and N are the number of solvent molecules and analyte molecules per unit volume respectively; and ! are the molecular hyperpolarizability of the solvent and nanoparticle, respectively.

The slope of the solution is then given by

P = gf N S ! S 2 + N ! 2 ! " # $ K NPP (2.5)
In the hypothesis, where (solvent) % g (solution) (assuming a small difference between the local field factor of solution and that of the pure solvent), the ratio of the two slopes can obtained (2.6) Therefore,

(2.7)

Knowing the value of the solvent, we deduce the ! value of the analyte molecules. [START_REF] Terhune | Measurements of Nonlinear Light Scattering[END_REF][START_REF] Clays | Hyper-Rayleigh scattering in solution[END_REF][START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF][START_REF] Singh | Nonlinear optical properties of nanostructures, photochromic and lanthanide complexes in solution[END_REF] The ! value of water has been determined in our laboratory by performing HLS measurements at 1.064 µm on pure water and on carbon tetrachloride used as a reference. As reported by Terhune and Maker [START_REF] Terhune | Measurements of Nonlinear Light Scattering[END_REF] we took ! CCl 4 = 0.265 !10 "30 esu , resulting in a ! H 2 O = 0.055 !10 "30 esu . This value has been confirmed by another experiment taking

N S ! S g S P P 0 = N S ! S 2 + N ! 2 ! " # $ N S ! S 2 ! = ! S N S N P P 0 !1 " # $ % & ' ! S
chloroform as the reference solvent, with ! CHCl 3 = 0.1W ± 0.02 !10 "30 esu . This latter solvent having been widely used in previous HLS studies by S. Brasselet et al. 214,215 for hyperpolarizability measurements of standard dyes, ! values of these dyes have been found to the quite consistent with those of the literature, then validating the ! HLS value of the chloroform reference solvent.

It must be pointed-out that some earlier publications of literature used a ! value of 0.56 $ 10 -30 esu for water. However, this value has a unique and questionable source. In the earliest report of this ! value [START_REF] Vance | Enormous Hyper-Rayleigh Scattering from Nanocrystalline Gold Particle Suspensions[END_REF] the quote associated to this value (ref. 216 ) is the following: "Boutton, C.; Clays, K., Private communication". There is no clear report on the measurement of this ! value (method used -HLS or EFISH? -measurement wavelength, absolute or relative NLO measurement). Most subsequent works using this ! value are based on this reference, without further experimental check of this value. Now, all authors use ! values ranging from 0.06 to 0.08 $ 10 -30 esu for water, depending on the fundamental wavelength.

As proposed by other authors, [START_REF] El Harfouch | Hyper-Rayleigh Scattering from Gold Nanorods[END_REF][START_REF] Hubert | Role of surface plasmon in second harmonic generation from gold nanorods[END_REF][START_REF] Das | Hyper-Rayleigh scattering from gold nanoparticles: Effect of size and shape[END_REF][START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF][START_REF] Nappa | Hyper-Rayleigh scattering of gold nanorods and their relationship with linear assemblies of gold nanospheres[END_REF] from these ! values, the ! values per silver atom, i.e. !', have been calculated according to the relation [START_REF] Das | Hyper-Rayleigh scattering from gold nanoparticles: Effect of size and shape[END_REF]217,218 

! ! = ! N (2.8)
where N is the number of atoms per nanoparticle. This relation is valid for a centrosymmetric assembly (e.g. a nanoparticle 217 or a dendrimer 218 ) of N individual objects (molecules, or atoms in the present case). It must be pointed-out that this !' value has no real significance for a single atom, but may help to understand the influence of shape and size on the NLO response of different nanoparticles containing similar numbers of metal atoms.

The HLS set-up of LPQM has been used in this work. The laser source is a transverse single mode Nd 3+ : YAG laser (SAGA from Thales Laser) operating at 10 Hz and delivering 3 ns pulses of a few mJ energy per pulse. PMT's are from Hamamatsu, acquisition is performed using home-made cards and software implemented by Colin Lopez from the Physics Department of ENS Cachan.

Variable incident polarization in HLS experiments at 1.064 µm

Variable incident polarization has been implemented to identify the dipolar and the multipolar contributions to the hyperpolarizability tensor from a simple analysis of the harmonic scattering depolarization ratio. 214 The HLS set-up has been adapted to allow for polarization dependent measurements as shown in Figure 2.18 below.

The constant incident intensity is monitored by a first half-wave plate and a Glan polarizer, and the fundamental polarization is controlled by the rotation of a second half wave plate. The second harmonic emitted by the NPP powder is used as a reference so as to level off pulse-topulse fluctuations. Different polarization configurations as shown in Figure 2.19 can be used to evaluate the

! IJK 2
components, which subsequently permit to retrieve the nonlinear anisotropy of the $ tensor. In the absence of an analyzer, the overall scattering intensity exhibits a simple oscillatory pattern:
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where the subscript 1 (resp. 2) refers to the solvent (resp. the solute). The fundamental beam propagates along Z and is polarized in the (X-Y) plane, ' = 0 for a fundamental polarization parallel to the vertical X-axis.

A polar plot of as a function of ' depends on the relative weight of the dipolar and multipolar contributions to the hyperpolarizability tensor of the metallic nanoparticles. As mentioned above, this contribution remains mostly dipolar if the diameter of the particle is much smaller (by a factor of 10 at least) than that the fundamental wavelength. nanoparticle at a 800 nm fundamental wavelength. [START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF] On the contrary, as shown in Figure 2.20, the polar plot for small gold nanospheres for a Z-polarized SH signal is independent of the polarization angle of the pump beam. Some authors 219 have shown that this '-independent plot can change due to interferences between dipolar and octupolar contributions to the SH emission of nanoparticles, leading to polarization-dependent patterns, but this effect is detectable for bigger nanospheres (diameter higher than 100 nm) only. In our work, our particle sizes are significantly below this upper limit.

In this part we decided to concentrate on small metallic nanospheres made of gold (diameters 3.0; 11.6; 15.8; 17.4; 20.0, 43.0 and 80.0 nm, i.e. lower than 0.1.$) and silver, and to focus on a systematic investigation of the influence of the AuNP surface area on their ! values, in comparison with other results previously reported in the literature. Previous reports evidenced a fourth-power dependence of the HLS intensity with respect to nanosphere diameters, [START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF] but no quantitative hyperpolarizability values have been systematically provided for a large range of surface areas. Here we will explore the effect of surface area on AuNSs with diameters ranging from 3.0 to 80.0 nm, in order to reach the upper as well as the lower limit of validity of the purely dipolar origin of ! values. The fundamental wavelength is 1064 nm, significantly higher than that chosen in ref. [START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF] , allows to measure ! values with a strong plasmon resonance enhancement at the harmonic frequency. In our case, the accuracy on ! values (± 15%) is slightly better than in ref. [START_REF] Nappa | Electric dipole origin of the second harmonic generation of small metallic particles[END_REF] (± 20%).

We also investigated ! values of some AgNSs in solution, and we have also fabricated ) and gold nanospheres (size ! 80.0 nm) are purchased from Sigma-Aldrich. The solutions were prepared using ultra-pure water from a Millipore system (18 M% cm -1 ) throughout the experiment. All aqueous samples are at natural pH = 7.

Synthesis of NMNPs

! Gold colloidal solutions

The synthesis of AuNS is based on one of these two standard reactions:

8AuCl 4 ! + 3BH 4 ! + 9H 2 O " 8Au + 3BO 3 3! + 32Cl ! + 30H +
(reduction by BH 4 ! , for small particles and seeds)

2AuCl 4 ! + 3C 6 H 8 O 6 " 2Au + 8Cl ! + 3C 6 H 6 O 6 + 6H +
(reduction by ascorbic acid, for larger particles)

Actually, these reactions are very fast and their equilibrium constants K are very large, so the reaction process is complete, eliminating the Augl 4 ! ions after syntheses. The seed-mediated growth method is so far the most popular method for the synthesis of colloidal Au large-size nanospheres and nanorods. This technique is implemented according to a two-step procedure. [228][229][230][231][239][240][241] Seed solution. The first step consists in the preparation of gold spherical nanoparticle seeds.

Small-size AuNSs (3.0 nm).

This preparation was performed starting from a 10 mL aqueous solution of CTAB 0.1 M. Then, 0.1 mL HAuCl 4 0.029 M was added under stirring. After that, 0.15 mL NaBH 4 0.01 M was then slowly added. The seed solution was kept for various durations (0.5, 1 h) before being used. This solution was then used as the seeding solution for the growth of the nanorods (see Chapter 4) and large-size nanospheres.

Chapter 3
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Larger-size AuNSs (43.0 nm). In the second step, 10 mL of growth solution, containing 1.45 $ 10 -4 M HAuCl 4 and 0.025 M CTAB, was mixed with a 0.055 mL of 0.1 M freshly prepared ascorbic acid solution. Next (after 1 h), 0.02 mL of the seed solution was added and stirred.

Within 5-10 min, the solution color changed to deep red.

! Silver colloidal solutions

In the typical synthesis, the different protective agents (PVA, PVP) were dissolved in 20ml H 2 O Millipore under stirring. After the complete dissolution of the protective agent, AgNO 3 0.1 M was added, the solution being stirred for 5 min. Then, an aqueous solution of NaBH 4 0.1 M was added into the liquid. The colour of solution immediately changed from white to yellow (lemon chrome). By changing several parameters like the type and concentration of protective agent and the ratio of silver nitrate to NaBH 4 , we can control the particle size and morphology in these solutions. Therefore, a systematic study of the influence of synthesis conditions on particle size and concentration has been preliminary undertaken. We have performed this study using PVA on one hand, PVP on another hand. The volume of Millipore water in all experiments was 20ml, and the concentration of AgNO 3 was fixed at 0.1 M. As TEM characterization could not be performed on all samples, the evolution of particle size and concentration was qualitatively evaluated by UV-visible spectroscopy.

The protective agent PVA Table 3.1 and Figure 3.1 report the synthesis conditions and UV-visible data for AgNSs capped with PVA. (b) Various amount of protective agent PVA (10; 20; 30; 40; 50 and 100 mg).

In Figure 3.1 (a), the peak intensity increases from 1.37 to 1.74 when increasing the concentration of NaBH 4 by adding 0.1 to 0.3 ml of a 0.1 M NaBH 4 solution to the reacting medium, showing that the number of nanoparticle increases. The size of silver particles also increases, as can be seen from the red shift of the peak maximum (from 394 to 398 nm), but this change remains quite modest.

By further increasing the NaBH 4 amount (by adding 0.3 to 1 ml), the peak intensity decreases from 1.74 to 1.48. When the number of nanoparticles increases too much, nanoparticles easily agglomerate together, then decreasing the total number of nanoparticles.

The ratio n AgNO 3 / n NaBH 4 = 1/2 will be used to study the effect of the quantity of the protective agent PVA on the number and size of nanoparticles. In Figure 3.1(b), the peak intensity increases from 1.31 to 2.01 corresponding to the increase of the amount of protective agent PVA (from 10 to 40 mg), resulting in an increase of the number of nanoparticles. The size of AgNSs increases as inferred from the red shift of the position of the peak maximum (from 390 to 400 nm).

When further increasing the amount of protective agent PVA (from 40 to 100 mg), the peak intensity decreases from 2.01 to 1.82. A possible interpretation could be related to the fact that the PVA polymer chains on the surface of nanoparticles will coil together and collapse on the surface. Therefore, nanoparticles easily agglomerate together, then increasing the particle size and reducing the number of nanoparticles.

The best results (sample AgPVA 2.2) were identified for the ratio n AgNO Q n NaBH R = 1 2 and for 20 mg of protective agent PVA.

The protective agent PVP

AgNSs syntheses were also performed using various concentrations of NaBH 4 and of the protective agent PVP. Results are shown in Table 3. (b)Various amounts of protective agent PVP (10; 20; 30; 40; 50 and 100 mg).

In Figure 3.2, the best results (sample AgPVP 2.3) were found for a ratio n AgNO 3 n NaBH 4 = 1 2 and for 30 mg of protective agent PVP.

In the same reaction conditions, the size of AgNSs (with protective PVA) was always smaller than AgNSs (with protective PVP), & max (PVA) < & max (PVP). It means that PVA plays a better protective role than PVP.

! Powdery-AgNSs

The synthesis of AgNSs is made in two steps: precursor synthesis and thermal decomposition of the precursor. The reactions are:

2AgNO 3 + H 2 C 2 O 4 ! Ag 2 C 2 O 4(s) + 2HNO 3 Ag 2 C 2 O 4(s) 200°C ! " !! 2Ag (s) + 2CO 2(g)
Preparation of silver oxalate precursor. Silver oxalate was synthesized by the precipitation method. The white-formed precipitate was filtered, washed with distilled water, dried in an air oven for 1 h and stored in a dark bottle.

Fabrication of powdery-AgNSs. Powdery-AgNSs was produced by thermal decomposition of silver oxalate. The temperature of calcination is 200 °C during 1 hour.

Results and Discussion

UV-Vis spectroscopic of metallic colloidal solution

! Gold nanospheres

In order to optically characterize the AuNSs solutions, their UV"Vis absorption spectra were recorded. These spectra are given in Table 3.3 andFigure 3.3. Table 3.3 UV-Vis maximum absorption wavelengths $ for AuNSs 

Powdery-AgNSs : samples and XRD spectra

The synthesis of AgNSs, made in two steps as mentioned above, resulted in silver oxalate powder (Figure 3.5) and, after thermal treatment, to the solid-state AgNSs sample (Figure 3.6). 

TEM analysis

TEM is the best tool to investigate the morphology and size distribution of nanoscale objects.

Samples for TEM were prepared by dropping a metallic NPs colloidal solution onto a carboncoated Cu grid, followed by slow evaporation of solvent at room temperature. 

! Gold nanospheres

! The stability of AgNSs

Silver nanoparticles are usually considered as less stable than AuNPs, as they are more sensitive to oxidization by atmospheric oxygen. It is therefore important to verify that the PVA and PVP capping agents chosen in our synthetic approach are liable to stabilize these nano-objects for a long period (weeks or months).

The stability of the silver colloidal solutions can be easily checked using its peak absorbance in the UV-Vis spectrum. Results are shown in Table 3.5. This systematic investigation of synthesis processes of colloidal AgNSs has therefore resulted in the elaboration of highly stable silver nanoparticles in water solution for several months. This achievement demonstrates that using AgNPs for practical applications is a realistic choice by using adequate synthesis conditions and protective agents.

NLO properties of metal nanospheres

! Gold nanospheres

In HLS measurements, different concentrations were used for each kind of particle. As ! values are independent on particle concentration, aggregation effects can be ruled-out. As the concentration of the reducing agent used for the reaction was always higher than the minimal reducing agent concentrations required to achieve a total reaction, the reduction of Au +III species to atomic Au 0 is complete, and thereby only gold nanoparticles were formed. This situation is the same for AuNRs synthesized in Chapter 4. The ! and !' values are calculated by using eqn (2.7) and (2.8). All values are presented in Table 3.6. In Figure 3.12, these results emphasize the strong dependence of the first hyperpolarisability of AuNSs on the surface area of nanosphere. A linear dependence of ! per particle with respect to the surface area of AuNSs is observed, with a remarkable correlation coefficient (0.996). This confirm that these high ! values and their linear increase with particle surface area arise from surface defects of gold nanospheres, leading to centrosymmetry breaking and resulting in a dipolar-type NLO response, as discussed in ref. 243 .

In this case, the HLS intensity is expected to scale with the fourth power with particle diameter, as confirmed by our results on Figure 3.12.

It is interesting to go further in hyperpolarizability data analysis by inferring from experimental HLS results a "reduced hyperpolarizability" ! R , which brings corrections from surface effects and plasmonic local field effects at the fundamental and harmonic frequencies.

to experimental # values. The ! R expression is valid only in a purely dipolar, local regime, and is defined as follow: 10

! R = ! k 2 Sf (2" ) f (" ) ( ) 2 (3.1)
where ! is the hyperpolarizability of the nanoparticle as measured by HLS, k is the wave vector of the fundamental wave, S is the surface area of the nanoparticle, f(") and f(2") are the local field factors at the fundamental (") and harmonic (2") frequencies. The product k 2 S accounts for the expected surface dependence of the quadratic hyperpolarizability in the case of a purely dipolar electric response of metallic nanoparticles. In the case of spherical nanoparticles, we can use a simple expression of these local field factors:

f (!, 2! ) = "(!, 2! ) + 2" s !1 (3.2)
where ( and ( s are the dielectric constants of the metal and of the solvent (water), respectively.

This expression is valid for particles having a small diameter as compared to the incident wavelength. We have checked that for even 80 nm nanospheres, the non-dipolar contribution to the local field factors remains negligible, according to Equations ( 1) and ( 2) of ref. 243 .

Dielectric constant values of gold nanoparticles are assimilated to the values of bulk gold, an assumption which is expected to be valid for particle diameters higher than 2 nm. These ( values are inferred from the data table published by Johnson and Christy 244 . Calculated ! R values are reported in Table 3.6. These data illustrate the limit of our approximations at the two extreme values of the diameter range. Whereas ! R remains almost constant (considering the relative experimental errors on ! values, around ±10%) for most nanospheres (NS2 to NS6), for the smallest value (3 nm), ! R is significantly larger. This depart for the average ! R values is most probably related to the fact that for very small particles, taking bulk values for AuNP dielectric constants is not more valid (reduced electronic conductivity for nano-objects with a small number of metal atoms). On the other extremity, the increased ! R value can reflect the emergence of non-dipolar effects in larger AuNSs. 
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However, the pattern of the polar plot for a vertical polarization analysis at 2" for AuNSs with 20 nm and 80 nm diameters (Figure 3.14) is the signature of an electric dipolar response, confirming that the HLS signal from the small metallic nanoparticles is of pure electric dipole origin.

! Silver nanospheres

Freshly prepared solutions of AgNSs were characterized by HLS at 1064 nm for the determination of their first order hyperpolarizability, on the basis of a known ! value of the water used as a reference. All values are presented in Table 3.7.

The size of AgNSs being almost unchanged, the !' value of Ag atom for AgNSs with PVA (89 $ 10 -30 esu) is found to be the same as for AgNSs with PVP (85 $ 10 -30 esu). It means that the nature of the protective agents (PVA, PVP) does not affect the first hyperpolarizability (!') in AgNSs.

Both of these !' values at 1064 nm are smaller than the value obtained [5600 (±1100) $ 10 -30 esu] for polymer stabilized 20 nm AgNSs in aqueous solution by Johnson et al. [START_REF] Johnson | Hyper-Rayleigh scattering studies of silver, copper, and platinum nanoparticle suspensions[END_REF] value, resulting in !' = 560 $ 10 -30 esu. Second, HLS measurements made by Johnson are performed in a strongly two-photon resonant regime, the second harmonic wavelength at 410 nm being identical to that of the AgNSs plasmon resonance. On the contrary, our measurements, performed at 1064 nm, are much less resonant, the SH wavelength at 532 nm being significantly different from that of the silver plasmon resonance, resulting in smaller ! values. Table 3.7 The first hyperpolarizability (!) of Ag per atom and per particle. The relative experimental error on ! is ± 15%, mainly due to the uncertainly from HLS measurements in water, the signal/noise ratio for the SHG signal being much lower in this case than for AgNSs solutions.

When further comparing our ! values (nanoparticle size of 10 nm) to the results obtained by El. Harfouch et al. 242 at 784 nm with 180 fs pulses (Table 3.8), in particles with the same size, our ! 10nm value (with PVA, 1.6 x 10 -26 esu) is slightly greater than El. Harfouch's ! 10nm value (citrate capped AgNSs, 1.0 x 10 -25 esu) after normalization with ! H 2 O = 0.055 !10 "30 esu .

But in comparably, we have shown that the first hyperpolarizability of a metal nanoparticle depends on many factors, e.g., size of the particle, dielectric constant of the solvent, and particularly the wavelength of the incident light, which is of great importance due to resonance effect. 

! Powdery-AgNSs

The effective second-order susceptibility d eff at 1064 nm has been evaluated by a Kurtz and Perry SHG powder test, KDP being used as a reference. From this study we show for the first time that powdery-AgNSs are excellent nonlinear scatterers ( , close to that of KDP), not only in solution as demonstrated from HLS experiments, but also in the solid state, as evidenced by the clearly visible green light emitted when powdery-AgNSs are irradiated at 1064 nm (see Figure 3.15). In view of the small size of powdery-AgNSs, the second harmonic signal is dominated by an electric dipole contribution arising from small deviations of the particle shape from that of a perfect sphere. The visible signal emitted by powdery-AgNSs is made of 2 contributions: a broadband background corresponding to the luminescence signal frequently emitted by metallic targets under laser illumination, and a very narrow peak at 532 nm, confirming the presence of a SHG signal from powdery-AgNSs.

d eff AgNPs = 0.28pmV !1

Conclusion

We AgNSs powder has been successfully prepared by using thermal decomposition method.

The XRD pattern confirmed the formation of face-centered-cubic Ag nanocrystals, the size of the particles being around 6.9 nm. The AgNSs powder shows a surprisingly strong quadratic NLO response, close to that of KDP. Silver colloidal solutions have been successfully

prepared by using a reducing agent. The UV-Vis spectra of AgNSs in aqueous solution showed specific absorption peaks. AgNSs display exceptionally strong ! values, which are independent on the nature of the protective agent (PVA, PVP).

Chapter 4

Nonlinear optical properties of metallic However, the exploration of nonlinear optical (NLO) properties of metallic nanorods has been limited to gold nanoparticles, and has been mainly focused on hyperpolarizability measurements of a limited choice of samples. A more systematic investigation has been conducted on the influence of gold nanorod aspect ratio of their ! properties, 9 but this study was limited to nanoparticles with similar surface areas.

In Chapter 3, the evidence of a strong influence of surface area of the ! values of spherical nanoparticles urges us to investigate this effect also in the case of metallic nanorods. If we want to investigate nanorods exhibiting non only different aspect ratios (ARs), but also various surface areas, we should be able to determine which effect, aspect ratio or surface area, dominates their quadratic nonlinear behaviour.

For these reasons, we will explore in this Chapter the NLO properties of gold and silver nanorods (AuNRs and AgNRs, for the first time for AgNRs), and perform a systematic investigation of surface area effects on their ! values. The comparison of NLO properties of AuNRs and AgNRs is also of great interest in order to qualify AgNRs as suitable labels, alternative to AuNRs, for chemical and biological applications.

Colloidal solutions of AuNRs and AgNRs with different aspect ratios have been synthesized (1.47; 1.63 and 2.30 for gold, 5.0; 6.3; 7.5; 8.2 and 9.7 for silver). The first hyperpolarizability ! values of these metallic NRs have been measured by HLS at 1064 nm.

Moreover, by studying AuNRs with different surface areas, we will evidence the predominance of these surface effects over shape factors, leading us to revisit previous studies on the NLO properties of these nanorods. 9

Synthesis of metallic nanorods

! Gold nanorods 0.1 mL HAuCl 4 0.029 M and 0.075 mL AgNO 3 0.01 M were added to a 10 mL aqueous solution of CTAB 0.025 M, the growth solution changed to bright yellow. Then, 0.055 mL ascorbic acid 0.1M was added and the growth solution became colorless. At that time, 12 µl (0.5 h, 1 h) and 24 µl (1 h) of the seed solution (as mentioned in the Chapter 3) were added quickly to the growth solution. The colour of growth solution immediately changed from white to dark blue. The solution contained respectively 1.47; 1.63 and 2.30 AR nanorods.

! Silver nanorods

Silver nitrate (AgNO 3 , 99%), sodium borohydride (NaBH 4 , 99.99%), tri-sodium citrate (TSC, show different average values of aspect ratios (5.0; 6.3; 7.5; 8.2 and 9.7, respectively). The volumes of AgNO 3 decrease when the concentration of TSC is unchanged. It means that n TSC / n AgNO 3 increases. This is the cause for the increased value of ARs as clearly explained in ref. 245 .

Contrary to elaboration methods of gold nanorods where ARs are controlled by the presence of silver ions, no external compound is required to monitor the AgNRs AR, which appears to be controlled only by the concentration in Ag + ions in the reaction medium.

The concentration of the reducing agent used for the reaction was always higher than the minimal reducing agent concentrations required to achieve a total reaction. It means that reduction of Ag species to atomic Ag 0 is complete, and thereby only AgNRs were formed.

Characterization on nanorods

UV-Vis spectra

It has been known that the number, spectral range, and intensity of NMNPs LSPR peaks strongly depend on various factors, such as particle size and shape, aggregate morphology, ligand, dielectric property and refractive index of the surrounding medium. 142 In the case of nanorods, while the transverse band is almost insensitive to nanorod morphology, the position of the longitudinal band highly depends on the aspect ratio (AR, i.e. length divided by width)

of the nanorods and can be shifted towards the near-infrared region and beyond with increasing AR: the higher the AR, the higher the longitudinal LSPR wavelength. [START_REF] Murphy | Anisotropic Metal Nanoparticles:( Synthesis, Assembly, and Optical Applications[END_REF]129 In order to optically characterize the AuNRs and AgNRs solutions, their UV"Vis absorption spectra were recorded. These spectra are given in The expected two distinct LSPR are clearly observed from 1: one ($ 1 ) is associated with a transverse LSPR mode and the other one ($ 2 ) associated with a longitudinal LSPR mode.

While the transverse band is insensitive to the size of the nanorods, the longitudinal band is significantly red shifted when increasing the aspect ratio AR. For AgNRs, it should be noted that the TEM image is obtained directly from the original product. No size selection or any other purification process has been applied. Figure 4.4 shows TEM images of AgNRs obtained from a one-pot seedless growth process and indicates the average AR of nanorods obtained by measuring and averaging dimensions for about 100 particles. TEM characterization confirms that the morphological yield of AgNRs is high, which is in good agreement with UV-Vis spectrum.

TEM analysis

NLO properties of metallic nanorods ! Gold nanorods

The increasing ! and !' value for AuNSs (from 0.4 to 260 $ 10 -26 esu and from 130 to 660 $ 10 -30 esu, respectively) corresponds to the rise in nanoparticle diameter from 3.0 to 80.0 nm.

The ! values of AuNSs are consistent with those reported by Galletto et al. [START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF] who published values ranging from 0.6 to 16.6 $ 10 -26 esu for a particle diameter range of 4.9-22.0 nm, but at the same fundamental wavelength, after corrections of ! value of water (see in Chapter 3).

For AuNRs, the ! and !' values are calculated by using eqn (2.7) and (2.8). All values are presented in Table 4.3. A significant increase of ! per atom and particle with the increase in the AR of AuNRs has been previously reported. [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] This result was obtained only when AuNRs displayed the same volume and surface. Here, we report an opposite behavior, ! decreasing when increasing AR.
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In this work, the length (!20 nm) of AuNRs is kept constant, whereas the radius decreases when increasing AR (see Figure 4.3). When AR increases from 1.0 to 2.3, a significant decrease of ! (from 13.0 to 2.9 $ 10 -26 esu) and !' values (from 270 to 110 $ 10 -30 esu) is observed. However, in our work, the AuNR surface strongly decreases when increasing AR's.

Therefore, the role of the AuNR surface overcomes the influence of AR observed in ref. [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] for particles having the same surface only. A confirmation of this hypothesis can be found by comparing, for the same variation 'AR of AR, the hyperpolarizability changes '!' found in this work to those obtained by Anu Singh et al. [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] . For 'AR = 0.8, the change in !' ('!' = " 48 $ 10 -30 esu) is significantly higher (and of an opposite sign) than the values obtained in ref. [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] ('!' = + 22 $ 10 -30 esu). Ref. [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] results are obtained when the AuNRs have the same surface area while the surface of our AuNRs strongly changes.

In addition in the present work, for almost the same variation of surface area 'S for AuNRs ('S = 500 nm 2 between AuNR1 and AuNR3) and AuNSs ('S = 530 nm 2 between NS4 and NS2), '!' = 50 $ 10 -30 esu observed for AuNSs is comparable to '!' = 40 $ 10 -30 esu observed for AuNRs. This change is much higher that the increase of '!' (+ 22 $ 10 -30 esu) reported in ref. [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] for NR having the same surface. This result confirms the major influence of surface area on the value of the first hyperpolarizability of nanoparticles, which dominates the contribution of 'AR.

The pattern of the polar plot for a vertical polarization analysis at 2" corresponds to the expected response of an electric dipole, confirming that the HLS signal from the small metallic nanoparticles is of pure electric dipole origin. There were no clear differences between different ARs values (see in Figure 4.6). 

! Silver nanorods

The ! and !' values of AgNRs are presented in Table 4.4. In Figure 4.7, the surface area dependence of AgNRs ! values are consistent with those of Ag nanospheres (AgNSs) reported in our previous chapter [START_REF] Ngo | Second harmonic generation from silver nanoparticles in aqueous solution with different protective agents[END_REF] and by Clays et al. 246 who published values of 1.6 and 7.0 $ 10 -26 esu for particle diameters of !10 nm and !21 nm, respectively, at the same fundamental wavelength, after corrections of ! H 2 O value (0.055 instead of 0.56 $ 10 -30 esu).

When further comparing our ! values of AgNRs to the results obtained for gold nanorods (AuNRs) [START_REF] Ngo | Optimization of second harmonic generation of gold nanospheres and nanorods in aqueous solution: the dominant role of surface area[END_REF] , for particles with similar surface areas, those of AgNRs (from 2.8 to 7.0 $ 10 -26 esu with surface areas ranging from 530 to 1390 nm 2 ) are nearly equal to those of AuNRs (from 2.9 to 6.6 $ 10 -26 esu with surface areas ranging from 700 to 1200 nm 2 ).

As already mentioned, Anu Singh et al. [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] pointed out a significant increase of ! per atom and particle with the increase in the AR of AuNRs with the same surface area. However, in present work, it is observed, as for AuNRs, that surface area is the dominant parameter in the evolution of ! and !' of metallic nanorods (including AR=1).

Nanorod stability

Most potential medical applications of nanorods require particle and suspension stability over a few days or a few weeks. Particle stability refers to maintaining the plasmonic properties of the particles until they are used. This, for metallic NRs, requires to maintain their shape, avoiding the evolution toward lower aspect ratio geometries.

As nanospheres have the smallest surface area per unit volume of any geometry, they provide an efficient way to minimize their surface free energy. For this reason, metallic nanorods can display poor stability in solution, and tend to reorganize towards spherical geometries. 247 Therefore, it is important to check nanorod stability in water solutions in order to validate their use for practical applications, for example in medicine. In the above-quoted reference, nanorods are more stable when capped with polymeric chains rather than with tension-active molecules. In Figure 4.8, the maximal peak intensity decreases of 6% and 11% after irradiation with the laser and a further 6 months storage, respectively. The position of $ 1 and $ 2 is almost unchanged only the absorbance is slightly modified. It means that silver colloidal solutions are relatively stable in shape and size, probably due to PVP protection.

Conclusion

We have achieved the synthesis and characterization of AuNRs and AgNRs with different AR, which were controlled by varying the protective agent, the reductive agent, by using the seedmediated method and by using a rapid one-pot seedless growth method. Metallic nanoparticles display exceptionally strong ! values, for the first time in the case of AgNRs.

We demonstrated that the first hyperpolarizability (!) linearly depends on the surface area of metal nanorods, both for AuNRs and AgNRs. This surface effect dominates over the effect of Chapter 4 88 aspect ratio which has been explored before [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] for a set of AuNRs with similar surface areas.

Last but not least, the polymer capping chose for AgNR synthesis results in a good stability of these particles over several months, then confirming their potential to be used for biological applications.

Chapter 5

High second-order nonlinear response of platinum nanoflowers: the role of surface corrugation

Introduction

Platinum nanoparticle-(PtNPs)-based catalysts are vital to fuel cells, sensors, petroleum and automotive industries, and to optoelectronic and biophotonic devices, due to their high catalytic activity and stability. [105][106][107][108][109][110][111][112][113][114][115][116][117][118][119][120][121][122] As for other metallic nano-objects, their optical properties exhibit a strong dependence on the nanoparticle morphology. Many investigations have been focused on controlling the shape and size of PtNPs. 210,[248][249][250][251][252][253][254] Up to now, no significant ! values of PtNPs have been reported yet. The plasmon resonance of Pt being located in the UV range ($ ( 200 nm), authors did not evidence significant ! values in PtNPs during their investigations by HLS measurements of various metallic nanoparticles. [START_REF] Johnson | Hyper-Rayleigh scattering studies of silver, copper, and platinum nanoparticle suspensions[END_REF] In this chapter, platinum nanoflowers (PtNFs) were elaborated using the seed-mediated growth technique applied to monodisperse platinum nanoparticles (!3.0 nm) synthesized by the chemical reduction method. The X-ray diffraction pattern confirmed the formation of face-centered-cubic platinum nanocrystals. We report the HLS properties of PtNFs for six different diameters (!7.0; 8.0; 10.0; 14.0; 20.0 and 31.0 nm). From these HLS data we infer, for the first time, the evidence of a strong quadratic nonlinear response for PtNFs. These very high hyperpolarizability ! values of PtNFs are assigned mainly to highly corrugated surfaces for nanoparticles with irregular shapes. 

Materials and methods

Characterization of nanoparticles

The UV-Vis absorption spectrum of the obtained solution was recorded by UV-Vis spectroscopy (Lambda 950) (Figure 5.1). X-ray diffraction (XRD) spectra of the PtNFs were characterized by using a D8 Advanced Bragg X Ray powder diffraction with Cu K* radiation at room temperature (Figure 5.2). The particles diameters were determined by TEM using a JEOL Model JEM-1400 at 100 kV (Figure 5.3). SHG measurements of PtNFs are performed by HLS at 1.064 µm from a Q-switched Nd 3+ : YAG nanosecond laser (SAGA from Thales Laser) at a 10 Hz repetition rate. representing the ( 111), ( 200), ( 220) and ( 311) planes of the fcc structure. 

Results and Discussion

NLO properties of PtNFs

We have checked that the HLS signal arises only from a SHG process and not from broadband visible emission from laser-induced damage on PtNFs (see below). As the plasmonic resonance wavelength is very far away from fundamental and harmonic laser wavelengths, no fluorescence signal (one-or two-photons) is observed for PtNFs. values from Galletto's work [START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF] have been recalculated according to the procedure described in the text.

This linear behavior is similar to that found for the recalculated ! and !' values inferred from data by Galletto et al. [START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF] ( 10 -30 esu) [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] and (ii) using eqn (2.8). It has been shown that the first hyperpolarizability of a metal nanoparticle depends on many factors, e.g., the size of the particle, the dielectric constant of the solvent, and particularly the wavelength of the incident light, which is of great importance due to resonance effect. The nature of the metal is also very important and it is interesting to compare ! and !' values for NPs with the same diameter and experimental conditions, for different metals. Here we compare, for particles of the same size (!10, 20 nm), ! and !' values of Pt, Au and Ag. For PtNFs, ! and !' values are higher than those of Ag and Au NSs. This comparison is presented in Table 5.3. According to the Agarwal-Jha theory, the second harmonic power radiated from a spherical metal-dielectric interface with one-and two photon plasmon resonance can be expressed as follows: 23
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where e and m are the electron charge and effective mass, E(") is the field at the fundamental frequency, R is the sphere radius, c is the velocity of light, e(") is the relative dielectric constant (defined as ! m / ! S ) at incident radiation frequency ("), and ((2") is the corresponding quantity at 2", ( m is the dielectric constant of the metal nanoparticle, and ( s is the dielectric constant of the dielectric surrounding medium. Strong enhancement of the HRS signal is expected, therefore, at incident wavelengths coincident with the dipole plasmon absorption maximum. Additionally, the term containing the factor !(2"

) + 2 [ ] !2 indicates
strong HRS enhancement at an incident wavelength that is double the dipole plasmon absorption wavelength. For wavelengths close to 820 nm, the dipole resonance would be dominant for Ag, with respect to Au at 1064 nm; Au is more resonant than Ag.

Our calculations confirm Johnson's results at 820 nm, (Ag more resonant than Au) and show that at 1064nm, the ratio of HLS intensities (per atom) between Pt and Au nanospheres is 0.32. Similarly the ratio between Pt and Ag intensities is 0.59. These ratios are higher than those calculated at 820 nm, but the superiority of experimental ! values at 1064 nm for PtNFs with respect to those of Ag and Au NS does not fit these calculated results. Most probably the NLO response of PtNFs does not arise mainly from surface plasmon resonance effects, but from specific surface features. In fact, a careful examination of TEM pictures shows that PtNFs are not perfectly spherical, and display a highly corrugated surface. Therefore, the much higher ! values reported for PtNFs are induced by surface corrugation with a limited influence of plasmon resonance. This remark is consistent with the results obtained by K. Das et al. [START_REF] Das | Hyper-Rayleigh scattering from gold nanoparticles: Effect of size and shape[END_REF] , this study showing that the ! values of low-symmetry, irregularly shaped AuNPs is twice higher than those of centrosymmetric shaped Au nanosphere with a smooth surface.

This predominance of corrugation effects seems to be confirmed by the lack of any SHG signal from PtNPs reported in ref. [START_REF] Johnson | Hyper-Rayleigh scattering studies of silver, copper, and platinum nanoparticle suspensions[END_REF]124 , these centrosymmetric particles showing smooth surfaces that did not allow for a significant HLS emission contrary to the present work.

Conclusion

Our work reports the synthesis and characterization of PtNFs with different sizes, controlled by using the seed-mediated method. We have shown for the first time that PtNFs display exceptionally strong first hyperpolarisabilities. These values of PtNFs are found higher than those of gold and silver nanoparticles for particles within the same diameter range. We demonstrated that the first hyperpolarizability (! and !') linearly depends on the surface area and particles diameter of PtNFs, respectively. Particle surface corrugation and shape irregularities seem to be the dominant factor governing these exceptionally high ! values.

Further studies are currently in progress to gain a better control of PtNPs shape and smoothness in order to provide a more quantitative interpretation of these high nonlinearities.

Chapter 6

Quadratic nonlinearities of gold nanoprisms in solution

Introduction

In the previous chapter we have already shown that the linear and nonlinear optical response of gold nanoparticles are largely determined by their composition, size and shape. 219,257 The synthesis of gold nanoparticles with a tight control on their size and shape has been realized

with various synthesis conditions and methods leading to nanoprisms, [258][259][260][261][262][263][264][265][266][267][268][269][270][271] nanospheres, 223,224 nanorods, 230-235 nanostars, 236,237 and so on. Among these, nanoprisms or triangular nanoplates display a wide range of geometrically tunable optical features. In particular, the corner sharpness of polygonal nanoparticles significantly influences their optical and electronic properties. 136,272 The quadratic nonlinear optical (NLO) response of triangular metallic nano-objects has In this chapter we will focus on the determination of the ! hyperpolarizability values of nanoprisms in water solution, using the Harmonic Light Scattering [START_REF] Terhune | Measurements of Nonlinear Light Scattering[END_REF]213 (HLS) technique.

The objective of this work is to evidence a strong quadratic nonlinear response for AuNPrs, in connection with their acentric 3-fold symmetry. We explore both the effect of surface area, and the influence of corner sharpness on ! values of AuNPrs. These AuNPrs are synthesized in aqueous solution by a rapid one-pot seedless growth process. 259,260,268 Compared to traditional seeded-growth protocols, the seedless method has several advantages, such as rapidity, high reproducibility and high-yield. The resulting AuNPrs are characterized by UV-Vis absorption spectroscopy, transmission electron microscopy (TEM) and HLS. and potassium iodide (KI, 99%) were purchased from Sigma-Aldrich. The solutions were prepared using ultra-pure water from a Millipore system (18 M% cm -1 ) throughout the experiment. All aqueous samples are at natural pH = 7.

Synthesis of AuNPrs with sharp and smooth corners

AuNPrs were prepared by a seedless growth method. In the typical synthesis, a 10 mL volume show different edge length (47.5; 56.6; 66.1; 78.1; 95.4 and 112.3 nm, respectively).
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AuNPrs with smoother corners have also been synthesized by gently stirring the solution during crystal growth, instead of keeping it static during the growing process.

Characterization of nanoparticles

UV-Vis absorption spectra of the obtained solutions were recorded by a Lambda 950 spectrometer. Particle sizes were determined by TEM using a JEOL Model JEM-1400 at 100 kV. 1 µm 3 was chosen. The wavelength of the total-field scattered-field (TFSF) source used in the simulation ranged from 300 to 1100 nm. The light from the TFSF source was set to be propagating along the z-axis and perpendicular to the triangular plane (Figure 6.3) while the electric field was set parallel to that plane (Figure 6.3). Power monitors in the total field region were used to determine the absorption cross-section. CTAC layers were ignored and the background refractive index was set as 1.33, corresponding to that of the water solvent.

Simulation using FDTD method

Results and Discussion

In order to optically characterize the AuPrs solutions, UV"Vis absorption spectra were recorded. These spectra are given in Table 6.1 and Figure 6.1 for sharp-vortex nanoprisms.

The spectral position of the in-plane surface plasmon resonance is highly sensitive to the edge length and the aspect ratio, defined as the ratio between the edge length and the thickness of nano-prisms. In Figure 6.1, the in-plane surface plasmon resonance peak at $ max experiences a red shift (from 627 to 684 nm) when increasing the AuNPr edge length (from 47.5 to 112.3nm). Nanoprisms also exhibit a weak shoulder between 550 nm and 610 nm, corresponding mostly to the out-of-plane plasmonic mode, with a possible small contribution from the inplane quadrupolar mode for the largest edge lengths. 272 The characteristic band of spherical Au nanoparticles at 530 nm is much weaker than the two previous ones, suggesting that triangular nanostructures are synthesized with a high morphological yield (i.e. high production rate of AuNPr with respect to particles showing other shapes (spheres, rods, etc.)), 259 as confirmed by TEM characterization. This value agrees fully with our TEM characterization and the simulation data for the absorption of AuNPrs by the finite-difference time-domain (FDTD) method. As shown in Figure 6.3, we have carried out FDTD simulations, where edge length (set as 56, 78 and 112 nm) and thickness (set as 25 nm) of AuNPrs, are consistent with the experimental results showing an absorption peak at 642, 660 and 684 nm, respectively. The calculated UV-visible spectrum displayed in Figure 6.3 (c) shows a $ max value close to the experimental one, even if the theoretical spectrum is significantly narrower, due to the strictly monodisperse character of the particle size assumed in the calculations. This agreement confirms that the thickness of nanoprisms is the same whatever the edge length can be.

!"#$ !%#$

AuNPr 2 The size and the shape of particles were determined from TEM imaging (see Figure 6.4, It should be noted that the TEM images were obtained directly from the original product, with no previous size selection or purification process. As shown in Figure 6.5, monodispersed AuNPrs with sharp tips and various edge lengths have been successfully

prepared. From TEM characterization, it is found that the morphological yield of AuNPrs is high (more than 80%), which is in good agreement with UV-Vis spectra. Particle concentration is calculated from the known concentration of the initial gold solution, and from the average volume of nanoprisms. The ! and !' values are calculated by using eqn (2.7) and (2.8). All values are presented in Table 6.2.

The increasing ! and !' values for AuNPrs (from 177 to 759 x 10 -26 esu per particle and from 1470 to 2670 x 10 -30 esu per atom, respectively) correspond to a rise in the nanoprism edge length from 47.5 to 112.3nm. A linear dependence of ! per particle with respect to the surface area of AuNPrs is observed (Figure 6.7 (a)), with a remarkable correlation coefficient Chapter 6 109 (0.996), indicating a local, dipolar-type response arising from surface effects. [START_REF] Russier-Antoine | Multipolar contributions of the second harmonic generation from silver and gold nanoparticles[END_REF] When comparing ! values per nanoprism to the results obtained in our previous work for Au nanospheres, 19 both AuNPrs and Au nanospheres show a linear dependence of their ! values with respect with their surface area, but with a higher slope for AuNPrs, as could be expected from non-centrosymmetric nanostructures. The linear dependence of !' with edge length can be explained as follows. As shown here, ! depends linearly on the surface area, according to the formulae below:

! " S = 3 2 2 + 3. . d (6.1) ! " ! " A l ¡ + f ¡ (6.3) where S, V, l and d are respectively the surface area, volume, edge length and thickness of nanoprism.

! ! = ! N " S V =
From eqn (6. It can be pointed-out that these experimental ! (or !') values are not corrected from resonance effects of ! at " and 2". When increasing the edge length l of AuNPr, the red-shift of $ max implies that the contribution of the 2" -resonance to ! value decreases, whereas that of the " -resonance increases. If we use a simple two level dispersion model for !, 273
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! = ! 0 1 ! " max " " # $ % & ' 2 " # $ % & ' 1 ! 2" max " " # $ % & ' 2 " # $ %
& ' (6.4) where ! 0 is so-called "static", dispersion-free hyperpolarizability, we find that the change of the exaltation factor due to " (or $) and 2" (or $/2) resonance does not vary strongly with l values (from 3.94 for l = 47.5 to 2.63 for l = 112.3). In It must be pointed-out that ! and !' values for AuNPrs with smooth corners are much smaller that for sharp corner AuNPrs (see Table 6.3). The comparison of hyperpolarizability values for nanospheres on the one hand and for AuNPrs with smoother corners on the other hand does not evidence a significant difference between non-centrosymmetric "smooth" nanoprisms and centrosymmetric nanospheres. This behavior shows that the sharpness of the corners dominates the SHG emission process over centrosymmetry breaking for small Chapter 6 112 nanoparticles. This seems consistent with the unexpectedly high ! values of platinum nanoflowers reported in ref. [START_REF] Ngo | High second-order nonlinear response of platinum nanoflowers: the role of surface corrugation[END_REF] : the nonlinear response from these particles made of a metal that does not display any plasmonic resonance in the visible range has been assigned to the high roughness of the particle surface, when displaying several sharp tips. 

Conclusion

In summary, AuNPrs with tailored edge lengths and controllable corner smoothness have been prepared using a rapid seedless growth process. To the best of our knowledge, we report for the first time hyperpolarizability measurements for colloidal AuNPrs using HLS at 1064 nm, resulting in high ! values for particles with sharp corners, with a linear dependence with respect to their surface area. This large increase of ! values as compared to those of nanospheres or nanorods of similar surface areas seems to originate from sharp tip effects rather that from centrosymmetry breaking, as non-centrosymmetric AuNPrs with smoother corners do not display hyperpolarizability values significantly higher than those of centrosymmetric particles. These results shed a new light on SHG properties of small metallic nanoparticles in solution. Further studies to be carried-out by confocal SHG microscopy on single nanoparticles should provide more information about their quadratic NLO behaviour.

confirmed by SHG green light visible with naked eye ( , close to that of KDP), not only in solution but also in the solid state.

Colloidal solutions of AuNRs with difference aspect ratios (1.47; 1.63 and 2.30) were prepared by using the seed-mediated method. Specially, silver nanorods (AgNRs)

were homogenously synthesized by a one-step growth method with tunable aspect ratio (5.0; 6.3; 7.5; 8.2 and 9.7). It has been demonstrated that this fabrication method would be a reliable and promising fabrication method appropriated to application purposes due to the simple and inexpensive synthesis technique and high qualification in reproducibility. We report, for the first time, the evidence of a strong quadratic It is expected that the noble metal nanoparticles reported in this thesis would have potential applications for nonlinear optical devices. So it would be interesting to study the nonlinear optical properties of a photonic structure containing active nanoparticles reported in this thesis for device applications. Specially, the powdery-AgNSs would have many potential applications for antimicrobial technology. Further more, the NMNPs reported in this thesis can be produced in large scale in low preparation cost.

Further studies are currently in progress towards higher surface areas of NMNPs in order to explore NMNP nonlinearities beyond the dipolar behaviour; additionally, polarizationresolved HRS measurements can be considered. Powdery-silver nanoparticles (diameters !7 nm) and colloidal solutions on NMNPs with different composition, sizes and shapes have been synthesized, i.e. silver nanospheres (diameters !10 nm), gold nanospheres (diameters 3.0; 11.6; 15.8; 17.4; 20.0 and 43 nm), gold nanorods (aspect ratios 1.47; 1.63 and 2.30), silver nanorods (aspect ratios 5.0; 6.3; 7.5; 8.2 and 9.7), platinum nanoflowers (diameters 7.0; 8.0; 10.0; 14.0; 20.0 and 31.0 nm) and gold nanoprisms (edge length tuned from 47.5 to 112.3 nm). Harmonic light scattering (HLS) at 1064 nm is used to investigate the second harmonic generation from colloidal NMNPs, and to infer their first hyperpolarizability tensor !. For the nanospheres and nanorods investigated in this work, we demonstrate that their ! values display a strong dependence with their surface area, which is the dominant parameter in the evolution of ! values. Otherwise, particle surface corrugation and shape irregularities of nanoflowers are responsible for exceptionally high ! values. Moreover, we report for the first time in the literature that the ! values of nanoprisms display not only a linear dependence with respect to the surface area, but are also sensitive to the sharpness of the triangle vertices.
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Figure 1 . 1

 11 Figure 1.1 Diagram of the SHG process (left) and energy level diagram (right) of SHG.

Figure 1 . 2

 12 Figure 1.2 Typical electronic structure of nonlinear, dipolar push-pull molecules (A = Electron-Acceptor group, D = Electron-Donor group).

  charges along a plane perpendicular to the C 3 axis of the cube, gives rise to D 3h or D 3 symmetry (TATB route) systems, i.e. two-dimensional (2D) octupolar materials, or by the fusion of one type of charge in the barycenter of the cube, leading to T d , or D 2d symmetry like tetrahedral metal complexes or substituted biphenyls, i.e. three-dimensional (3D) octupolar materials (see Figure1.3). Thus, the molecular engineering of octupoles is based on a spatially controlled organization of charge transfers within a molecule compatible with a nonpolar symmetry.

Figure 1 . 3

 13 Figure 1.3 From 1-D to 3-D molecular templates for multipolar molecular engineering.[START_REF] Zyss | Molecular engineering implications of rotational invariance in quadratic nonlinear optics: From dipolar to octupolar molecules and materials[END_REF] 

  -size nonlinear components are currently available. For frequency doubling (SHG) and tripling (THG) of Nd:YAG laser at 1064 nm, both type I and type II phasematching configurations can be employed for KDP and DKDP. For frequency quadrupling (4HG, output at 266 nm) of Nd:YAG laser, KDP crystal is normally recommended.

Figure 1 . 4

 14 Figure 1.4 Photograph of ADP crystals grown on (a) a Z-cut KDP seed crystal, (b) an X-cut KDP seed crystal, (c) an ADP seed crystal and (d) a tetragonal pyramid as seed crystal.52

Figure 1 . 6

 16 Figure 1.6 Sizes of nanoparticles in comparison of the scales of various biological and technological objects.

Figure 1 . 7

 17 Figure 1.7 (a) The Lycurgus cup, from the British Museum, displays a different color depending on being illuminated from outside (left) and illuminated from inside (right). (b)

Figure 1 . 8

 18 Figure 1.8 (a) Michael Faraday. (b) Faraday's gold preserved at the Royal Institution of Great Britain. 100

Figure 1 . 9

 19 Figure 1.9 Schematic diagrams for (a) SPR in a metallic film (macroscopic scale) and (b) LSPR in metallic nanoparticle (case of nanoparticles with diameter << $).128

Figure 1 .

 1 Figure 1.10 (a) UV-Vis spectra (normalized) for AuNPs with different particle sizes in aqueous solution. 130 (b) Extinction spectra and corresponding solutions of silver nanoprisms with varying edge length. 131 (c) Normalized extinction spectra a-e of AuNPs correspond to

Figure 1 .

 1 10 (b) and (d)). Au nanospheres and nanocubes have one surface plasmon peak while Au nanoprisms show one surface plasmon peak and a weak shoulder. AuNRs exhibit two major surface plasmon peaks, one is associated with electron oscillation along the transverse direction, and the other one is associated with electron oscillation along the longitudinal direction (Figure1.10 (c)). It has been known that the number, location, and intensity of LSPR peaks of NMNPs strongly depend on several factors, such as particle size, shape, aggregate morphology, ligand, medium dielectric property and refractive index of the surrounding medium. 134-1421.6.2. Size and shape dependent second-order nonlinear optical properties of NMNPs: state of the artIn the past decade, scientists have explored size-and shape-dependent nonlinear optical properties of NMNPs driven by the excitement of understanding a new science and by the expected applications in nano-scale photonic and photoelectronic devices. This is due to the large enhancements of electromagnetic fields through LSPR. The NLO properties of NMNPs are often evaluated through their hyperpolarizability values. Due to the lack of dipole moment,

Figure 1 .

 1 Figure 1.11 Log-log plot of the hyperpolarizability magnitude against particle diameter for silver (squares) and gold (disks) spherical particles at the harmonic wavelengths of 390 and 400 nm, respectively.[START_REF] Russier-Antoine | Multipolar contributions of the second harmonic generation from silver and gold nanoparticles[END_REF] 

Figure 1 . 13

 113 Figure 1.13 Absolute value of the first hyperpolarizability ! calculated per Au atom and per Au particle in water solution versus the AR of AuNRs.9

  AuNPs, which are non-centrosymmetric, show maximum ! values while AuNPs having centrosymmetric shapes like spherical (or nearly spherical), rod and tetrapod shape display lower ! values (seeFigure 1.14).

Figure 1 . 14

 114 Figure 1.14 First hyperpolarizability ! values of five different shaped AuNPs.12

Figure 1 . 15

 115 Figure 1.15 Polar plot of the HRS intensity as a function of the incoming fundamental beam polarization angle: (filled circles) experimental points and (solid) fit to the experimental data points using theoretical modeling for an aqueous suspension of (a) 50 nm diameter, (b) 100 nm diameter, and (c) 150 nm diameter gold particles. 144 The fundamental wavelength was set at 800 nm and the HLS light collected at 400 nm.

  Because of the centrosymmetry rule, the design of nanostructures with noncentrosymmetric shapes has become essential. Nowadays, both top-down and bottom-up approaches have been optimized for the fabrication of nanoparticles with excellent reproducibility. The SHG response from lithographed nanoparticles with various geometries has been investigated including holes in metallic films,[146][147][148] split-ring resonators with Ushape, 149-151 chiral G-shaped nanoparticles, 152-154 chiral gold nanoprisms, 155 L-shaped nanoparticles, 156-158 etc.

Figure 1 . 16

 116 Figure 1.16 Geometry of acentric and chiral gold nanostructures: (a) three parameters defining the lateral geometry, presented on the example of the left-enantiomer: A " 200 nmside length of the gold nanoprisms, B " 60 nm -side length of the smaller central gold nanoprism (referred to as "central nanoparticle"), the gap between nanoprisms is around 40 nm; (b) cross-section of the sample, showing its layered structure: SiO 2 substrate (blue), ITO layer(25 nm, gray), chromium adhesion layer(3 nm, red) and gold nanostructure(40 nm, yellow), surrounded by air.155 

Figure 1 .

 1 Figure 1.17(a) SEM image of three arrays, composed of: left-enantiomers (on the left), nonchiral reference nanostructures (in the middle), and right-enantiomers (on the right); (b) SHG scanning microscopy images of the three arrays, obtained under excitation at fundamental wavelength 850 nm with R (top) and L (bottom) circular polarization; (c) SEM image of the "watermark" formed by a mixture of right-and left-enantiomers; (d) SHG images of the "watermark" obtained with R and L polarization (as indicated). The SHG intensity scale in between (b) and (d) is common for all SHG images presented in the following figure.155

  nanoparticles may improve the action of typical anticancer drugs by facilitating drug delivery to specific cells, which reduces the required drug doses and avoids their side effects. The second application area of biological nanoparticles is also used in gene delivery and cell labeling in plants and in medicine (seeFigure 1.19).161 
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 119120 Figure 1.19 Biological synthesis and applications of NMNPs in biomedical and environmental fields.161
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 121 Figure 1.21 Schematic illustration of a "chemical nose" sensor array based on AuNPfluorescent polymer/Green Fluorescent Protein conjugates. (a) The competitive binding between protein and quenched polymer-AuNP complexes leads to the restoration of fluorescence (b) The combination of an array of sensors generates fingerprint response patterns for individual proteins. (c) The competitive binding between protein and

Figure 1 . 22

 122 Figure 1.22 Mechanism of oxidation of CO over AuNPs deposited on a reducible oxide. 176

  fabrications of NMNPs are based on two basic nanoparticle preparation methods: topdown physical nanofabrication on one hand, bottom-up wet chemistry on another hand. A general schematic diagram of these two strategies is shown in Figure 2.1 below.

Figure 2 . 1

 21 Figure 2.1 Two basic nanoparticle preparation strategies methods: top-down and bottomup.[START_REF] Alex | Functionalized Gold Nanoparticles: Synthesis, Properties and Applications-A Review[END_REF] 

Figure 2 . 2

 22 Figure 2.2 Topography image of AuNPs assembled on to e-beam-irradiated 3-(4nitrophenoxy)-propyltrimethoxysilane monolayer. 185

Figure 2 .

 2 3 shows a schematic outline of a FIB.

Figure 2 . 3

 23 Figure 2.3 (a) Schematic diagram of a (FIB) ion column, (b) work principle of FIB imaging, (c) FIB milling and (d) FIB induced deposition. 193

Figure 2 . 4

 24 Figure 2.4 Formation mechanism of AuNPs with various particle sizes and shapes by chemical reduction method.142

  solution was added quickly to a boiling point of aqueous solution of HAuCl 4 under vigorous stirring. The solution turned wine-red after few minutes, indicating particle formation with size around 20 nm. In this procedure, citrate ions act as both reducing and stabilizing agent (seeFigure 2.5). By changing the relative amounts of Au precursor to reducing agent, we can control the particle size of AuNSs in a wide range between 10 and 150 nm.

Figure 2 . 5

 25 Figure 2.5 Synthesis of AuNSs in aqueous solution by reducing HAuCl 4 with trisodium citrate. 196

Figure 2 . 6

 26 Figure 2.6 (a) Schematic view of the Brust-Schiffrin method for the synthesis of monolayerprotected clusters. (b, c) TEM images of gold nanoparticles from the original Brust et al. Chem. Commun. paper 199 (b) and a two-dimensional binary crystal made by monodisperse gold and silver nanoparticles of appropriate sizes (c), also reported by Brust et al. Adapted with permission from ref. 200 .

Figure 2 .

 2 Figure 2.7 shows a typical set of TEM micrographs of AuNSs with different sizes.

Figure 2 . 7

 27 Figure 2.7 TEM micrographs of AuNSs of different sizes: 10 nm (A); 20 nm (B); 30 nm (C); 40 nm (D); 50 nm (E); 60 nm (F); 70 nm (G); 80 nm (H); 90 nm (I); and 100 nm (J).130

Figure 2 . 8

 28 Figure 2.8 Two-step seed-mediated growth approach for making AuNRs with a controlled AR. (bottom right). Shown at the right are TEM micrographs of the final purified (centrifuged and washed) gold nanorod products. Scale bars represent 200 nm. 206

Figure 2 . 9

 29 Figure 2.9 (a) Large area FESEM image of gold mesoflowers anchored on a conducting glass substrate; (b) FESEM image of a gold mesoflower. The inset shows a photograph of the mesoflower powder. (c) Top view of a single stem of the mesoflower showing the pentagonal structure and a nanoparticle on the apex (marked) and (d) a corresponding model. 203

Figure 2 .

 2 Figure 2.10 TEM images of AuNPs of different shapes and sizes. (A) Nanospheres. (B) Nanocubes. (C) Nanobranches. (D) Nanorods (AR = 2.4). (E) Nanorods (AR = 3.4). (F)

Figure 2 .

 2 Figure 2.11 (a) TEM images of different shaped PtNPs. (b) Schematic presentation for the formation of multiple shaped PtNPs at different reaction conditions. 210

Figure 2 .

 2 Figure 2.12 A scheme illustrating the various stages of the reaction that leads to the formation of noble-metal nanoparticles with different shapes. After the formation of nuclei (small clusters), they become seeds with a single-crystal, singly twinned, or multiply twinned structure. Stacking faults in the seeds results in plate-like structures. Green, orange, and purple represent the (100), (111), and (110) facets, respectively. The parameter R is defined

Figure 2 .Figure 2 .

 22 Figure 2.13 (a) Schematic TEM set-up. (b) Photograph of TEM JEOL Model JEM-1400.

Figure 2 .

 2 Figure 2.14 Illustration of Bragg's law: reflection of X-rays from two planes of atoms in a solid.

Figure 2 .

 2 Figure 2.15 (a) Schematic outline of a XRD (b) Photograph of XRD Bruker D8 Advanced.

2. 16 )Figure 2 . 16

 16216 photodetectors. Spectrophotometry is used for both qualitative and quantitative investigations of samples.129 

Figure 2 . 17

 217 Figure 2.17 Schematic representation of HLS at 1.064 µm. F: Filter; L: Lens; $/2: Half wave plate; P: Polarizer; GP: Glass plate; PMT: Photomultiplier tube; MD: Motor driver; and NPP: Reference material.

Figure 2 . 18

 218 Figure 2.18 Schematic representation of Variable incident polarization in Harmonic Light Scattering (VIP-HLS) at 1.064 &m. F: Filter; L: Lens; $/2: Half wave plate; P: Polarizer; GP: Glass plate; PMT: Photomultiplier tube; MD: Motor driver; and NPP: Reference material.

Figure 2 . 19

 219 Figure 2.19 Fundamental incoming beam propagating along Z and polarized in the (X, Y) plane. The observation direction is along Y, and polarization state of SH along X or Z plane.

Figure 2 .

 2 Figure 2.20 Polar plot of the SH intensity along the Z component, for a 20-nm gold

  A 20 mL aqueous solution containing 1.45 $ 10 -4 M HAuCl 4 and 5 $ 10 -4 M tri-sodium citrate was prepared. Next, 0.3 mL of 0.01 M NaBH 4 solution was quickly added to the solution while stirring. The solution turned pink immediately after adding NaBH 4 , indicating particle formation. In the typical synthesis, different protective agents (PVA, PVP) were dissolved in 20 mL H 2 O Millipore under stirring. After the complete dissolution of the protective agent, HAuCl 4 0.029 M was added, the solution being stirred for 5 min. Then, an aqueous solution of ascorbic acid 0.1 M was added into the liquid. The colour of solution slowly changed from white to red.

Figure 3 . 1

 31 Figure 3.1 UV-Vis Absorption spectra of synthesized AgNSs with the protective agent PVA: (a) Different concentrations of NaBH 4 0.1M (0.1; 0.2; 0.3; 0.4; 0.5; 1 ml);

  2 and Figure 3.2.

Figure 3 . 2

 32 Figure 3.2 UV-Vis Absorption spectra of synthesized AgNSs with the protective agent PVP: (a) Different quantities of NaBH 4 0.1M (0.1; 0.2; 0.3; 0.4; 0.5; 1 ml);

Figure 3 . 3

 33 Figure 3.3 Molar absorptivity (() spectra of AuNSs solutions. (a) The insert shows magnified spectra for small nanoparticle's. (b) Plot of ( max (as measured at $) as a function of the surface area of nanoparticle's. Insert: magnification for small particles.

  easily inferred from the red shift of the position of the peak maxima (from 505 to 550 nm) that the size of AuNSs increases (from 3.0 to 80.0 nm) in Figure3.3. The role of the surface area is exemplified inFigure 3.3 (b), the molar extinction coefficient at the peak maximum, ( max , displaying a quasi linear dependence with surface area in the case of small particles, with a faster growth rate for the largest ones! Silver nanospheresAs UV-Vis spectra have already been used to study the synthesis of AgNSs in solution, we summarize below spectroscopic data for PVA-and PVP-capped nanoparticles using the optimized fabrication conditions inTable 3.4 and Figure 3.4. 
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 35 Figure 3.5 Silver Oxalate sample.Figure 3.6 Powdery-AgNSs sample.

Figure 3 . 6

 36 Figure 3.5 Silver Oxalate sample.Figure 3.6 Powdery-AgNSs sample.

Figure 3 . 7

 37 Figure 3.7 XRD pattern of AgNPs.

Figure 3 .

 3 Figure 3.8 shows TEM images of different average diameters (AuNSs), which are consistent with the results of the analysis of UV-Vis (Table 3.3 and Figure 3.3). The particles sizes are obtained by measuring and averaging diameters for about 100 particles.

Figure 3 . 8

 38 Figure 3.8 TEM images and average size of AuNSs. d is diameter of nanospheres.

Figure 3 . 9

 39 Figure 3.9 TEM image of AgNSs: (a) AgPVA, (b) AgPVP and (c) Powdery-AgNSs. d is diameter of nanospheres.

Figure 3 .

 3 Figure 3.10 UV-Vis Absorption spectra of synthesized AgNSs after 1, 2, 4 weeks and 6 months (a) AgPVA, (b) AgPVP

Figure 3 .

 3 Figure 3.11 TEM image and size distribution histogram of AgPVA after 6 months

Figure 3 . 13

 313 Figure 3.13 Representation of the validity domain of the electric dipolar regime for the quadratic NLO properties of AuNSs at 1.06 &m.

Figure 3 .

 3 Figure 3.13 summarizes the limit of validity of the electric dipolar regime of the ! values of spherical gold at 1.06 #m. This validity domain can change for other values of the fundamental wavelength.

Figure 3 .

 3 Figure 3.14 Polar plot of the polarization resolved HRS intensity as a function of the input polarization recorded for AuNSs with different diameters at 1064 nm.

&

  

Figure 3 .

 3 Figure 3.15 (left) Visible second harmonic emission from powdery-AgNSs irradiated at 1064 nm. (right) Spectrum of light emission from AgNSs powder illuminated by a pulsed laser emitting at 1064 nm.

  have achieved the synthesis and characterization of metallic Au and Ag nanospheres with different diameters, various protective agents and different reduction and growth methods such as the seed-mediated technique. We demonstrated that the first hyperpolarizability (!) linearly depends on the surface area of AuNSs. The calculation of a "reduced" ! R value taking into account local field factors and surface effects showed a remarkable constant value for most AuNSs, confirming the electric dipolar NLO response, and slightly departing from this behaviour for very small and large particles as expected from the theory. Comparison of hyperpolarizability values of Au and Ag NS is consistent with the data from the literature, and evidence better NLO performances of AuNSs over those of AgNSs at 1.06 #m due to strong plasmon resonance effects for gold NPs at this wavelength.

  unique and tunable localized surface plasmon resonance (LSPR) derived optical properties in the ultraviolet-visible-near infrared (UV-Vis-NIR) region. The high stability, low biological toxicity, bright color, and versatility of gold nanorods have inspired an explosion of research interest in their properties and applications (which include roles in catalysis, data storage, and biomedicine). However, the absorption spectra of such particles belongs mainly to the near-infrared (NIR) range. Replacing gold by silver for nanorods fabrication and applications may offer wider possibilities in terms of spectral coverage in the red-NIR domain.

C 6 H 5

 65 Na 3 O 7 .2H 2 O), polyvinylpyrrolidone (PVP; 40 000 g mol-1 ) and hydrogen peroxide (H 2 O 2 , 30 wt%) are purchased from Sigma-Aldrich. The solutions were prepared using ultrapure water from a Millipore system (18 M% cm -1 ) throughout the experiment. All aqueous samples are at natural pH = 7.AgNRs were prepared by a one-pot seedless growth method. In the typical synthesis, a 20 mL volume of an aqueous solution containing 1.0 & 10 -4 M PVP and 5 & 10 -3 M TSC was prepared in a 20 mL flask. To this solution, different volumes of AgNO 3 0.032 M and 60 µL H 2 O 2 were added under stirring. Immediately, aqueous NaBH 4 (0.15 mL, 0.1M) was rapidly added while the solution was stirred vigorously. The colourless solution changed into yellowish instantly. When further stirring for 20 minutes, the yellowish solution turned to violet-red, violet, blue-violet and blue. The growth process can be completed within !40 min.Depending on the volumes of AgNO 3 (2.0; 1.75; 1.5; 1.25 and 1.0 mL), the obtained AgNRs

Figure 4 . 1

 41 Figure 4.1 UV-Vis absorption spectra of the AuNRs solutions.

  As expected, the UV-visible spectra of each nanorod solution exhibit two absorption bands of different intensity, corresponding to the longitudinal and transversal localized surface plasmon resonance (LSPR) modes, named as "longitudinal band" ($ 1 ) and "transverse band" ($ 2 ). This red shift of the position of the longitudinal band (from 545 to 716 nm) is clearly observed when increasing the AR of AgNRs (from 5.0 to 9.7) in Figure4.2.

Figure 4 . 2

 42 Figure 4.2 UV-Vis absorption spectra of AgNRs solutions with various ARs (right). The average ARs are 5.0 ± 1.9; 6.3 ± 2.0; 7.5 ± 2.8; 8.2 ± 2.5 and 9.7 ± 3.6 for (AgNR1-AgNR5), respectively. The photograph shows aqueous solutions containing AgNRs (left) with increasing AR.

Figure 4 .

 4 Figure 4.3 shows TEM images of different AR (AuNRs), which are consistent with the results of the analysis of UV-Vis reported in Table 4.1 and Figure 4.1. The average particles sizes are obtained by measuring and averaging diameters for about 100 particles.

Figure 4 . 3

 43 Figure 4.3 TEM images of AuNRs with different ARs.

Figure 4 . 4

 44 Figure 4.4 Representative TEM images of AgNRs with variable AR.

Figure 4 . 5

 45 Figure 4.5 HLS values of the first hyperpolarizability (!) per Au atom (red squares) and per Au particle (blue triangles) in water solution as a function of the surface area of AuNRs. For comparison, data on AuNRs reported in ref. 9 are presented in the dotted border rectangle.

Figure 4 . 6

 46 Figure 4.6 Polar plot of the polarization resolved HRS intensity as a function of the input polarization recorded for AuNRs with different ARs at 1064 nm.

Figure 4 .

 4 7 shows the dependence of nanoparticle ! values with nanoparticle surface area, the continuous black line resulting from a linear fit with a remarkable correlation coefficient of 0.999 for ! per Ag nanoparticle, for AgNRs only. The dashed violet line includes two AgNSs in the linear fit, resulting in a correlation coefficient of 0.997 for ! per Ag nanoparticle, encompassing AgNRs and two AgNSs. This latter correlation coefficient remains very close to that obtained with NRs only.

Figure 4 .

 4 Figure 4.7 confirms the high NLO performances of AgNRs for different surface areas and emphasizes the strictly linear dependence of the first hyperpolarisability ! of silver particles

Figure 4 . 7

 47 Figure 4.7 HLS values of the first hyperpolarizability (!) per Ag particle (red disks) in water solution as a function of the surface area of AgNRs. For comparison, HLS values of the first hyperpolarizability (!) of silver nanospheres (AgNSs, blue and green disk for a particle diameter of )10 nm 18 and )21 nm 246 , respectively) in water solution are included.

Chapter 4 87 For

 87 this reason, we have tested the stability of the silver colloidal solutions can be easily checked by recording their UV-Vis spectra. Results are shown in Figure 4.8.

Figure 4 . 8

 48 Figure 4.8 UV-Vis absorption spectra of AgNR 4. Red: spectrum recorded just after AgNR synthesis. Dark blue: spectrum recorded after nanosecond laser irradiation at 1.06 &m (10 minutes) a few days after synthesis. Pale blue: spectrum of the same (laser irradiated) sample recorded after a 6 months storage.

(

  reduction by ascorbic acid) Preparation of 3.0 nm seed. The first step consists in the preparation of platinum spherical nanoparticle seeds. This preparation was performed starting from a 20 mL aqueous solution of TSC 5 $ 10 -3 M. Then, 0.2 mL of H 2 PtCl 6 0.019 M was added under stirring. After that, 0.1 mL of 0.1 M ascorbic acid was then slowly added and heated to 100 °C. The colour of solution changed to pale brown. Vigorous stirring of the seed solution was continued for 1 h at 25 °C before being used. The average particle diameter was 3.0 nm. This solution was then used as the seeding solution for the growth of PtNFs. Preparation of 7.0; 8.0; 10.0; 14.0 and 20.0 nm PtNFs. In the second step, 20 mL of growth solution, containing 1.9 $ 10 -4 M H 2 PtCl 6 and 5 $ 10 -3 M TSC, was mixed with 0.1 mL of a 0.1 M freshly prepared ascorbic acid solution. Next, the seed solution of 3.0 nm PtNPs was added and heated to 100 °C. Depending on the volume of the added seed solution, the obtained PtNFs show different sizes. With seed solution volumes of 1.0; 0.8; 0.6; 0.4 and 0.2 mL, the resulting solution contained PtNFs with average diameters of 7.0; 8.0; 10.0; 14.0 and 20.0 nm, respectively. Preparation of 31.0 nm PtNFs. The PtNFs solution containing 7.0 nm diameter particles was used as the seed solution in the third step. 20 mL of the growth solution, containing 1.9 $ 10 -4 M H 2 PtCl 6 and 5 $ 10 -3 M TSC, was mixed with a 0.1 mL of a 0.1 M freshly prepared ascorbic acid solution. Next, 0.2 mL of the seed solution was added and heated to Chapter 5 91 100 °C. The average particle diameter measured from the transmission electron micrograph was 31.0 nm.

5. 3 . 1 .

 31 UV-Vis spectra, XRD and TEM analysisThe nanoflowers synthesis reactions are very fast in mild heating (100 °C) conditions in the presence of a strong reducing agent such as ascorbic acid. The H 2 PtCl 6 aqueous solution is pale yellow and shows a peak at 259 nm in its UV-Vis spectrum as shown in Figure5.1.

Figure 5 . 1 5 92

 515 Figure 5.1 UV-Visible-absorption spectra of the PtNFs solution, H 2 PtCl 6 and H 2 PtCl 6 -TSC, C Pt = 1.6 ( 10 -5 M. Insert: Visible absorption spectra of two solutions of PtNFs of different diameters, C Pt = 1.92 ( 10 -4 M.

Figure 5 . 1 )

 51 Figure 5.1). The [PtCl 6 ] 2" peak at 259 nm in the UV-Vis spectrum disappears, suggesting that most of [PtCl 6 ] 2" ions are reduced, so the reaction process is almost complete.252,255 

Figure 5 . 2

 52 Figure 5.2 XRD pattern of the PtNFs.

Figure 5 . 3

 53 Figure 5.3 TEM images of PtNFs with various sizes. The diameter d of nanoflowers is determined by averaging diameter values of 100 particles.

Figure 5 .

 5 Figure 5.4 shows the SH intensity observed for pure water and for a PtNFs solution plotted with respect to the SH intensity collected from a NPP (N-4-nitrophenyl-prolinol)[START_REF] Zyss | Chirality and hydrogen bonding in molecular crystals for phasematched secondharmonic generation: N(4nitrophenyl)(L)prolinol (NPP)[END_REF] powder (frequency doubler) at a 1064 nm fundamental wavelength.[START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] The linear variation of this HLS signal with respect to I NNP 2! precludes any contribution from laser-induced damage on PtNFs, this latter phenomenon being characterized by a clear depart from this expected linear behavior beyond a given I NNP 2! value (threshold phenomenon). The value of the slope P displays a linear dependence with nanoparticle concentration (Figure5.5), as expected from eqn(2.6).

Figure 5 . 4

 54 Figure 5.4 Comparison between the SH intensity recorded from pure water (blue disks) and from 3.5 + 10 -10 M PtNFs solution (red squares) with respect to the SH intensity collected from the NPP powder at 1064 nm fundamental wavelength.

Figure 5 . 5

 55 Figure 5.5 The slope of the HLS intensity of nanoparticle recorded from PtNFs solutions (20nm) with different nanoparticle concentrations. The straight lines results from a linear fit with a remarkable correlation coefficient (0.999).

Figure 5 . 6

 56 Figure 5.6 (a) HLS values of the first hyperpolarizability (!) per Pt particle (green disks, this work) and per Au particle 13 (blue triangles) in water solution as a function of the surface area of nanoparticles. (b) HLS values of the first hyperpolarizability (!') per Pt atom (green disks, this work) and per Au particle 13 (blue triangles) in water solution as a function of the diameter of nanoparticles. The straight lines results from a linear fit with a remarkable correlation coefficient (0.999 for ! per Pt particle and 0.999 for !' per Pt atom). The ! and !'

  of the ! values of our PtNFs is confirmed by the polarizationresolved HRS intensity observed for 20 nm diameter PtNFs. Upon rotation (0-360°) of the incident fundamental polarization, the HLS response is analyzed vertically (Figure 5.7 (a)) and horizontally (Figure 5.7 (b)). The pattern of the polar plot for a vertical polarization analysis at 2" corresponds to the expected response of an electric dipole, confirming that the HLS signal from the small metallic nanoparticles is of pure electric dipole origin.

Figure 5 . 7

 57 Figure 5.7 Polar plot of the input polarization angle dependence of the output-HRS intensity from 20nm diameter PtNFs at 1064nm. (a) Verticality polarized SH scattered light and (b) horizontally polarized SH scattered light.

Figure 5 .

 5 6 (a) and Figure 5.6 (b) demonstrate the higher NLO performances of PtNFs for different surface areas (Figure 5.6 (a)) and particle diameters (Figure 5.6 (b)) as compared to AuNSs. It is interesting to extend this comparison to other noble metal NSs.

  been recently investigated by polarized second-harmonic confocal microscopy in the femtosecond regime. 155 In this pioneering work, focused on NLO investigation of individual nano-objects, strong chiroptical effects from 2D chiral arrangements of gold nanoprisms (AuNPrs) have been evidenced by second harmonic generation (SHG) and further confirmed by numerical simulations. The triangular motif of the investigated nanostructures provides efficient dipole-allowed SHG due to lack of inversion symmetry, as well as sharp corners prone to large local field enhancements. Chapter 6 102

  of aqueous solution containing CTAC and 7.5 & 10 -5 M KI was prepared in a 20 mL flask. To this solution, 0.1 mL HAuCl 4 0.029 M and 29 µL NaOH 0.1 M (HAuCl 4 : NaOH = 1:1) was added, the solution being stirred for 5 min. Then, 50 µL ascorbic acid 0.1 M was injected into the solution with moderate shaking. The colour of solution changed immediately from yellowish to colourless. Finally, 20 µL NaOH 0.1 M was added and quickly shaken for 2s. No further stirring or agitation was done during crystal growth. The colourless solution turned to red, purple and blue. The growth process can be completed within !10 min. In the spectra of AuNPr solutions, the 220 nm absorption band characteristic of the original Au(III) solution used for nanoparticle synthesis has disappeared, meaning that the reduction of Au(III) species to atomic Au 0 is complete, and that only gold nanoparticles are formed. Depending on the concentration of CTAC(7.5; 1.0; 1.25; 1.5; 1.75 and 2.0 & 10 -3 M), the obtained AuNPrs

Finite-difference

  time-domain (FDTD) numerical calculations based on the version 8.15 of Luminal package were used to simulate the plasmonic properties of AuNPrs 259,260 , with the override mesh cell dimensions of 1 & 1 & 2 nm 3 . The dimensions of equilateral AuNPrs were 56, 78 and 112 nm in edge length and 25 nm in thickness. The complex dielectric constants of gold were taken from data in Johnson and Christy. 244 An overall simulation region of 1 & 1 &

Figure 6 . 1

 61 Figure 6.1 UV-Vis absorption spectra of the AuNPrs solutions of different edge lengths.

Figure 6 . 2

 62 Figure 6.2 Linear correlation between the average edge length of AuNPrs and the peak wavelength for maximal extinction ($ max ).

Figure 6 . 3

 63 Figure 6.3 (a) Shape of the domain used to model AuNPrs. (b) Electric field distribution of AuNPrs with an incident wavelength of 642 nm. (c) Absorption spectrum of AuNPrs simulated by FDTD. The thickness of AuNPrs is 25 nm and the edge length has been set as56, 78, 112 and 25 nm, respectively. 

Figure 6 .

 6 Figure 6.5 and Figure 6.6). Samples for TEM were prepared by dropping a gold colloidal solution onto a carbon-coated Cu grid, followed by slow evaporation of the solvent at room temperature. TEM images of AuNPrs provide the average edge length obtained by measuring and averaging edge lengths for about 100 particles.

Figure 6 . 4

 64 Figure 6.4 Representative TEM image of AuNPrs (a) with an average edge length of 56.6 ± 1.5 nm and (b) organized according to different orientations, then allowing for the

Figure 6 .

 6 Figure 6.4 (a) shows AuNPrs with an average edge length of 56.6 ± 1.5 nm, the analysis of vertically oriented nanoprisms in Figure 6.4 (b) results in an average thickness of !25 nm. This TEM result is in satisfactory agreement with simulation data based on calculations by Kevin et al. 272 and their comparison with spectroscopic results. The same average thickness of 25 nm was used to determine the volume of all AuNPrs.

Figure 6 . 5

 65 Figure 6.5 TEM images of AuNPrs with tunable edge length. The average edge length of each sample is (a) 47.5 ± 3.2 nm; (b) 66.1 ± 3.5 nm; (c) 78.1 ± 4.1 nm; (d)95.4 ± 5.8 nm and (e) 112.3 ± 6.4 nm. 

  also been obtained for particles displaying smoother corners, as shown in Figure6.6 below.

Figure 6 . 6

 66 Figure 6.6 TEM image of AuNPrs with smoother corners. The average edge length of each sample is (a) 30.3 ± 2.2 nm; (b) 52.5 ± 2.9 nm; (c) 68.7 ± 3.4 nm and (d) 80.4 ± 4.8 nm. The red arrows indicate vertically oriented AuNPrs. The white circles emphasize the diminished sharpness of nano-prism corners.

Figure 6 . 7

 67 Figure 6.7 (a) HLS values of the first hyperpolarizability (!) per AuNPr (red and blue triangles) and per Au nanosphere (green disks 19 ) in water solution as a function of the surface area of nanoparticles. (b) HLS values of the first hyperpolarizability (!') per Au atom in water solution as a function of the average edge length of AuNPrs. The black line is the leastsquare linear fit of ! (resp. !') with respect to surface area (resp. edge length).

Figure 6 . 8 ,

 68 a new plot of ! 0 with respect of surface area shows a linear behaviour with a remarkable correlation coefficient (0.997). Therefore, taking into account resonance effects does not change the conclusion of our work.

Figure 6 . 8

 68 Figure 6.8 HLS values of the static first hyperpolarizability (! 0 ) per AuNPr (red triangles) in water solution as a function of the surface area of nanoparticles. The black line is the leastsquare linear fit of ! 0 with respect to surface area.

  nonlinear response for AgNRs. The first hyperpolarizability ! values show the strong dependence on the average surface area of nanorods, both for AuNRs and AgNRs. As an important consequence of these surface effects, we have revisited the previously reported aspect ratio dependence of ! values for AuNRs, and evidenced the predominant influence of nanoparticle area over aspect ratio considerations. PtNFs were elaborated in aqueous solution using the seed-mediated growth method for six different diameters (!7.0; 8.0; 10.0; 14.0; 20.0 and 31.0 nm). We have shown for the first time that PtNFs display exceptionally strong first hyperpolarisabilities. Particle surface corrugation and shape irregularities are responsible for these exceptionally high ! values of PtNFs. The synthesis and NLO characterization of AuNPrs with controllable localized surface plasmon resonance were reported. Colloidal solutions of AuNPrs with various edge lengths, ranging from 47.5 to 112.3 nm, have been fabricated by an original, one-step and seedless synthesis method. From HLS experiments, for the first time, we demonstrate that hyperpolarizability (!) values of AuNPrs display not only a linear dependence with respect to the surface area, but are also sensitive to the sharpness of the triangle vertices. AuNPrs with smoother corners do not display hyperpolarizability values significantly higher than those of AuNSs, which clearly demonstrate once again the strong dependence of hyperpolarizabilities on the sharp tip of nanoprisms.

  photovoltaics and other energy conversion devices; better therapeutic and imaging agents; probes for single-molecule sensing of drugs, toxins, and environmental pollutants; and key components in energy transport and novel opto-electronic devices. NMNPs, with their red shifted LSPR to the near-infrared, where absorption, scattering, and fluorescence from endogenous biological chromophores are minimal, appear to be attractive for biological and medical application, as NLO probes, drug carriers and tumorous cell killer via hyperthermia.

  potassium niobate (KNbO 3 ), !" potassium dihydrogen phosphate (KH 2 PO 4 , KDP), #$ potassium titanyl phosphate (KTiOPO 4 , KTP),[START_REF] Edelstein | Broadly tunable high repetition rate femtosecond optical parametric oscillator[END_REF] barium titanate (BaTiO 3 ) 42 and zinc oxide (ZnO) #! . More recently, several typical borate derivatives, including #-BaB 2 O 4 (BBO), LiB 3 O 5 (LBO), 44 Sr 2 B 2 Be 2 O 7 (SBBO), 45 BiB 3 O 6 (BiBO) 46 and the latest Ca 4 LnO(BO 3 )

3 

(CLnOB, where Ln = Gd, La, Y) #% with different chemical bonding structures of boron atoms are investigated as promising NLO crystals. The family of the various borate crystals thus plays a very important role in the field of nonlinear optics.

[START_REF] Xue | Nonlinear optical properties of borate crystals[END_REF] 

25 3.2. Experimental 3.2.1. Materials

  

	Tetrachloroauric (III) acid trihydrate (HAuCl 4 .3H 2 O), ascorbic acid (C 6 H 8 O 6 ), tri-sodium
	citrate (C 6 H 5 Na 3 O 7 .2H 2 O), silver nitrate (AgNO 3 , 99%), sodium borohydride (NaBH 4 ,
	99.99%), hexadecyltrimethylammonium bromide (CTAB, C 19 H 42 BrN 99%), oxalic acid
	(H 2 C 2 O 4 , 99%), Poly(vinylpyrrolidone) (PVP; 40 000 g mol -1 ), Poly(vinylalcohol) (PVA; 40
	000 g mol -1

and characterized dry AgNSs which display interesting nonlinear optical (NLO) responses in the solid state. AgNSs were produced by two methods. Firstly, AgNSs in aqueous solution were synthesized by reduction of silver nitrate with NaBH 4 in protective solutions (PVA, PVP). Secondly, powdery-AgNSs were fabricated by thermal decomposition of silver oxalate, this method allowing the fabrication of highly pure AgNSs without requiring the addition of protective or reducing agents. The resulting nanoparticles were characterized by a Kurtz and Perry Powder Test using a set-up similar to Harmonic Light Scattering (HLS).

Table 3 .

 3 

	Sample	PVA (mg)	AgNO 3 0.1 M (ml)	NaBH 4 0.1 M (ml)	n AgNO 3 / n NaBH 4 Wavelength $ max (nm)	Absorbance
	AgPVA 1.1	20	0.1	0.1	1	394	1.37
	AgPVA 1.2	20	0.1	0.2	1/2	395	1.60
	AgPVA 1.3	20	0.1	0.3	1/3	398	1.74
	AgPVA 1.4	20	0.1	0.4	1/4	400	1.59
	AgPVA 1.5	20	0.1	0.5	1/5	398	1.55
	AgPVA 1.6	20	0.1	1	1/10	395	1.48

1 UV-Visible data for silver colloidal solutions with protective agent PVA.

Table 3 .

 3 

	Sample	PVP (mg)	AgNO 3 0.1 M (ml)	NaBH 4 0.1 M (ml)	n AgNO 3 / n NaBH 4	Wavelength $ max (nm)	Absorbance
	AgPVP 1.1	20	0.1	0.1	1	398	1.50
	AgPVP 1.2	20	0.1	0.2	1/2	399	1.65
	AgPVP 1.3	20	0.1	0.3	1/3	399	1.44
	AgPVP 1.4	20	0.1	0.4	1/4	398	1.37
	AgPVP 1.5	20	0.1	0.5	1/5	397	1.24
	AgPVP 1.6	20	0.1	1	1/10	417	0.84
	AgPVP 2.1	10	0.1	0.2	1/2	396	1.64
	AgPVP 2.2	20	0.1	0.2	1/2	399	1.65
	AgPVP 2.3	30	0.1	0.2	1/2	400	1.75
	AgPVP 2.4	40	0.1	0.2	1/2	400	1.67
	AgPVP 2.5	50	0.1	0.2	1/2	401	1.65
	AgPVP 2.6	100	0.1	0.2	1/2	399	1.59

2 Synthesis conditions and UV-Visible results for silver colloidal solutions with protective agent PVP.

Table 3 .

 3 

	Sample	PVA (mg)	PVP (mg)	AgNO 3 0.1 M (mL)	NaBH 4 0.1 M (mL)		
	AgPVA	20		0.1	0.2	1/2	395	1.60
	AgPVP		30	0.1	0.2	1/2	400	1.75

4 Silver colloidal solutions: optimized synthesis process

Figure 3.4 UV-Vis Absorption spectra of AgNSs synthesized in the optimized conditions n AgNO 3 / n NaBH 4 Wavelength $ max (nm) Absorbance

Table 3 . 5

 35 The stability of the silver colloidal solutions

	Sample	Time	Wavelength $ max (nm)	Absorbance
	AgPVA	0	395	1.60
	AgPVA	1 week	396	1.59
	AgPVA	2 weeks	396	1.59
	AgPVA	4 weeks	396	1.55
	AgPVA	6 months	396	1.44
	AgPVP	0	400	1.75
	AgPVP	1 week	400	1.67
	AgPVP	2 weeks	400	1.64
	AgPVP	4 weeks	400	1.57

Table 3 .

 3 

	Sample	Diameter (nm)	Surface area (nm 2 )	Volume (nm 3 )	NAu per particle	Particle conc.	! per particle (!) (10 -26 ) esu	! per atom (!') (10 -30 ) esu	!R (10 -20 ) esu
	AuNS 1	3.0 ± 0.5	30	15	800 8.80E-08	0.4	130	1
	AuNS 2	11.6 ± 1.0	420	820	48000 3.04E-09	3.4	160	0.56
	AuNS 3	15.8 ± 1.1	780	2100	120000 9.06E-10	6.5	190	0.57
	AuNS 4	17.4 ± 1.5	950	2800	160000 9.02E-10	8.3	210	0.61
	AuNS 5	20.0 ± 1.2	1300	4200	240000 5.94E-10	13	270	0.72
	AuNS 6	43.0 ± 2.5	5800	42000	2400000 4.01E-11	58	370	0.69
	AuNS 7 *	80.0 ± 3.0	20100	270000	16000000 1.28E-12	260	660	0.9
	* Purchased from Sigma-Aldrich							

6 

The first hyperpolarizability of Au per atom (!') and per particle (!). The relative experimental error on ! is ± 15%, mainly due to the uncertainly from HLS measurements in water, the signal/noise ratio for the SHG signal being much lower in this case than for AuNSs solutions.

  at 820 nm using 80 fs pulses. This strong difference can be explained by several factors. First, ! H 2 O value used in our experiments is 0.055 $ 10 -30 esu while ! H 2 O used by Johnson et al. is 0.56 $ 10 -30 esu. As a consequence, !' values reported by Johnson should be renormalized according to our work ! H 2 O

Table 3 . 8

 38 Comparison between the previously observed ! values of Ag per particle/atom and our AgNSs sample, normalized using ! H 2 O = 0.055 !10 "30 esu as reference.

	Sample	Diameter (nm)	Volume (nm 3 )	N Ag per particle	Particle Concentration (M.L -1 )	# per particle (#) (10 -26 ) esu	# per Ag atom (#') (10 -30 ) esu
	AgPVA	10.1	540	31000	4.0E-9	1.6	89
	AgPVP	11.4	780	45000	2.8E-9	1.8	85

Table 4

 4 

	.1 and Figure 4.1 for

Table 4 .

 4 1 UV-Vis maximum absorption wavelengths $ 1 and $ 2 of the AuNRs solutions. L is the length and W the diameter of the rods.

Table 4 .

 4 For silver nanorods, spectral data are displayed on Table4.2 and Figure4.2 below: 2 UV-Vis maximum absorption wavelength $ 1 and $ 2 of the AgNRs solutions.

	9,230,231

Table 4 .

 4 

	Sample	Diameter (nm)	Surface area (nm 2 )	Volume (nm 3 )	NAu per particle	Particle conc.	! per particle (!) (10 -26 ) esu	! per atom (!') (10 -30 ) esu
	AuNS 5	20.0 ± 1.2 / AR = 1.0	1300	4200	240000 5.94E-10	13	270
	AuNR 1	20.6 ± 2.1 (L) -14.0 ± 1.3 (W) AR = 1.47 ± 0.34	1200	3200	190000 3.11E-09	6.6	150
	AuNR 2	20.4 ± 2.5 (L) -12.5 ± 1.2 (W) AR = 1.63 ± 0.36	1050	2500	150000 1.99E-09	4.7	120
	AuNR 3	20.4 ± 2.0 (L) -8.9 ± 0.9 (W) AR = 2.30 ± 0.46	700	1300	73000 3.96E-09	2.9	110
	* Purchased from Sigma-Aldrich						

3 

The first hyperpolarizability of Au per atom (!') and per particle (!) for AuNRs. L is the length and W the diameter of the rods. The relative experimental error on ! is ± 15%, mainly due to the uncertainly from HLS measurements in water.

Table 4 . 4

 44 The first hyperpolarizability of Ag per atom (!') and per particle (!). The relative experimental error on ! is ± 15%, mainly due to the uncertainly from HLS measurements in water, the signal/noise ratio for the SHG signal being much lower in this case than for AgNR solutions.

	Sample	AR (length/width)	Volume (nm 3 )	N Ag per particle (&10 3 )	Particle conc.	! per particle (!) ($10 -26 ) esu	! per atom (!') ($10 -30 ) esu	Surface area (nm 2 )
	AgNR 1	5.0 ± 1.9	250	15	2.14E-08	1.4	116	280
	AgNR 2	6.3 ± 2.0	340	20	1.39E-08	1.9	136	360
	AgNR 3	7.5 ± 2.8	440	26	9.32E-09	2.4	150	440
	AgNR 4	8.2 ± 2.5	550	32	6.18E-09	2.8	158	530
	AgNR 5	9.7 ± 3.6	1010	60	2.67E-09	4.5	182	840

  Pt nanoparticle synthesis is based on the standard reactions. Pt + 6Cl ! + 2C 6 H 6 O 6 + 4H +

	5.2.1. Materials	
	Hexachloroplatinic acid (H 2 PtCl 6 .6H 2 O), ascorbic acid (C 6 H 8 O 6 ) and tri-sodium citrate (TSC,
	C 6 H 5 Na 3 O 7 .2H 2 O) were purchased from Sigma-Aldrich. The solutions were prepared using
	ultra-pure water from a Millipore system (18 M% cm-1) throughout the experiment. All
	aqueous samples are at a neutral pH = 7.
	5.2.2. Synthesis of PtNFs	
	Principle. PtCl 6 2! + 2C 6 H 8 O 6	100 " # °C ""

Table 5 . 1

 51 First hyperpolarizability (!) values of Pt per atom and per particle. The relative experimental error on ! is ± 15%, mainly due to the uncertainly from HLS measurements in water, the signal/noise ratio for the SHG signal being much lower in this case than for PtNFs solutions.Remarkably high ! values of PtNFs are measured and presented in Table5.1. When comparing ! values of PtNFs to the results of gold nanospheres (AuNSs) obtained by Galletto

	Sample	Diameter (nm)	Volume (nm 3 )	N Pt per particle ($ 10 3 )	Particle concentration	! per particle (!) ($ 10 -26 esu)	! per Pt atom (!') ($ 10 -30 esu)	Surface area (nm 2 )
	PtNF 1	7.0	180	12	1.63E-08	2.8	260	150
	PtNF 2	8.0	270	18	1.09E-08	3.8	280	200
	PtNF 3	10.0	520	34	5.60E-09	5.7	310	310
	PtNF 4	14.0	1400	95	2.04E-09	11.3	370	620
	PtNF 5	20.0	4200	280	3.48E-10	23.5	450	1300
	PtNF 6	31.0	15600	1026	3.12E-11	61.0	600	3000
	et al. 13 , for particles with the same diameter range (4.9-22.0 nm), our results for PtNFs (from
	2.8 to 23.5 $ 10 -26 esu) are higher than the values of AuNSs obtained in the literature (from
	0.6 to 16.6 $ 10 -26 esu). While ! values are actually measured per nanoparticle, for
	comparison between PtNFs of various sizes, it is interesting to study the !' values
	(hyperpolarizability per Pt atom) which are given by eqn (2.8).		
	The ! values per particle increase with the surface area of PtNFs (from 2.8 to 61.0 $ 10 -26
	esu), !' increasing with nanoflower diameter (from 260 to 600 $ 10 -30 esu), in a 7.0 to 31.0
	nm diameter range. In Figure 5.6a, these results emphasize the strong dependence of the first
	hyperpolarisability (!) of the platinum colloids on the average surface area of nanoflower. A
	linear dependence of ! per particle with respect to the surface area of PtNFs is observed,
	indicating a local, dipolar-type response arising from surface effects, as proposed in previous
	papers. 15						

Table 5 . 2

 52 in AuNSs, using their reported ! values per nanoparticle corrected (i) from correct ! H 2 O values (0.055 instead of 0.56 & 10 -30 esu)[START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF] and (ii) using eqn (2.8) (see Figure5.6 and Table5.2). The recalculated ! and !' values inferred from data by Galletto et al.[START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF] in AuNSs using their reported ! values per nanoparticle corrected (i) from correct ! H2O values (0.055 instead of 0.56

Table 5 . 3

 53 Comparison between previously observed ! values of Ag, Au and Pt NFs (this work) per particle/atom at 1064nm. We have calculated the HLS intensities expected at 1064nm from the Agarwal-Jha theory 70 applied to Au, Ag and Pt nanospheres, using the optical constants provided by Palik 256 , in order to confirm the prediction made by Johnson et al. 23 at 820 nm.

	Metal Ref.	Ag 18	Ag 23	Au 13	Au 13	Pt	Pt
	Diameter (nm)	10	20	8.6	22	10	20
	Number of atoms per NPs ($ 10 3 )	32	248	20	330	34	280
	! per particle (!) ($ 10 -26 esu)	1.58	7.0	2.0	16.6	5.7	23.5
	! per atom (!') ($ 10 -30 esu)	90	135	143	291	310	450

6.2. Materials and methods 6.2.1. Materials

  

Tetrachloroauric(III) acid trihydrate (HAuCl 4 .3H 2 O), L-Ascorbic acid (C 6 H 8 O 6 , 99%), hexadecyltrimethylammonium chloride (CTAC, 98%), sodium hydroxide (NaOH, ' 98%)

Table 6 .

 6 1 UV-Vis maximum absorption wavelength $ max of AuNPrs solution.

  The maximum absorption wavelength ($ max ) increases linearly with edge length for particles of the same thickness (Figure6.2), as already reported in a different context.272 This linear dependence shows a remarkable correlation coefficient (0.98). Based on the calculation results of Kevin et al.272 , the average thicknesses of AuNPrs were guessed to be about 25 nm.

	Sample	$ max (nm)	Edge length (nm)
	AuNPr 1	627	47.5 ± 3.2
	AuNPr 2	642	56.6 ± 1.5
	AuNPr 3	649	66.1 ± 3.5
	AuNPr 4	660	78.1 ± 4.1
	AuNPr 5	674	95.4 ± 5.8
	AuNPr 6	684	112.3 ± 6.4

Table 6 . 2

 62 The first hyperpolarizability of Au per atom (!') and per particle (!). The relative experimental error on ! is ± 15%, mainly due to the uncertainly from HLS measurements in water, the signal/noise ratio for the SHG signal being much lower in this case than for AuNPrs solutions.

	Sample	Edge length (nm)	Volume (nm 3 )	N Au per particle ($ 10 3 )	Particle concentration	! per particle (!) ($ 10 -26 esu)	! per atom (!') ($ 10 -30 esu)	Surface area (nm 2 )
	AuNPr 1	47.5 ± 3.2	24400	1440	6.78E-12	177	1470	5520
	AuNPr 2	56.6 ± 1.5	34700	2050	4.78E-12	246	1720	7020
	AuNPr 3	66.1 ± 3.5	47300	2800	3.50E-12	311	1860	8740
	AuNPr 4	78.1 ± 4.1	66000	3910	1.25E-12	421	2130	11140
	AuNPr 5	95.4 ± 5.8	98500	5830	8.41E-13	611	2530	15040
	AuNPr 6	112.3 ± 6.4	136500	8080	6.07E-13	759	2670	19340

Table 6 . 3

 63 The first hyperpolarizability of Au per atom (!') and per particle (!) for AuNPrs with smooth corners. The relative experimental error on ! is ± 15%, mainly due to the uncertainly from HLS measurements in water, the signal/noise ratio for the SHG signal being much lower in this case than for AuNPrs solutions.

	Sample	Edge length (nm)	Volume (nm 3 )	N Au per particle ($ 10 3 )	Particle concentration	! per particle (!) ($ 10 -26 esu)	! per atom (!') ($ 10 -30 esu)	Surface area (nm 2 )
	AuNPr 7	30.3 ± 2.2	9940	590	1.67E-11	12	158	3070
	AuNPr 8	52.5 ± 2.9	29840	1770	5.55E-12	40	297	6320
	AuNPr 9	68.7 ± 3.4	51090	3020	3.24E-12	66	377	9240
	AuNPr 10	80.4 ± 4.8	69980	4140	1.18E-12	95	465	11630

  The new, simple, low cost and facile methods are being developed for the preparation of NMNPs with more special geometries such as nanostars, nanocubes, nanorice, etc. Anisotropic features in nonspherical nanoparticles make them ideal candidates for enhanced chemical, catalytic, and local field related applications. Looking further to future potential applications, one can expect that the NMNPs of controlled morphologies will find applications as in vivo force sensors; morphological seeds for aligned block copolymer/ inorganic nanocomposites with anisotropic properties; smart catalysts (for fuel cells, waste treatment, bioprocessing, etc.); enhancers in
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Chapter 3

Metallic nanospheres: from colloids to dry nanoparticles

Introduction

Noble metal nanoparticles (NMNPs) such as gold and silver have been the focus of many investigations for potential applications in optoelectronic and biophotonic devices. [220][221][222][223][224][225][226][227] Various approaches to synthesis of NMNPs have been reported such as chemical reduction, UV photolysis, gamma irradiation, metal vapor deposition, laser ablation, sputtering... Among these, chemical reduction is the most extensively investigated synthesis method.

The size and shape of NMNPs affect significantly their physical and chemical properties, especially their linear and nonlinear optical response. Many investigations have been focused on controlling the size and shape of NMNPs, with various synthesis conditions and methods for nanospheres, 228,229 nanorods, 230-235 nanostars, 236,237 nanoflowers 238 and so on.

There exists several reports of SHG from gold and silver nanospheres (AuNSs and AgNSs), possibly the earliest reports for metallic nanoparticles. [START_REF] Singh | Second Harmonic Response of Gold Nanorods: A Strong Enhancement with the Aspect Ratio[END_REF][START_REF] El Harfouch | Hyper-Rayleigh Scattering from Gold Nanorods[END_REF][START_REF] Johnson | Nonlinear surface-enhanced spectroscopy of silver colloids and pyridine: hyper-Raman and second-harmonic scattering[END_REF][START_REF] Johnson | Hyper-Rayleigh scattering studies of silver, copper, and platinum nanoparticle suspensions[END_REF] A large number of data concerning hyperpolarizability values of NMNPs data is currently available, experiments being performed at various fundamental wavelengths $ and for a wide choice of particle sizes.

For similar types of metallic nanoparticles, the reported ! values may vary by at least one order of magnitude depending on the authors, not only due to different measurements conditions, but also to discrepancies of hyperpolarizability values of the reference solvent (usually water) as discussed in the previous chapter.

The increasing ! and !' value for AuNSs (from 0.4 to 260 $ 10 -26 esu and from 130 to 660 $ 10 -30 esu, respectively) corresponds to the rise in nanoparticle diameter from 3.0 to 80.0 nm.

The ! values of AuNSs are consistent with those reported by Galletto et al. [START_REF] Galletto | Size dependence of the surface plasmon enhanced second harmonic response of gold colloids: towards a new calibration method[END_REF] who published values ranging from 0.6 to 16.6 $ 10 -26 esu for a particle diameter range of 4.9-22.0 nm, but at the same fundamental wavelength, after corrections of ! value of water.

When further comparing our ! and !' values to the results obtained by K. Das et al. [START_REF] Das | Hyper-Rayleigh scattering from gold nanoparticles: Effect of size and shape[END_REF] and El Harfouch et al. 242 (800 nm, 150 fs; 784 nm, 150 fs; respectively), for particles with the same size (!20 nm), our results (13.0 $ 10 -26 esu) are significantly higher than the values obtained by these authors (3.8 $ 10 -26 esu; 2.7 $ 10 -26 esu; respectively). It must be pointedout that our HLS measurements are performed in a strongly resonant regime, the second harmonic wavelength at 532 nm being very close to that of the AuNSs plasmon resonance.

On the contrary, measurements reported in ref. [START_REF] Das | Hyper-Rayleigh scattering from gold nanoparticles: Effect of size and shape[END_REF]242 , performed around 800 nm, are much less resonant, the second harmonic wavelength at 400 nm being significantly different from that of the gold plasmon resonance, resulting in smaller ! values. 

Conclusions and Perspectives

This thesis has been focused on the synthesis and investigation of nonlinear optical (NLO) properties of noble metal nanoparticles (NMNPs) of various sizes and shapes such as powdery-silver nanospheres, gold and silver nanospheres (AuNSs and AgNSs); towards more specific geometries such as gold and silver nanorods (AuNRs and AgNRs), platinum nanoflowers (PtNFs) and gold nanotriangles or nanoprisms (AuNPrs). The second harmonic The synthesis of colloidal AuNSs with different size, i.e. AuNSs (diameters 3.0; 11.6; 15.8; 17.4; 20.0 and 43 nm), which were controlled by varying the protective agent, the reductive agent and by using the seed-mediated method. Colloidal AgNSs (diameters !10.0 nm) were produced by a simple and quick chemical reduction method using different protective agents (PVA, PVP). For metallic nanospheres, we found that their ! values are governed by a purely local, dipolar contribution, as confirmed by their surface area dependence. The hyperpolarizability values of AuNSs are higher than those of AgNSs at 1.06 #m due to strong plasmon resonance effects for gold nanoparticles at this wavelength. These values are consistent with the data from the previous literature. Additionally, AgNSs proved to be strong nonlinear scatterers, independent on the nature of the stabilizing agents.

Powdery-AgNSs (diameters !7.0 nm) have been synthesized by thermal decomposition of silver oxalate. The powder shows excellent nonlinear emission, as