First, I would like to express my sincere gratitude to my supervisors. Dr Safi Jradi for his unlimited contributions, for all the guidance and support he offered in my PhD work and for all the scientific discussions we had which highly enhanced my knowledge. As well as I can't ignore Prof Fawaz ELomar and Prof Joumana Toufaily's help from the first day of my PhD.

I would like also to thank my committee members, Prof Renaud Bachelot, Prof Serge Ravaine, Prof Kamil Rahme and Dr Jean-Sebastien Girardon for accepting the task of evaluating my work, and their attention to details and insightful comments that have truly enriched my thesis.

I owe my deepest gratitude to Dr Irene Izquierdo-Lorenzo, her enthusiasm and continual supports are strongly reflected in my performance. She provided incredible support to me with her valuable advice and great focus on obtaining the highest level of education linked with unique qualification, expertise, and dexterity.

Sincere thanks to our lab engineers Sergei Kostcheev, Jeremie Beal, and Regis Deturche for their technical support and training sessions. I would also like to thank all my colleagues and members of L2n laboratory for providing a friendly and productive working environment.

Special thanks to all my Lebanese friends for all the fun we have had in Troyes and for their help and support. I was lucky to have you around, and you made it feel more like home.

Firstly and finally, none of this could have happened without my family. I am significantly indebted to my parents and to my brothers and sisters for supporting me emotionally and spiritually throughout this thesis and my life in general. I strongly offer my whole family the utmost appreciation for the loving and support that I have received.

Dedication

To My Great Family 

List of Abbreviations

General Introduction

By his famous lectures titled "There's Plenty of Room at the Bottom" at California Institute of Technology, in the Annual Meeting of the American Physical Society on 29 December 1959, Richard P. Feynman invites the researchers to explore the Nano world [START_REF] Feynman | There's plenty of room at the bottom[END_REF]. Now, the attention towards this area continues to increase and the world enters the era of nanotechnology that has a profound effect on the economy and society; it pushes scientists and researchers to move forward in fabricating micro and nanomaterials for many applications.

Nanotechnology literally means any technology performed at the nanoscale that has any applications in the real world. It refers to the production, manipulation and use of materials at the scale of 100 nanometers or less [START_REF] Bhushan | Introduction to Nanotechnology[END_REF]. Materials at these scales show unique physical, chemical and biological properties that differ from their larger counterparts and can be used in different kinds of optical, electrical, thermal, magnetic, catalysis applications, etc. [START_REF] Tian | Application of nanomaterials in sample preparation[END_REF].

In this context, the ability to pattern Nanoparticles (NPs) in a precise manner with capacity to control their size, dimensions and surface density; In particular, metallic Nanoparticles (MNPs); will provide an enhanced physical properties that are useful in bio/chemical sensing [START_REF] Khanafer | Silver Nanoparticle Rings of Controllable Size: Multi-Wavelength SERS Response and High Enhancement of Three Pyridine Derivatives[END_REF], optical and metamaterial applications [START_REF] Thiel | Polarization Stop Bands in Chiral Polymeric Three-Dimensional Photonic Crystals[END_REF], [START_REF] Gansel | Gold Helix Photonic Metamaterial as Broadband Circular Polarizer[END_REF] & [START_REF] Hill | Photosensitivity in optical fiber waveguides: Application to reflection filter fabrication[END_REF] and integrated plasmonics [START_REF] Solis | Turning the Corner: Efficient Energy Transfer in Bent Plasmonic Nanoparticle Chain Waveguides[END_REF]. Many strategies are available in order to pattern NPs depending on a variety of alternative methods of top-down and bottom-up techniques. Top-down techniques of fabrication provide the ability to build patterns. Whereas bottom-up techniques can make large quantities of nanostructures, but without pattern or regularity to their arrangement. Combining these two techniques provides a strategy that makes possible the patterning of nanostructures made by bottom-up synthesis by using patterns produced by top-down fabrication to guide the ordering of nanostructures made by bottom-up methods [START_REF] Whitesides | Self-Assembly and Nanostructured Materials[END_REF].

In this PhD work, we were aiming to develop new strategy of patterning NPs depending on both methods: top-down and bottom-up. The objective is to fabricate functionalized polymer microstructures that can pull NPs towards the polymer surface and thus allow their organization. Patterning precise and multiple dimensions of NPs getting us to use two-photon Lithography that enables the creation of polymer microstructures with any geometry by focusing a femtosecond laser to a photopolymer promoting the localized polymerization in the laser focal region. On the other hand, pre-functionalization of the monomer by organic molecules can make the polymer template an attractive host for NPs and thus their organization in 1D or 2D or 3D depending on the template geometry.

This thesis manuscript is organized in five chapters. The first summarizes the main strategies of linear and multiple patterning of NPs, shows the principle of two-photon Lithography and introduces the originality of our new strategy with some parametric studies to demonstrate the potential of our approach in immobilizing NPs and to highlight on the capability to overcome current limitations associated with NPs patterning. The second chapter focuses on the mechanism between (1) monomer and functional organic molecules depending on

Michael addition reaction from one side and between (2) NPs and the functionalized polymer templates based on well-known physical and chemical interactions on the other side. After several experiments and characterizations, the proposed mechanism was demonstrated which reveals the versatility of our new strategy to incorporate NPs of different nature and sizes to be immobilized on the polymer surface.

In the third chapter, the fabricated samples are used to perform some applications particularly in surface enhanced Raman spectroscopy (SERS) as SERS substrates since MNPs especially gold NPs show interesting optical properties in the visible region due to their localized surface plasmon resonance (LSPR). The fourth chapter involves general conclusion to summarize the results of this work, as well as offering perspectives concerning this general strategy. The last chapter is devoted to the French summary of the thesis.

Chapter I: Patterning NPs on polymer surface

Introduction

The precise organization of discrete Nanoparticles (NPs) in multiple dimensions and on continuous length scales would lead for the formation of collective properties [START_REF] Guerrero-Martínez | Molecular Thinking for Nanoplasmonic Design[END_REF], [START_REF] Hamon | Hierarchical Assembly of Plasmonic Nanoparticles[END_REF] that differ from those of individual particles providing astronomical potential to many applications especially in plasmonics [START_REF] Solis | Turning the Corner: Efficient Energy Transfer in Bent Plasmonic Nanoparticle Chain Waveguides[END_REF], photonics [START_REF] Li | Easy preparation and characterization of highly fluorescent polymer composite microspheres from aqueous CdTe nanocrystals[END_REF], [START_REF] Kubo | Metal-Coated Colloidal Crystal Film as Surface-Enhanced Raman Scattering Substrate[END_REF], catalysis [START_REF] Chehadi | Plasmonic enhanced photocatalytic activity of semiconductors for the degradation of organic pollutants under visible light[END_REF], electronics [START_REF] Lee | Direct Metallization of Gold Nanoparticles on a Polystyrene Bead Surface using Cationic Gold Ligands[END_REF] and biotechnology [START_REF] Hirsch | Metal Nanoshells[END_REF]. Typically, Metallic Nanoparticles (MNPs) are attracting much attention for future optical properties due to their localized surface plasmon resonance LSPR [START_REF] Aroca | Surface enhanced vibrational spectroscopy[END_REF] that has a promising potential application in sensing and specialy using the Surface Enhanced Raman Spectroscopy (SERS) [START_REF] Akil-Jradi | Micro/nanoporous polymer chips as templates for highly sensitive SERS sensors[END_REF]- [START_REF] Shamsaie | Intracellular quantification by surface enhanced Raman spectroscopy[END_REF].

Notably, patterning of these NPs is challenging but is highly desirable for the above applications. Many considerable efforts have been put forth to have precise and controllable 1D, 2D and 3D positioning of NPs on substrate surface [START_REF] Mikrajuddin | Single Route for Producing Organized Metallic Domes, Dots, and Pores by Colloidal Templating and Over-Sputtering[END_REF], [START_REF] Cui | Integration of Colloidal Nanocrystals into Lithographically Patterned Devices[END_REF], depending on a variety of alternative methods of top-down and bottom-up techniques [START_REF] Gates | New Approaches to Nanofabrication: Molding, Printing, and Other Techniques[END_REF], that will be explained briefly below.

In this chapter, we will start by providing a brief overview of the main strategies of linear and multiple assemblies of NPs. Furthermore, we will demonstrate the potential of our new strategy of NPs immobilization with critical parametric studies and highlight on the capability to overcome current limitations associated with NPs patterning.

Overview of NPs patterning

During the last years, number of different methods has been used to pattern NPs in an organized way for their unique and tremendous potential applications. Herein, we will review briefly the main strategies of patterning NPs.

Confined space-mediated fluid drying strategy

Combining top-down and bottom-up techniques Bin Su et al. [START_REF] Su | A General Strategy for Assembling Nanoparticles in One Dimension[END_REF] showed a confined space mediated fluid drying strategy to align NPs in one direction, using a sandwich-shaped assembly system which requires very controllable conditions to generate 1D NP linear assemblies. In this strategy, the NP solution was confined between a chosen flat substrate and a pillarstructured silicon template, yielding in a sandwich-shaped assembly system. Owing to superhydrophilicity of the surface arising from the combination of textured structure and silicon nature, the NP suspension fully filled in the pillar gaps. The top-down pillar arrays serve as wetting defects when the solvent starts to evaporate. This in turn controls the rupture of NP solution forming micrometer-scale liquid bridges between the micro-pillars. Thus, linear assemblies of NPs can be formed (see Figure 1). [START_REF] Su | A General Strategy for Assembling Nanoparticles in One Dimension[END_REF].

Figure 1 NP suspension dropped onto the a spindle-pillar-structured silicon substrate and covered by a flat substrate (A) forming a sandwich-shaped assembly model (B); Controllable rapture of the liquid films lead to confined NP assembly (C); 1D assembly arrays of NPs after the removal of the pillar template by physical peeling (D).SEM image of silver nanoparticles 1D assembly (E). (F) Magnified image of (E). AFM investigation of the cross-sectional profile of one silver NP 1D assembly (G). Schematic illustration of silver NP linear assembly (H)

Colloidal nanoparticles patterning on substrates using focused electron beam

Depending on lithography techniques, Takahiro Noriki et al. [START_REF] Noriki | Patterning technique for gold nanoparticles on substrates using a focused electron beam[END_REF] have been used focused electron beam (EB) irradiation on substrates that contains two-dimensional arrangement of gold NPs. These NPs, that have amine groups on their surfaces, are attached by chemical methods on the substrate according to amino-epoxy [START_REF] Okamoto | Local plasmon sensor with gold colloid monolayers deposited upon glass substrates[END_REF]- [START_REF] Jia | Poly(N-isopropylacrylamide) Brush Fabricated by Surface-Initiated Photopolymerization and its Response to Temperature[END_REF] or amino-undecanethiol methods [START_REF] Yamaguchi | Phase of the electric field localized at surface-immobilized gold nanospheres determined by secondharmonic interferometry[END_REF]. After that, local EB irradiation was performed in order to immobilize the desired NPs. Patterns were produced after removing the unfixed NPs by rinsing the sample in water during ultra-sonication with a commercially available surface-active agent for the amineepoxy method, and in an amino-1-undecanethiol with an ethanolic solution for aminoundecanethiol method (see Figure 2). [START_REF] Noriki | Patterning technique for gold nanoparticles on substrates using a focused electron beam[END_REF].

Figure 2 Schematic illustration (A) showing: two-dimensional array of gold nanoparticles on a substrate (i); Irradiation of selected nanoparticles with the electron beam to fix these particles on the substrate (ii); Creating an array of nanoparticles after washing away the unfixed particles (iii). SEM images of 2D rectangular (B) and linear (C) immobilization of GNPs

This nanoparticle immobilization was attributed to the existence of amorphous carbon or diamond-like carbon on the specimen in the area of electron beam irradiation as shown in the transmission electron microscope (TEM) image in Figure 3. In this paper, they suggest that electron beam irradiation decomposes organic molecules formed on the surfaces of the substrate and the nanoparticles, leading to the formation of the amorphous substance in the gap between the substrate and the particle and on the particle. This amorphous carbon is considered to fix the particles onto the substrate.

Figure 3 TEM image of the amorphous substance formed around / between the particle and the substrate (A); Schematic illustration of the suggested immobilization mechanism (B) [START_REF] Noriki | Patterning technique for gold nanoparticles on substrates using a focused electron beam[END_REF].

However, by using this method, aggregations on patterns of large scales and unclean substrate surfaces form a big problem due to the difficulty in removing the unfixed NPs, which are chemically attached to the surface, and thus random positions on the substrate surface will be formed.

Convective assisted capillary force assembly method (CA-CFA)

Relying on the convective assisted capillary force assembly technique (CA-CFA) and Electron beam Lithography (EBL), Till Jägeler-Hoheisel et al. [START_REF] Jägeler-Hoheisel | Plasmonic Shaping in Gold Nanoparticle Three-Dimensional Assemblies[END_REF] developed a new method to obtain 3D gold superstructures. In this method, patterns are created by EBL in a spin coated polymethylmethacrylate (PMMA) layer on a glass slide substrate covered with a thin layer of indium tin oxide (ITO). Then gold colloids are deposited on the top of the patterned substrate and the NPs are pushed into the cavities by the capillary forces, this step requires very controllable conditions of the evaporation rate. After the complete assembly inside the cavities, the PMMA layer is lifted-off in acetone and 3D superstructures are obtained (see Figure 4). [START_REF] Jägeler-Hoheisel | Plasmonic Shaping in Gold Nanoparticle Three-Dimensional Assemblies[END_REF] .

Hybrid polymer nanoassemblies via polymer nanosheets

The fabrication of hybrid polymer nanoassemblies possessing polymer nanosheets and metal NP arrays are based on a bottom-up approach with ultrathin polymer Langmuir-Blodgett (LB) films (polymer nanosheets) and metal nanoparticles [START_REF] Mitsuishi | Hybrid Polymer Nanoassemblies: Polymer Nanosheets Organized with Metal Nanoparticle Arrays for Surface Plasmon Photonics[END_REF]. LB films are built up from condensed monolayers on a water-air interface by multiple depositions onto a solid support.

The thickness of the LB film is controlled by the size of the compound used to form the monolayer and the number of layers deposited [START_REF] Miyashita | Recent studies on functional ultrathin polymer films prepared by the Langmuir-Blodgett technique[END_REF].

In this strategy cationic polymer nanosheets of amphiphilic copolymers containing a Poly-(Ndodecylacrylamide) (pDDA) /4-vinyl pyridine (VPy) or (N-2-(2-(2-aminoethoxy)ethoxy) ethylacrylamide) (DADOO) group are transferred onto solid substrates, which then are immersed in metal nanoparticle aqueous solution, rinsed in distilled water and dried with nitrogen gas (see Figure 5).

Using this method, monodispersed film of metal NPs were obtained after the immersion of the substrates coated with the cationic polymer nanosheets in negatively charged citrated metal NP aqueous solution through electrostatic interaction (see Figure 6).

Figure [START_REF] Thiel | Polarization Stop Bands in Chiral Polymeric Three-Dimensional Photonic Crystals[END_REF] Chemical structure of cationic polymer nanosheets and schematic illustration of the preparation process of hybrid polymer nanoassemblies [START_REF] Mitsuishi | Hybrid Polymer Nanoassemblies: Polymer Nanosheets Organized with Metal Nanoparticle Arrays for Surface Plasmon Photonics[END_REF].

Figure 6 SEM images of gold nanoparticle arrays immobilized on two-layer p(DDA/VPy) nanosheets [START_REF] Mitsuishi | Hybrid Polymer Nanoassemblies: Polymer Nanosheets Organized with Metal Nanoparticle Arrays for Surface Plasmon Photonics[END_REF].

Atomic Force Microscopy (AFM) nanooxidation and chemical assembling techniques

The fabrication of one-dimensional arrays of gold nanoparticles on silicon by the combined use of AFM-based nanooxidation and colloid chemistry, was done following Sugimura's approach, who employed ultrahigh-resolution AFM to locally oxidize the silicon surface and to perform spatially selective deposition of gold nanoparticles via specific chemical interaction [START_REF] And | Nanoscopic Surface Architecture Based on Scanning Probe Electrochemistry and Molecular Self-Assembly[END_REF].

In this technique, AFM was used to draw oxide lines by localized oxidation of silicon surface coated with octadecyltrichlorosilane (OTS) monolayer. After that, the oxidized regions were modified with an aminopropyltriethoxylsilane (APTES) self-assembled monolayer (SAM) via selective chemical adsorption. Then, the immobilization of gold nanoparticles on the oxide lines was achieved by the specific electrostatic interaction of charged nanoparticles with the amine functions of the monolayer chemisorbed on the locally oxidized lines forming quasi-1D gold nanoparticle arrays (see Figure 7) [START_REF] Zheng | Nanopatterned Assembling of Colloidal Gold Nanoparticles on Silicon[END_REF].

Figure 7 Experimental procedures for fabricating one-dimensional arrays of gold nanoparticles on silicon by the combined use of AFM nanooxidation and chemical assembling techniques (A). 2 µ × 2 µ tapping mode AFM images of OTS-covered (B) and APTES-covered (C) silicon surfaces

after soaking in aqueous gold colloids for 12 hrs. SEM image of the one-dimensional arrays of 12 nm gold nanoparticles formed on the chemically patterned silicon surface (D) [START_REF] Zheng | Nanopatterned Assembling of Colloidal Gold Nanoparticles on Silicon[END_REF].

Patterning GNPs using imprinted hydrogen silsesquioxane pattern

By using a combination of imprinted hydrogen silsesquioxane (HSQ: HSiO3/2) patterns and self-assembly of gold nanoparticles (GNPs), the later was assembled inside the imprinted HSQ pattern [START_REF] Kang | Fabrication of gold nanoparticle pattern using imprinted hydrogen silsesquioxane pattern for surface-enhanced Raman scattering[END_REF]. Depending on Derjaguin-Landau-Vervey-Overbeek (DLVO) theory [START_REF] Bhardwaj | Self-Assembly of Colloidal Particles from Evaporating Droplets: Role of DLVO Interactions and Proposition of a Phase Diagram[END_REF], the colloidal NPs in a solvent are influenced by interactions such as van der Waals and electrostatic forces; it was found that the negatively charged GNPs were successfully assembled according to the geometry of the negatively charged HSQ pattern [START_REF] Bhardwaj | Self-Assembly of Colloidal Particles from Evaporating Droplets: Role of DLVO Interactions and Proposition of a Phase Diagram[END_REF].

In this approach, three steps were done in order to pattern GNPs [START_REF] Kang | Fabrication of gold nanoparticle pattern using imprinted hydrogen silsesquioxane pattern for surface-enhanced Raman scattering[END_REF] :

-First, polydimethylsiloxane (PDMS) mold fabrication: A positive EB resist (ZEP520A-7, ZEON Co.) was spin-coated onto a Si substrate then prebaked at 180 °C for 2 min. EB was exposed to the resin and after developing, V-groove patterns were obtained. Then the obtained pattern was coated with a fluorinated self-assembled monolayer (F-SAM). After that, PDMS prepolymer was spin-coated on the substrate and baked on a hot plate at 150 °C for 30 min. After curing the PDMS, the PDMS mold was released from the substrate (see Figure 8). [START_REF] Kang | Fabrication of gold nanoparticle pattern using imprinted hydrogen silsesquioxane pattern for surface-enhanced Raman scattering[END_REF].

Figure 8 Schematic diagram of PDMS mold fabrication

-Second, nanoimprinting (see Figure 9): it was performed on a formulation consisting of 20 % ladder HSQ structure and 80 % solvent during HSQ curing at room temperature where the solvent evaporated through the pores of the PDMS. After curing, the PDMS mold was removed from the Si substrate, and the HSQ patterns were confirmed to be completely replicated on the substrate. After that, three types of HSQ surface treatment were performed. The first was high temperature annealing for 1 h at 1,000 °C. The second was an O2 reactive ion etching (RIE) treatment. The third was surface modification with 3-aminopropyltriethoxysilane (APTES).

Figure 9

Schematic diagram of nanoimprinting process [START_REF] Kang | Fabrication of gold nanoparticle pattern using imprinted hydrogen silsesquioxane pattern for surface-enhanced Raman scattering[END_REF].

-Third, GNPs patterning: A colloidal suspension of modified GNPs by sodium 3mercaptopropanesulfonate (MPS) was heated in a hot-water bath at 60 °C to prevent the GNPs from precipitating. The Si substrate with patterns was then fixed on the actuator system, immersed vertically in the colloidal suspension, and withdrawn with the actuator at a controlled speed of 0.1 μm/s. The water surface line of the meniscus moved, and the GNPs became concentrated near the edge of the meniscus. After evaporation of the solvent, the GNPs were self-assembled on the substrate by capillary forces (see Figure 10).

Figure 10

Schematic diagram of GNP pattern formation by convective particle assembly via imprinted pattern [START_REF] Kang | Fabrication of gold nanoparticle pattern using imprinted hydrogen silsesquioxane pattern for surface-enhanced Raman scattering[END_REF].

The HSQ surface charge has an effect in the self-assembly of GNPs. When MPS-capped GNPs and an HSQ pattern with the surface charge controlled by annealing or O2 RIE were used, the GNPs were successfully assembled inside the imprinted HSQ pattern and did not coalesce because of the electrostatic repulsion by the highly negative charged MPS. However, the surface of the APTES-coated HSQ is positively charged and because of the oppositely charged surfaces, there were strong electrostatic attractions between the MPS-capped GNPs and the APTES-coated HSQ in the dispersion. This lead to the adsorption of the GNPs on the substrate surface, which could not move freely in the suspension and thus prevent the formation of an ordered AuNP pattern. When the non-treated HSQ patterns were used, the GNPs could not assemble on the HSQ patterns because of the convex meniscus. In the case of the treated HSQ patterns without MPS, the AuNPs coalesced into one large particle as a result of influence of the van der Waals forces (see Figure 11). [START_REF] Kang | Fabrication of gold nanoparticle pattern using imprinted hydrogen silsesquioxane pattern for surface-enhanced Raman scattering[END_REF].

Figure 11 SEM images showing AuNPs self-assembled on imprinted patterns with and without MPS functionalized AuNPs

Assembly by chemical functionalization

In 2000, Günter Schmid et al. [START_REF] Schmid | Ordered Two-Dimensional Monolayers of Au55 Clusters[END_REF] report the first successful preparation of two-dimensional (2D) hexagonal and cubic lattices of Au clusters on polymer films by self-assembly. The monolayers were prepared by dipping a poly(ethyleneimine)-covered substrate into an aqueous solution of sulfonic acid-functionalized nanoparticles. Classical acid ± base reactions take place because of the NH functions on the poly(ethyleneimine) (PEI) (see Figure 12). 

Challenges and objectives

The ability to acquire 1D, 2D and 3D arrangement of wide range of NPs of different sizes avoiding the aggregations and unclean substrate surfaces with the capacity to attain the formation of monolayer is still a big issue. Moreover, using complex systems make it complicated and consumes time.

The objective of this thesis is the innovation of new, simple, easy and cheap method to immobilize NPs involving the three dimensional arrangement and breaking all the above limitations is strongly needed. In this thesis, we have achieved our goals in demonstrating a new strategy of organizing NPs on polymer templates by using direct laser writing based on two-photon polymerization (DLW-TPP). In the next section, we will briefly introduce the principle of DLW-TPP.

Direct laser writing based on two-photon polymerization (DLW-TPP)

Broadly speaking, nano-lithography techniques including ion beam lithography (IBL), electron beam lithography (EBL) and direct laser writing (DLW) are top-down fabrication techniques to obtain patterned structures that are useful for many applications such as digital and memory integrated circuits [START_REF] Varadan | Microstereolithography and other fabrication techniques for 3D MEMS[END_REF], semiconductors [START_REF] Zhou | Two-Color Single Hybrid Plasmonic Nanoemitters with Real Time Switchable Dominant Emission Wavelength[END_REF] and photonics [START_REF] Serbin | Femtosecond laser-induced two-photon polymerization of inorganic-organic hybrid materials for applications in photonics[END_REF]. Both the EBL and IBL techniques are well developed to generate two-dimensional patterns on a substrate at the nanoscale resolutions. However, DLW lithography based techniques allow the fabrication of complex structures under design in one, two and three dimensions as well as the creation of patterns on substrates with an improved resolution down to the sub-100 nm scale [START_REF] Park | Fabrication of Nano-precision PDMS Replica Using Two-photon Photopolymerization and Vacuum Pressure Difference Technique[END_REF]- [START_REF] Park | Fabrication of a bunch of sub-30-nm nanofibers inside microchannels using photopolymerization via a long exposure technique[END_REF].

Among the various methods of DLW, two photon polymerization (TPP) plays currently the key role in manufacturing 1D, 2D and complex 3D microstructures which are based on the two photon absorption by a light sensitive resist forming reactive species (radicals or cations) that initiate the polymerization process in a localized focal volume. After development, the desired microstructures can be obtained [START_REF] Strickler | Three-dimensional optical data storage in refractive media by two-photon point excitation[END_REF]. It has been a used tool for many microfabrication research studies over the world [START_REF] Wu | Two-photon lithography for microelectronic application[END_REF], [START_REF] Sacchi | Laser-induced electric breakdown in water[END_REF]. One of the important strengths is that it can direct fabricate true 3D structures that can achieve sub-100 nm resolution beyond the diffraction limit [START_REF] Wu | Two-Photon Photographic Production of Three-Dimensional Metallic Structures within a Dielectric Matrix[END_REF]. Furthermore, it offers a faster way to create structures that are even more complex or maybe impossible for conventional lithographic techniques without the need to use photomasks or complex lens systems [START_REF] Park | Two-photon stereolithography for realizing ultraprecise three-dimensional nano/microdevices[END_REF]. Besides that, the polymerization is quasiimmediate: the passage from the liquid to the solid state is done in few milliseconds after an exposure to an intense light. In addition, there is a temporal control of the light irradiation and thus polymerization reaction can be started and stopped at any time [START_REF] Kloosterboer | Network formation by chain crosslinking photopolymerization and some applications in electronics[END_REF].

Two photon polymerization Process

Two photon absorption (TPA)

Unlike conventional lithography techniques in which the polymerization is induced by the absorption of a single photon, the TPP lithography is based on the phenomenon of absorption in two photons. TPA was first theorized in 1931 by Maria Göppert-Mayer in her doctoral thesis [START_REF] Göppert-Mayer | Elementary processes with two quantum transitions[END_REF] and experimentally confirmed in 1961 by Kaiser and Garret with CaF2:Eu 2+ crystal due primarily to the emergence of laser [START_REF] Bayer | Two-Photon Absorption of CaF2:Eu2+[END_REF].

Rather than the traditional mode of excitation of a molecule that involves a one-photon absorption (OPA), TPA uses multiple photons of a longer wavelength to change the energy state of the molecule (see Figure 15). The molecule is going to absorb simultaneously two photons of the same wavelength. The second photon is absorbed only if it arrives within the virtual state lifetime of 10 -15 s. The simultaneous absorption of both photons is going to excite the molecule from its electronic state of low energy to a state of higher energy; the energy difference between the lower state and the upper states of the molecule is equal to the sum of the energies of both photons (E1 and E2). This mechanism requires a high intensity source that would ensure that the second photon arrives within the lifetime of the virtual state and it can be met by the use of a femtosecond lasers [START_REF] Varadan | Microstereolithography and other fabrication techniques for 3D MEMS[END_REF]. 

Two photon polymerization (TPP)

In 1992 and for the first time, Wu and al [START_REF] Wu | Two-photon lithography for microelectronic application[END_REF] demonstrated the possibility to polymerize resins by the two photons absorption excited by using a femtosecond laser pulses that can be used in microelectronics. After five years, in 1997, Maruo et al. [START_REF] Maruo | Three-dimensional microfabrication with twophoton-absorbed photopolymerization[END_REF] used two photons absorption to fabricate 3D structures (See Figure 16).

Figure 16 SEM image (A) of a spiral structure made by two-photon microfabrication after removal of the unsolidified resin; (B) magnified view of (A). [57]

Nowadays, TPP has already become a functional tool in plenty of areas, such as microphotonics [START_REF] Moughames | Wavelength-scale light concentrator made by direct 3D laser writing of polymer metamaterials[END_REF] [59], microelectronics [START_REF] Kim | Linear analysis of the viscoelastic response of polymer micro-pillars using the open-loop flat punch indentation test[END_REF], bioengineering [START_REF] Otuka | Direct laser writing by two-photon polymerization as a tool for developing microenvironments for evaluation of bacterial growth[END_REF], and microfluidics [START_REF] Maruo | Submicron manipulation tools driven by light in a liquid[END_REF], [START_REF] Wang | Embellishment of microfluidic devices via femtosecond laser micronanofabrication for chip functionalization[END_REF]. This direct laser writing process combines TPA and subsequently polymerization, by which one can create polymeric microstructures of computer-generated desired shape by tracing the focal point of a pulsed laser in a liquid resin then by the movement of the laser focus according to the pre-written program it creates the polymerized structure [START_REF] Thiel | Three-dimensional laser lithography[END_REF].

The used photoresist is a photosensitive mixture in the UV range between 350 and 400 nm and usually transparent to the applied near-infrared (780-800 nm) laser radiation, therefore only two-photon absorption in the small focus area can initiate the polymerization process (See Figure 17). On the contrary, in OPA process, UV light is absorbed at the surface of resin and only planar structures can be fabricated.

Figure 17 Scheme of the DLW system "Nanoscribe" available at UTT. A pulsed near-infrared laser is guided into an inverted microscope and tightly focused into a UV-sensitive photoresist.

A piezoelectric stage moves the substrate relative to the kept-fixed focus in all three spatial dimensions. The DLW works computer-controlled and fully automated (left). The resist shows high optical transparency at the laser center wavelength at 780 nm. Precisely in the focal volume, the photoresist is exposed by two-photon absorption when exceeding the polymerization threshold of the material. Scanning the sample relative to the focus enables the polymerization along arbitrary trajectories in 3D (right). [START_REF] Thiel | Three-dimensional laser lithography[END_REF] The fundamental in TPP is to transform a liquid monomer into a solid polymer under optical exposure. The photopolymerization process of a photoresist containing an Initiator (I) and a monomer (M) can be done in two main ways: radical and cationic. In our work, we have used the radical polymerization, which is divided into four stages [START_REF] Wu | Two-photon lithography for microelectronic application[END_REF]:

-The decomposition of the initiator after the laser irradiation to generate radicals (R):

I hν 2R .
-The initiation in which the radicals created in the first stage will react with monomer forming the first link of the polymer chain and starting up the polymerization process:

R . + M RM .
-The propagation where the process becomes a chain reaction due to the chain growth by the addition of monomers until the chained radical meets another chained radical:

RM . n + M RM . n+1 + M RM . n+2 + ----
-The termination which corresponds to the stop of the growth of the chain by the recombination of two radicals forming one covalent bond:

When the photo-polymerization mechanism is accomplished, suitable chemical solvents are used to develop the sample. Two classes of photoresists are identified: positive and negative.

In the negative photoresists case as ours, the irradiated material is transformed into polymer chains and becomes insoluble to solvents. Therefore, the non-irradiated material is removed.

Unlike negative photoresists, the positive irradiated photoresists become soluble, being removed by the solvent.

Experimental part

Preparation of the photoplymerizable mixtures

Materials

A photopolymerizable solution consisting of 73.5% pentaerythritol triacrylate (PETA) monomer, 15% methyl diethanol amine (MDEA) molecule 1.5% Irgacure 819 (photoinitiator) and 10% 4-methoxyphenol (MEHQ) inhibitor was prepared. First, the acrylate monomer was mixed and stirred with the amine molecule for 30 min at 45 °C, and then the photoinitiator and the inhibitor were added and stirred for 15 min.

Preparation of the samples

Micro and nano processing technologies require a rigorous impurities control in order to prevent the sample contamination with dust particles or other chemical elements and to have a good adhesion between photoresist material and substrate. Thus, acetone and isopropanol are used to remove the impurities from the glass substrate surface.

Then, one drop of the prepared photopolymerizable mixture was deposited on the cleaned glass substrate by drop casting without any pre-or post-baking steps for TPP lithography. It was performed using a Photonics Professional Nanoscribe instrument, equipped with a pulsed 780 nm laser operating up to 20 mW, and an automatized piezoelectric stage, which allows 3D writing photopolymerization. When the photo-polymerization mechanism is accomplished, development of the structures were done by placing the substrate on the sample holder and then transferring it to a beaker containing acetone for 10 min in order to remove the unexposed area. After that, the substrate was rinsed for 5 min in isopropanol in order to remove the acetone molecules to avoid its high potential effect on the fabricated structure causing its deformation.

Fabrication of Gold and Silver NPs

Gold nanoparticle spheres colloid

GNPs were prepared following the Turkevish's method described in the literature [START_REF] Frens | Controlled Nucleation for the Regulation of the Particle Size in Monodisperse Gold Suspensions[END_REF]. This method is based on the reduction of gold chloride with sodium citrate in aqueous solution. In a typical synthesis process, 0.1 ml of HAuCl4.3H2O (0.1 M) was added into 40 ml H2O stirred and heated to boiling. Then 370 µL of trisodium citrate (1% by mass) was added to obtain NPs of ~50 nm diameter. The solution color started to change from light yellow to blue, which indicated that the nucleation process had occurred, until it reached finally the dark red color, which indicated the ending of the reduction process and the formation of GNP spheres.

Silver Nanoparticles colloid

Silver nanoparticles were prepared following the Lee-Meisel method [START_REF] Wan | Quasi-spherical silver nanoparticles: Aqueous synthesis and size control by the seed-mediated Lee-Meisel method[END_REF]. Briefly, Ag seeds (used as starter seeds) were prepared by heating a mixture to 70 °C for 15 min consisting of 20 mL of 1% (w/v) citrate solution and a 75 mL of water. After that, 1.7 mL of 1% (w/v) AgNO3 solution was introduced to the mixture, followed by the addition of 2 mL of 0.1% (w/v) NaBH4 solution. After one hour of stirring at 70 °C the mixture cooled to room temperature and water was added to bring the volume of the dispersion to 100 mL.

Then 10.0 mL of starter seeds solution was added to a mixture of 2 mL of 1% citrate solution and 80 mL of water after boiling for 15 min, followed by the addition of 1.7 mL of 1% AgNO3 solution. Stirring continued for 1 h while keeping reflux and cooled to room temperature resulting in spherical AgNPs with an average size of 20 nm.

In order to synthesis AgNPs of an average size of 28.5 nm, 2 mL of 1% citrate 1.7 mL of 1% AgNO3 solutions were added to the above spherical AgNPs solution with an average size of 20 nm. After one hour Reflux with stirring, the obtained AgNPs solution was cooled to room temperature. Water was added to bring the volume to 100 mL.

For obtaining AgNPs spheres of average 45 nm, 10.0 mL of 28.5 nm AgNPs was added while stirring, followed by the addition of 1.7 mL of 1% AgNO3 solution into a solution containing 2 mL of 1% citrate solution and 80 mL of water after putting it in a water-bath (80 °C) for 15 min.

Next, the mixture was kept heating at 80 °C under stirring for 2 h and cooled to room temperature, and then water was added to bring the volume to 100 mL.

DLW -TPP Setup for polymerization

A Photonic Professional GT from Nanoscribe GmbH Company, shown in Figure 18, was used for the localized writing. This set-up is embedded along the 3D printing workflow and combined with software package (NanoWrite, DeScribe). It enables the rapid fabrication of high-resolution structures in a high degree of automation. "DeScribe" is the tool here for generating writing jobs in the format of General Writing Language (GWL), which enables the import with mesh-fixing in STL format automatically. GWL scripts can also be edited using Describe to control the laser focus movement and writing process. In addition, it can provide an interactive 3D preview with voxel visualization.

Figure 18

Photonic Professional GT system from Nanoscribe GmbH [START_REF]Photonic Professional GT -Nanoscribe GmbH[END_REF].

Techniques used for characterization Extinction micro-spectroscopy

The extinction spectra in the present work were carried out by a homemade spectrophotometer setup to determine the plasmon resonance of the MNPs. It is equipped with an upward configuration including a tungsten lamp, camera in order to precisely detect the measured zone, adjustable sample holder along the three directions x, y and z and an optical fiber linked to a Maya 2000pro UV-visible detector (Ocean optics QE65000). The 50x (NA: 0.8) objective was employed.

Optical microscope

The optical microscope images were acquired using a Nikon Eclipse LV100 microscope. It is equipped with 5x (numerical aperture: 0.15), 20x (NA: 0.45), 50x (NA: 0.8) and 100x (NA: 0.9) objectives.

Scanning electron microscopy (SEM)

In order to obtain the information about the sample surface morphology at the micrometer or nanometer scale and to show the homogeneity of the NPs assembly, SEM images was carried out by Hitachi S3500 N operating system.

Before SEM observations, the samples were coated with a layer of 5 nm of gold/Palladium using the "SC7640 SPUTTER Coater" machine to make the substrate conductive to obtain better images and taking pictures easily.

Results and Discussion

Our new approach is based on the inclusion of methyldiethanol amine (MDEA) molecule into PETA monomer and thus new functionalities are formed within the mixture. After two-photon photolithography (TPL) of micro-lines, rinsing was done as previously described and the obtained polymer lines were immersed in citrate capped GNPs colloid for 5 hours resulting in the attachment of these NPs on the polymer surface due to the high interaction between them and the functionalized micro-lines (See Figure 19). 

Influence of the photonic parameters

The TPL technique employs femtosecond-laser pulses to promote the formation of radicals that in turns initiate the polymerization process. Therefore, the influence of the laser power and scanning speed was studied to realize its effect on the polymer line width.

The graphs in Figure 20 show the variation of the line width (LW) with respect to the variation of the laser power (LP) at both percentages of MDEA: 0 and 15 % for each (SS) 25 and 100 (µm/s). It is obvious that the (LW) of the polymer lines that were functionalized by MDEA are greater than the ones unfunctionalized, this behavior may be attributed to the presence of amine molecule that limits the diffusion of inhibitors and hence increase the volume of the propagation reaction that leads to obtain wider lines. From the above study, we can conclude the following: First, by adjusting the laser power and the scanning speed we can control the line width. Second, having a small line width at low laser power aims to obtain a single line arrangement of the GNPs on the polymer surface after immersion; in the SEM images below (See Figure 22), the GNPs assembled in 2 to 3 lines on the polymer surface that were fabricated at low laser power. Besides that, it is useful to determine the parameter needed to obtain 3D structures of good resolution at small periods.

Figure 22 SEM images for the polymer lines fabricated at low laser power after immersion in GNPs solution. Scale bar is 2 µm.

Studying the influence of the immersion time in the NPs solution

The assembly of GNPs on the polymer surface takes place within the NPs colloid, so the time of immersion will interfere in the GNPs attachment and thus on its surface density on the polymer surface. To realize its effect several experiments was done on 2D square microstructures (the SEM image of the structure is shown in Figure 24-C) by following the same procedure that was mentioned above. The prepared samples were immersed in the GNPs (~50nm) solution for a specific time respectively: 1, 10, 30, 120, 300 and 540 minutes resulting in the formation of well-separated GNPs monolayer. The SEM images in Figure 23 and the evolution of GNPs density as function of time, show apparently the increase of the GNP density with the increase of the immersion time. The interesting in these results that in one minute of immersion, the number of GNPs is about 8 ± 5 NPs / 0.5 µm 2 which indicates the existence of high interaction between the GNPs towards the functionalized polymer surface. This density starts to increase with the immersion time to reach an average equal to 130 ± 12 NPs/0.5 µm 2 after 300 and 540 minutes, which corresponds to the equilibrium surface density. Consequently, we are able to control the surface density on the polymer surface by adjusting the immersion time inside the NPs colloid. 

Assembly on multiple dimensions continuous length scales

The uniqueness of this achievement is the ability to assemble NPs on multiple dimensions and on continuous length scales using one strategy. Thanks to the direct laser writing by two photon polymerization in a very localized focal length which permits to write any 1D, 2D and 3D structures by introducing the numerical script of the desired structure to the software [START_REF] Passinger | Direct 3D Patterning of TiO2 Using Femtosecond Laser Pulses[END_REF], [START_REF] Klein | Elastic Fully Three-dimensional Microstructure Scaffolds for Cell Force Measurements[END_REF]. The SEM images in Figure 24 show the attachment of GNPs on the 3D (Figure 24-(A andB)), planar (Figure 24-C) and linear continuous lines (Figure 24-D) fabricated structures after the immersion in GNPs colloid. A clean surface and highly precise orientation only on the polymer surface with the absence of any aggregations even on the complex 3D microstructures were acquired. This confirms the high selectivity of the citrate capped GNPs towards the polymer surface and the efficiency of our new method of NPs assembly. Besides to the ability of multiple dimension fabrications, also by direct laser writing we are able to control the gaps size of the 3D woodpile microstructures, and thus the fabrication of different woodpiles of different periods as it can be seen in Figure 25-(A,B,C andD), which will have important properties in IR metamaterial and photonic crystal applications [START_REF] Deubel | Direct laser writing of three-dimensional photonic-crystal templates for telecommunications[END_REF]. The importance of the obtained results is that the GNPs penetrate inside the woodpiles porosities and immobilized on the inner layers without aggregations (See Figure 25-E) and even on the bottom layers (See Figure 25-F). 

Incorporating wide range of NPs

The well understanding of the mechanism, that will be explained in chapter 2, allow us to incorporate NPs of different physical and chemical properties that is stabilized by carboxylateend ligands and thus demonstrating the efficiency of our new strategy of NPs assembly.

Besides the GNPs immobilization, commercial polystyrene (PS) nanoparticles spheres, stabilized by carboxylate ligands, of an average diameter ≈ 800 nm are assembled within 1D and 3D polymer structures (See Figure 26-(A,B andC)). Homemade colloid of citrated silver nanoparticles (AgNPs) of an average diameter ~40 nm are successfully attached on the polymer structures (See Figure 26-(D)) and its extinction spectrum shows the plasmonic peak of the AgNPs at 416 nm (See Figure 26-(E)). 

Conclusion

To summarize, we have developed a novel method and simpler strategy for the immobilization of carboxylated metallic and organic NPs on functionalized polymer templates that are fabricated by DLW-TPL (Nanoscribe Photonic Professional system) on glass substrate.

The novelty of this strategy is that NPs are highly selective to the functionalized polymer structures, monolayers of precise orientations are formed without aggregations collecting a clean surface after fabrication, multiple dimensional assembly of NPs are successfully obtained even in complex 3D microstructures besides that the surface density of NPs on the polymer surface can be controlled.

Chapter II: Mechanism for polymer functionalization and NPs immobilization

Introduction

Nowadays, polymeric materials have been applied successfully in fields such as coatings, biomaterials, composites and microelectronic devices. This is because of the special surface properties of the polymer that can be obtained by modification of the surface chemistry and/or the structure of the polymer. Therefore, many advances have been made in developing surface treatments to alter chemical and physical properties of polymer surfaces without affecting bulk properties. These treatments have been applied to achieve one or more of the following purposes [START_REF] Chan | Polymer surface modification by plasmas and photons[END_REF]:

 To increase the surface energy;

 To increase hydrophobicity or hydrophilicity;

 To produce functional groups at the surface for specific interactions with other functional groups;

 To introduce surface cross-linking;

 To increase surface electrical conductivity;

 To increase surface lubricity.

Moreover, controlling the chemistry of the polymer surface is an important asset because this will make it not only compatible with biological applications [START_REF] Hennemeyer | Cell proliferation assays on plasma activated SU-8[END_REF], but also will make it an attractive "template" to assemble nanoparticles NPs on its surface and thus new properties will be obtained depending on the nature of the used NPs. Such important properties are that coming from metallic NPs such as the silver [START_REF] Rill | Photonic metamaterials by direct laser writing and silver chemical vapour deposition[END_REF][75] or the gold [START_REF] Akil-Jradi | Biopolymers phase separation monitored by a plasmonic sensor[END_REF][77] that have been accorded significant physical and chemical properties.

As described in chapter one, we have achieved our goal in immobilizing NPs on polymer templates having multiple dimensions. However, the main question still is how these NPs are attached on the polymer surface? In this chapter, we will address this question and we will demonstrate the reaction mechanism of our new strategy after presenting a brief overview of Michael addition reaction, which is used mainly in polymer sciences for synthesis and functionalization. Besides that, we will point out some well-known chemical interactions between NPs and other materials (in our case: ligands on NPs and functional groups on polymer surface). This summary will provide important background information needed for a clear understanding of the reaction mechanism.

Michael addition Reaction

The Michael addition or 1,4 addition reaction is considered as one of the most powerful methods that has recently gained increased attention as a polymer synthesis and functionalization strategy for the preparation of new complex molecules [START_REF] Van Beylen | Developments in anionic polymerization ? A critical review[END_REF], [START_REF] Tokura | Studies on Chitin X. Cyanoethylation of Chitin[END_REF].

The Michael addition (named for Arthur Michael) involves the addition of a nucleophile such as an enolate, called a "Michael donor", to the β-carbon of an electrophilic olefin connected with an electron withdrawing group EWG, and called "Michael acceptor". This reaction leads to the formation of a stabilized carbanion intermediate. After protonation or subsequent treatment with another electrophile (E), it results in the final addition product, which is also called "Michael adduct" [START_REF] Bergmann | The Michael Reaction[END_REF]- [START_REF] Connor | The Michael Condensation. V *. The Influence of The Experimental Conditions and The Structure of The Acceptor upon The Condensation[END_REF] (See Figure 27).

Figure 27

Michael addition reaction of a nucleophile to electron poor olefins [START_REF] Bergmann | The Michael Reaction[END_REF]- [START_REF] Connor | The Michael Condensation. V *. The Influence of The Experimental Conditions and The Structure of The Acceptor upon The Condensation[END_REF].

As the demand for synthetic polymers is increasing in recent years, the scope of this reaction has increased dramatically to include a broad range of acceptors such as acrylate esters, acrylonitrile, acrylamides, alkyl methacrylate… In addition to a broad range of Michael-type donors by using hetero-atomic nucleophiles involving nitrogen (N), Sulfur (S), oxygen (O) and phosphorus (P).

Now "Michael reaction" is often referred to the 1,4-addition of every nucleophile and a prefix was used to indicate the nucleophilic species generally added (e.g., oxa-, thia-or aza-for oxygen, sulfur and nitrogen nucleophiles, respectively). Besides that, it is considered one of the most important carbon-carbon or carbon-heteroatom bond forming reactions that includes variety of Michael donors and acceptors.

a. Carbon Michael Addition

Carbon-Michael addition typically refers to a type of reactions between Michael donor and Michael acceptor resulting in the formation of carbon-carbon bond between them and usually catalyzed by a base. Among the various carbon-Michal transformations, the base catalyzed addition of ethyl acetoacetate to methylacrylate is one of the most well-known transformations [START_REF] Albertson | Alkylation with Non-ketonic Mannich Bases. Aminothiazoles and Pyrrole[END_REF]. In this reaction the acetoacetate is first deprotonated by the base providing the enolate anion (Michael donor) which reacts in 1,4-conjugate addition to the olefin of the acrylate (Micahel) acceptor. Resonance stabilization occurs between the carbonyl of the acrylate and the resulting anion until proton transfer to regenerate the base (See Figure 28).

Figure 28

Mechanistic scheme of carbon Michael reaction [START_REF] Mather | Michael addition reactions in macromolecular design for emerging technologies[END_REF].

b. Oxa-Michael addition

The conjugate addition of oxygen nucleophiles to α,β-unsaturated carbonyl compounds is well known as the oxa-Michael addition (sometimes also called oxo-or oxy-Michael) reaction. This reaction results in the formation of Carbon-oxygen bond. Loydl [START_REF] Loydl | Ueber die künstliche Aepfelsäure aus Fumarsäure[END_REF] reported the first oxa-Michael reaction in 1878 by the addition of water molecule into electron-deficient double bond (See Figure 29).

Figure 29

The first oxa-Michael reaction.

The addition of an alcohol to a conjugate acceptor offers tremendous synthetic potential since the products available are valuable intermediates in organic synthesis such as motif βhydroxyketones and α-aminoalcohols [START_REF] Schetter | Modern Aldol Methods for the Total Synthesis of Polyketides[END_REF]. Moreover, this type of reactions often grant efficient access to oxygen-containing hetrocycles such as tetrahydropyrans, chromenes [START_REF] Tang | Strategies and approaches for constructing 1-oxadecalins[END_REF] (See Figure 30).

Figure 30

Synthetic potential of the oxa-Michael addition [START_REF] Nising | Recent developments in the field of oxa-Michael reactions[END_REF].

c. Aza Michael addition

The conjugate addition reaction of Nitrogen donor nucleophiles to electron deficient olefins is often referred to as the aza-Michael reaction. This reaction serves as a powerful preparative method for carbon-nitrogen bond formation in modern organic synthetic chemistry.

Over the last few years there has been increasing interest in the synthesis of such important macromolecules such as hyperbranched polymers [START_REF] Gao | Synthesis and characterization of water-soluble hyperbranched poly(ester amine)s from diacrylates and diamines[END_REF] by reaction of a variety of nitrogen nucleophiles with a range of Michael acceptors. Moreover, various strategies of aza-Michael reaction have also been proved useful in the synthesis of core intermediates of many natural products [START_REF] Sibi | Chiral Lewis Acid Catalysis in Conjugate Additions of O-Benzylhydroxylamine to Unsaturated Amides. Enantioselective Synthesis of β-Amino Acid Precursors[END_REF], [START_REF] Arend | Modern Variants of the Mannich Reaction[END_REF] besides to the production of antibiotics, anticancer agents and bioactive molecules such as amino acid oligomers [START_REF] Hradil | 3-Hydroxy-2phenyl-4(1H)-quinolinones as Promising Biologically Active Compounds[END_REF], [START_REF] Cardillo | Asymmetric synthesis of ß-amino acids and α-substituted β-amino acids[END_REF].

Adding catalyst can contribute in the synthetic methodologies of Michael addition reactions.

For aza-Michael additions, acid catalyzed reactions have been studied extensively. The most common study was done by Spencer and coworkers who determined a general and efficient way of reacting carbamates with α,β-unsaturated carbonyl compounds providing precursors to β -amino acids [START_REF] Wabnitz | Evidence That Protons Can Be the Active Catalysts in Lewis Acid Mediated Hetero-Michael Addition Reactions[END_REF] (See Figure 31).

Figure 31 Acid catalyzed aza-Michael addition

Since amines can act as both nucleophiles and bases, no additional base is typically needed in these reactions. In general, secondary amines react with one equivalent of acceptor as shown in Figure 32; however, primary amines can react with two equivalents of acceptor to form tertiary amines (See Figure 33).

Figure 32

Aza-Michael addition reaction of dimethylamine with ethyl acrylate [START_REF] Mather | Michael addition reactions in macromolecular design for emerging technologies[END_REF].

Figure 33 Aza-Michael addition of methyl amine to two equivalents of ethyl acrylate [START_REF] Mather | Michael addition reactions in macromolecular design for emerging technologies[END_REF].

In the aza-Michael reaction, secondary amines are more nucleophilic than primary amines and are therefore more reactive. This reactivity is highly dependent on the electronic and steric environment of the amine. In some cases and only upon longer reaction times, the reaction with primary amines can lead to polymerization [START_REF] Mather | Michael addition reactions in macromolecular design for emerging technologies[END_REF].

Specific interactions

Michael and hetero-Michael addition are powerful reactions to introduce functional groups into other compounds especially monomers and thus producing functional groups at their surface for specific interactions with other functional groups of other compounds.

In our work, the modification of polymer surface with bifunctional molecules depending on Michael addition reactions will introduce new functionalities to the polymer surface. it can create an affinity towards functionalized NPs and thus their assembly on the designed polymer surface. The nanoparticles and polymer can interact through a number of forces depending on their functional groups. This interactions would generally falls into several classes such as

(1) coordination compounds (metal-ligand), ligands binding to the surface of the inorganic particle core, where metallic Nanoparticles can interact with ligands in a similar way as the related metal complexes forming selective chemical bonds with appropriate ligands [START_REF] Toma | The Coordination Chemistry at Gold Nanoparticles[END_REF]. ( 2)

Electrostatic interaction of positively charged molecules to negatively charged nanoparticles or vice versa, it has raised great interest because of the long-range effects and simplicity of control [START_REF] Lu | Patterning Multilayers of Molecules via Self-Organization[END_REF]. [START_REF] Tian | Application of nanomaterials in sample preparation[END_REF] Covalent binding between the functional groups on both NPs and polymer surface [START_REF] Sperling | Surface modification, functionalization and bioconjugation of colloidal inorganic nanoparticles[END_REF]. In the case of water-soluble nanoparticles, these functional groups are often carboxylic acids stabilizing the nanoparticles by electrostatic repulsion, and can be exploited for covalent binding (See Figure 34). 

Experimental part

Materials for polymerization

In order to enable the formation of reactive polymer surfaces, new reactive bi-functional molecules must functionalize the suitable monomer used for our desired objectives. First we have chosen the pentaerythritol triacrylate (PETA) monomer which is an acrylate viscous liquid. This monomer has high performance in the radical polymerization process besides to its α,β-unsaturated carbonyl groups which will make it an excellent candidate for the functionalization by nucleophilic compounds according to Michael addition reaction. By adding small quantity of initiator the solution usually still homogeneous enables polymerization in bulk material. The photo initiator Bis(2,4,6-trimethylbenzoyl)phenylphosphineoxyde or (Irgacure 819) was used for radical polymerization of unsaturated resins upon UV light exposure. 4-methoxyphenol (MEHQ) which is a radical inhibitor was added to improve the spatial resolution of writing. The molecular formulas of the chemical components are shown in Figure 35 and their properties in Table 1:

Figure 35 Chemical molecular formulas of PETA (monomer), Irgacure 819 (photo initiator) and MEHQ (inhibitor).

Table 1 Properties of PETA, Irgacure 819 and MEHQ.

Materials for functionalization

In our experiments, the functionalization of the PETA monomer was done by adding amine molecules to the liquid monomer. The used amines are: methyldiethanol amine (MDEA) which is a tertiary amine, diethanol amine (DEA) which is a secondary amine and ethanol amine (EA) which is a primary amine. The molecular formulas of the chemical components are shown in Figure 36 and their properties in Table 2: 

Fourier Transform Infrared Spectroscopy (FTIR)

Spectrum Two FT-IR Spectrometer from PerkinElmer was used to perform the IR analysis on the prepared mixtures in ATR mode.

Procedures

The preparation of the photopolymerizable mixtures, gold and silver NPs are mentioned in chapter one (sections 5.1 to 5.3). Concerning the photoresist: the percentage of the photo initiator and the photo inhibitor is the same: 1.5% Irgacure and 10% MEHQ, the percentage of amine in some experiments will be changed and accordingly the percentage of PETA, the type of amine used for functionalization and some essential conditions (like stirring time, immersion time…) will be mentioned in each section. The writing of polymer microstructures, development, fabrication of NPs and their attachment procedure are already described in chapter 1, Sections 5.1 and 5.2.

Results and discussion

MDEA molecule

To start, we have selected methyl di-ethanol amine (MDEA) molecule which is a tertiary amine contains two hydroxyl groups and it is compatible with the PETA monomer. The peaks at 1620-1636 cm -1 which also correspond to C=C-H show decrease in their intensity (see Figure 40 -E). Besides that, there is a decrease of the peak at 1410 cm -1 (Figure 40 -D)

which corresponds to CH2 in plane deformation of (C=CH2). The variation of these peaks with time shows that the reaction takes place on C=C functional group of the PETA molecule. The corresponding appearance of a band between 1040 and 1050 cm -1 (Figure 40 -C) is probably assigned to the C-O-C symmetric stretch of saturated aliphatic ethers [START_REF] Socrates | Infrared and Raman characteristic group frequencies[END_REF].

The appearance of a weak peak at 1560 cm -1 as shown in Figure 40 -E, can be explained by the presence of Nitro compounds in the formulation due to the progressive oxidation of the amine by the oxygen during agitation at 45 °C for a long time [START_REF] Socrates | Infrared and Raman characteristic group frequencies[END_REF].

As mentioned before, it is well known that the tertiary amines are not much reactive by the lone pair of their nitrogen atom, so the expected reaction should be between the hydroxyl groups of the MDEA and the double bond of the PETA according to oxa-Michael addition reaction. The hydroxyl groups will act as the Michael donor (lone pairs of the oxygen) and the double bonds as Michael acceptor resulting in the formation of new oxygen-carbon bonds as represented in Figure 41.

By this reaction we will obtain a new reactive monomer that allows the presence of new functional groups on the polymer surface after polymerization. These functional groups led to the attachment of NPs on the polymer surface.

Figure 41 PETA monomer and MDEA molecule acting as Michael acceptor and Michael donor respectively (A). The expected functionalized PETA according to oxa-Michael addition resulting in C-O bond (B).

Therefore, the ATR-IR spectra confirm the suggested mechanism according to oxa-Michael addition reaction between the -OH of MDEA and C=C of PETA and thus the formation of ether group. In this reaction, the C=C bounds are attacked by one of the lone pairs on the oxygen resulting in the formation of carbanion. Then hydrogen ion were transferred from the oxygen to the carabanion resulting in the formation of the new functionalized monomer as shown in Figure 42.

Figure 42 The suggested mechanism of reaction between PETA and MDEA (A) resulting in the formation of carbanion (B) and after hydrogen transfer the functionalized PETA was obtained (C).

Studying the influence of the amount of MDEA

In order to study the influence of the amount of MDEA on the reaction and thus on the GNPs attachment on the polymer surface, the same procedure as it was mentioned above was applied (30 min of stirring at 45°C, then the photo initiator and the inhibitor were added and stirred for 15 min). Three experiments were realized with different percentages of MDEA (5%, 15% and 30%). After the fabrication of 2D square lines using these mixtures, the samples were immersed in the GNPs colloid. The extinction spectra in Figure 43 show that the surface density of the GNPs on the polymer surface is approximately the same in spite of changing the amount of the MDEA which indicates that there is no important influence of its quantity.

Figure 43

Extinction spectra on 2D square lines fabricated by using three mixtures containing 5, 15 and 30% of MDEA molecule.

Influence of the stirring time of the mixture

As assessed above, their no influence of the concentration in the range of stirring time of 30 min at temperature 45°C, that's mean the surface density of GNPs on the polymer surface in these conditions is independent of the amount of MDEA added. Besides that, as it was explained in section 5.1.1, the MDEA reactivity is low and to evidence its reaction with PETA by IR, it was kept for 3 days stirring in order to increase the number of MDEA molecules reacted with PETA and thus increasing the IR peaks variation of the reactive functional groups with time.

To better understand the mechanism and to show the influence of the stirring time of the mixture, two mixtures containing 30% of MDEA were prepared. The first was prepared by mixing 30% of MDEA with 58.5% of PETA and kept stirring at 45 °C for 2 weeks before adding 10% of MEHQ and 1.5% of Irgacure 819. The second has the same constituent but it was stirred for 30 min at 45°C, then the inhibitor and the photoinitiator were added and stirred for 15 min. After direct laser writing of 2D square lines on the two mixtures, the samples were immersed in GNPs colloid for 5 hrs. It seems clear from the SEM images in Figure 44 that the surface density of GNPs on the polymer surface is much greater when the mixture was stirred for two weeks than half an hour. This high surface density is related to the presence of more functionalized PETA monomers, with time, more MDEA molecules will react and thus more GNPs will attach on the polymer surface. 

Secondary amine

After the results obtained above according to oxa-Michael addition, we have suggested a new reaction using another molecule that has also amine group and two hydroxyl groups. For that reason, we select the di-ethanol amine (DEA) molecule that has the same formula as MDEA but instead of the methyl group, there is hydrogen atom.

DEA molecule is a secondary amine, it is reactive and can make reactions by the lone pair on its nitrogen atom. Knowing that, the lone pair on the Nitrogen atom is much more reactive than the lone pairs on the oxygen atom consequently, we are expecting to see aza-Michael addition reaction instead of oxa-Michael addition (See Figure 45).

Figure 45 PETA monomer and DEA molecule acting as Michael acceptor and Michael donor respectively (A). The expected functionalized PETA according to aza-Michael addition resulting in C-N bond (B).

In this sense, a new mixture containing 68.5% PETA monomer, 20% DEA molecule, 1.5% photo initiator (Irgacure 819) and 10% inhibitor (MEHQ) was prepared. First, PETA and DEA were mixed and stirred for 30 min then the photo initiator and the inhibitor were added and stirred for 15 min. The reaction takes place at 45 °C. After two-photon polymerization of microsquares and lines, the sample was immersed in citrated GNPs solution (~ 50 nm) for 5 hours.

It is obvious from the SEM images in Figure 46 and as it is expected, the GNPs are attached on the polymer structures in a density higher than that in case of using MDEA for functionalization.

Figure 46 SEM images of micro-square (A) and polymer line (B) after immersion in GNPs colloid for 5 hours. SEM images (C and D) are zooming on the polymer line.

By comparing the SEM images and the extinction spectra (See Figure 47) that were performed on 2D square microstructures fabricated with a mixture containing secondary amine (DEA) to that fabricated with a mixture containing tertiary amine (MDEA) we can see a huge difference in term of density of GNPs. In case of secondary amine (See Figure 47-A) the surface density of GNPs on the polymer surface is much higher than that in case of tertiary amine (See Figure 47-B). The extinction spectrum that was performed on the sample fabricated by a mixture containing DEA shows two intense plasmonic peaks compared to the spectrum in case of using MDEA molecule that shows one intense and one small (See Figure 47-C). This difference in the extinction spectra is related to the increase in GNPs density, which significantly increases the coupling between GNPs and thus the intensity of the second peak between 650 and 750 nm. 

Studying the chemical reaction between PETA and DEA

To verify the proposed functionalization mechanism according to aza-Michael addition reaction, ATR-IR study was done. The ATR-IR spectra of the pure PETA monomer and DEA molecule were presented in Figure 48. A mixture containing 50% PETA and 50% DEA was prepared and stirred at 45 °C for 15 min then ATR-IR spectrum was performed to identify the main reacted functional groups by making comparison with the pure PETA and DEA spectra.

After mixing the PETA with DEA, the mixture becomes directly more viscous which indicates that a fast reaction was occurred between them.

Figure 48

Pure PETA and DEA IR-spectra.

From the IR spectra of the PETA-DEA mixture and the DEA in 

Studying the chemical reaction between PETA and EA

In this part, ethanol amine which is a primary amine was used in order to functionalize the PETA monomer according to aza-Michael addition reaction. EA has a reactive amine group which can act as a Michael donor by the lone pair on the nitrogen atom. Besides that EA has a hydroxyl group on its terminal as MDEA and DEA (See Figure 51).

Figure 51 PETA monomer and EA molecule acting as Michael acceptor and Michael donor respectively (A). The expected functionalized PETA according to aza-Michael addition resulting in N-C bond (B).

In order to prove the proposed mechanism, a mixture of 20% EA and 80% PETA was prepared for ATR-IR study. By starting stirring the mixture at 45 °C it was directly turned from liquid into gel as it can be seen in Figure 52, which makes it difficult to perform the IR study.

Figure 52

Image of the gel formation after mixing 80% PETA monomer with 20% EA.

It is well known that primary amines can react with two equivalents of acceptor to form tertiary amines [START_REF] Mcelvain | Piperidine Derivatives. XVIII. The Condensation of Aromatic Aldehydes with 1-Methyl-4-piperidone[END_REF]. In this reaction, the EA is a primary amine and can react with one or two PETA monomers as already shown in Figure 53. In addition, each PETA monomer has three α,β-unsaturated carbonyl groups and thus three acceptors, so three EA molecules can react also with one PETA monomer (See Figure 54).

Figure 53 Suggested mechanism of reaction between PETA and EA (A) resulting in the formation of carbanion (B) and after hydrogen transfer, the functionalized PETA was obtained (C). The obtained secondary amine reacts with another PETA monomer (D) to form a tertiary amine (E).

Figure 54 Structural formulas of PETA monomer functionalized by one (A) two (B) and three (C) EA molecules in addition to the structural formula of two PETA monomers reacted with one EA molecule(D).

Based on our understating of the mechanism between the PETA monomer and the EA molecule, it seems that the formation of the jellylike mixture is attributed to the formation of several products that are reactive with each other as illustrated in Figure 55. Their reaction with additional PETA monomers and EA molecules results in the formation of gel. Figure 55 from A to C shows a good example of the gel starting mechanism.

Figure 55 An example of Michael addition reaction between PETA (A) and EA (B) with their reactive products and the formation of gel (C).

Due to the direct change of the mixture from liquid to gel, it is somehow difficult to manipulate By comparing the results obtained between EA (primary amine), DEA (secondary amine) and MDEA (tertiary amine) that was shown in Table 3 we can note the following information:

-Both DEA and EA are much reactive from MDEA leading to functionalize high quantity of PETA monomers and thus obtaining a huge surface density of GNPs on the polymer surface after immersion in GNPs colloid;

-After adding the amine to the PETA monomer, the form of the mixture was changed into very viscous and slightly viscous in case of EA and DEA respectively and it remains liquid in case of adding MDEA. The drastic increase in the viscosity makes the formulation somehow difficult to be tested by two-photon polymerization;

-After immersion in GNPs the substrate surface outside the fabricated polymer was very clean in case of MDEA and unclean in case of DEA and EA. Unclean surface means that the GNPs are attached not only on the polymer templates but also even on the glass substrate.

As a result, MDEA exhibits a good resolution in two-photon polymerization and immobilizing GNPs on the polymer templates without forming aggregations on the polymer surface and thus obtaining a clean surface. 

Interaction between GNPs and the functionalized PETA

So far, the reaction between both MDEA, DEA, EA molecules and PETA monomer is justified according to Michael addition reaction. However, the reaction or interaction between the GNPs and the functionalized polymer surface still mysterious. For that reason, to determine the type of interaction between these citrate capped NPs and the functionalized PETA, several experiments were performed.

It is common that MNPs especially gold and silver can be stabilized by grafting ligands on their surface. Therefore, the specific interaction that may be taking place between GNPs and the functionalized polymer could be metal-ligand interaction occurred between the GNPs (metal)

and the functional groups on the polymer surface (hydroxyl / amine). In order to verify or exclude this possibility, two samples of micro-squares polymer were fabricated by using the photopolymerizable mixture containing 15% MDEA. One of the samples was immersed in GNPs solution and the other sample was immersed in AgNPs. Both NPs are without any ligands as they are prepared by laser ablation method [100]- [START_REF] Kabashin | Synthesis of colloidal nanoparticles during femtosecond laser ablation of gold in water[END_REF]. Their absorbance spectra are shown in Figure 57. Figure 58 shows the micro-squares on both samples after immersion in NPs colloids for 20 hours. These SEM images show clearly that there is no attachment of the NPs on the polymer microstructures and this indicates that there is no metal-ligand interaction.

Figure 58 SEM images of the micro-squares immersed in Au (A) and Ag (B) NPs colloids; (both NPs colloids are without ligands). Scale bar is 2 microns.

Other experiments were realized in order to enclose on the important conditions for the mechanism. New GNPs colloids were prepared using seed-mediated growth method to obtain NPs colloids stabilized by the CTAB molecule [START_REF] El-Sayed | Preparation and Growth Mechanism of Gold Nanorods (NRs) Using Seed-Mediated Growth Method[END_REF], [START_REF] Kou | Curvature-Directed Assembly of Gold Nanocubes, Nanobranches, and Nanospheres[END_REF]. Two samples were fabricated as usual and one of them was immersed in the gold nanocubes and the second in gold nanorods colloids for 20 hours. Both SEM images of the fabricated micro-squares in Figure 59 show obviously that the NPs did not attach on the polymer surface. These results strongly point out that the citrate ligand plays an important role in anchoring the NPs on the polymer surface. After functionalization with MDEA, DEA or EA, the monomer will contain hydroxyl groups.

Then after polymerization, the polymer surface will have many hydroxyl groups. Besides that, citrate molecules on the NPs contain carboxyl groups, thus these conditions make it suitable for esterification reaction in acidic medium. Therefore, it seems that when fabricated polymer microstructures are immersed in citrated GNPs colloid or AgNPs colloid having acidic medium, a reaction between the -OH group on the polymer surface and the -COOH groups on the NPs may occur according to the esterification reaction (See Figure 63).

Figure 63 Suggested Scheme illustrating the possible immobilization of GNPs by a covalent bond between the -OH group on the polymer surface and -COOH groups on the GNPs according to the esterification reaction.

If the reaction between GNPs and the polymer surface is an esterification reaction, the citrate molecule on GNP should take a proton (H + ) where it becomes attached to one of the lone pairs on the oxygen, which is double bonded to the carbon. When the GNP reaches the functionalized polymer surface that contains hydroxyl groups, one of the lone pairs on the oxygen of these hydroxyl groups should attack it. Then a hydrogen ion should be transferred to one of the other oxygen atoms followed by elimination of H2O molecule, regeneration of the catalyst and formation of the ester and thus immobilization of the GNPs on the polymer surface (See Figure 64).

Figure 64 Suggested esterification reaction between citrate ligand on the GNPs and the hydroxyl groups on the polymer surface.

It should be noticed that esterification reaction occurs in the presence of acidic or basic medium. Thus, if our suggestion is right, the NPs should be attached on the polymer surface also in basic medium. Consequently, a GNPs colloid was prepared and its pH was adjusted to be 12 by adding NaOH solution (10 -4 M) to the colloid. Then, polymer microstructures were fabricated using the same mixture, and immersed in this colloid (pH~ 12) for 20 hours.

Unfortunately, the GNPs were not attached on the polymer surface as shown in the SEM images in Figure 65. This result compromises our hypothesis regarding the presence of esterification reaction between the -COOH groups on the NPs and the -OH groups on the polymer surface.

Figure 65 SEM images of polymer (A) micro-square and (B) lines after immersion in GNPs colloid (pH ~ 12).

After polymerization, both amine and hydroxyl groups are presented on the polymer surface.

To understand what is happening, it is essential to specify which group has the influence on catching the NPs. For that purpose, a PETA molecule was functionalized by diethyl amine molecule according to aza-Michael addition reaction. This molecule is a secondary amine with no Hydroxyl groups. Its molecular structure and properties are shown in Figure 66 and Table 4 respectively. 

Table 4 Properties of diethyl amine molecule

There after a photopolymerizable mixture was prepared containing 10% diethylamine, 78.5%

PETA, 10% MEHQ and 1.5% Irgacure 819. By using this mixture polymer lines were fabricated and immersed in GNPs colloid for 5 hours. As it is shown from the SEM images in Figure 67,

the GNPs are attached on the polymer surface, which reveals that the hydroxyl groups do not play any role in catching NPs whereas amine groups have the pivotal role in this process.

Figure 67 SEM image of polymer lines fabricated by usnig a mixture containing 10% diethylamine after immersion in GNPs colloid.

It seems that, after the immersion of the sample in the NP colloid that has acidic medium, the nitrogen atom acquire a positive charge when it captivates a proton (H + ) from the medium.

On the other hand, the GNPs are stabilized by electrostatic repulsion due to the negatively charged citrates on the particle surface. Therefore, after all the above experiments, we can infer that negatively charged NPs interact with the positively charged amine groups on the polymer surface by an electrostatic interaction as illustrated in Figure 68.

Figure 68

Scheme illustrating the immobilization of GNPs by an electrostatic interaction in an acidic medium between negatively charged NPs and positively charged amine groups on the polymer surface.

Stability of the functionalized polymer microstructures

In order to check the stability of our microstructures after fabrication and before immersion, two samples of micro-squares containing 15 % MDEA were prepared. The first sample was kept one day in air atmosphere before the immersion in a citrated GNPs colloid and the second one was stored in an argon chamber for 4 days then it was immersed in the GNPs colloid.

Figure 69 shows the SEM images of the squares after immersion where in the case of air atmosphere no GNPs are attached to the square surface in spite of immersing it for 20 hours.

However, in the case of argon atmosphere the GNPs are attached to the square surface even after 4 days of fabrication. This behavior is attributed to the reaction between the polymer functionalities and the air atmosphere. As explained above, the PETA monomer is functionalized with MDEA molecule that contains amine group, so after the polymerization, the polymer surface will be covered by the amine groups that represent one of the two essential reactants for the electrostatic interaction that takes place with the negatively charged GNPs during immersion. Thus, when the microstructures kept in air atmosphere after fabrication and before immersion, an oxidation of the amine groups would be occurred [START_REF] Socrates | Infrared and Raman characteristic group frequencies[END_REF]. Therefore, the GNPs will not attach on the polymer surface, this in turns preclude the important role of the amine groups in this interaction. In contrast, when it is stored in an argon atmosphere the oxidation will not occur and the electrostatic interaction will take place, thus the GNPs are immobilized on the polymer surface.

The same procedure was repeated to fabricate two samples of micro-squares and polymer lines containing 10 % DEA. The first sample was kept one day in air atmosphere before the immersion in a citrated GNPs colloid and the second one was stored in an argon chamber for 4 days then it was immersed in the GNPs colloid. The SEM images in Figure 70 show the microsquares and the polymer lines after immersion. In the case of air atmosphere and after 20 hours of immersion, no GNPs are attached to the square surface. However, in the case of argon atmosphere the GNPs are attached to the square surface even after 4 days of fabrication. This experiment confirms our hypothesis regarding the oxidation of the amine groups that are on the polymer surface.

Influence of DEA concentration

As indicated by the SEM images in section 5.2, two limitations that emerge are the unclean substrate surface and the uncontrolled polymerization. In spite of the highly selective attachment of the GNPs on the polymer surface, the GNPs are found also on the substrate surface in considerable density unlike the case of using MDEA molecule where we obtained a clean substrate surface. In addition, the obtained line after polymerization is very wide, which is attributed to the increase of viscosity that limits the diffusion of inhibitors and hence increases the volume of the propagation reaction outside the laser spot, knowing that with the same conditions of two photon polymerization of a line at 20 mW we will obtain a simple thin line by using the PETA-MDEA mixture (See Figure 71). The big molecules that have many functional groups will increase the viscosity of the mixture and it will be capable to make Van der Waals interaction with the glass substrate. This interaction will stick them on the substrate surface and even after making the development with acetone and isopropanol for longer time it will be difficult to remove them. Therefore, after the immersion of the sample in GNP colloid, the NPs will attach not only on the polymer structures but also on the glass substrate where the oligomers are stuck.

In order to show that this effect is attributed to the mixture itself, an experiment was done by depositing drops from the prepared mixture containing 20% DEA in half the glass substrate without polymerization. After 20 min, the development process was done to remove the mixture from the glass substrate. Then this sample was immersed in GNPs colloid for 5 hours.

These NPs were attached on the glass substrate where the mixture was deposited due to the presence of amine groups on its surface coming from the oligomers stuck on its surface.

However, on the other half side of the glass, where there is no deposition of the mixture, there is no attachment of GNPs due to the absence of the oligomers. The color of the sample and the SEM images in Figure 73 and their extinction spectra show clearly the presence and the absence of the GNPs on both areas of the glass. Besides that, Figure 74 provides an idea how these NPs are attached according to the reaction mechanism. By changing the percentage of DEA added to the mixture from 20% to 5% and 0.5%, that contains PETA (% changes according to the % of DEA added), 1.5 % Irgacure and 10 % MEHQ, polymer lines were fabricated. After the two-photon polymerization, the samples were immersed in GNPs colloid for 5 hours. The SEM images in Figure 75 show a decrease in the GNPs density on the substrate surface as the percentage of DEA decreases besides to the improvement in the resolution of writing in comparison to the one fabricated by using a mixture containing 20% DEA.

In case of 0.5% of DEA the substrate surface is much cleaner and we can observe a strong improvement in the background, just few aggregation are on the surface in comparison to the sample fabricated by using mixtures containing 20% and 5% DEA.

It seems from these experiments, the DEA in high amounts is responsible for obtaining unclean surfaces and uncontrollable polymerization process. Therefore, it leads to low resolution of writing. While, by using very low amount of DEA we can minimize these limitations. 

Organic NPs

The well understanding of the mechanism allows us to introduce other NPs that are stabilized by negative carboxyl groups and not necessarily by citrate groups. A commercial polystyrene (PS) nanoparticles spheres colloid of pH ~ 5, stabilized by carboxylate ligands, of an average diameter ≈ 800 nm are used in this experiment. After the polymer microstructures fabrication, the samples were immersed in PS colloid for 20 hour and the SEM images in Figure 76 show clearly the capability of our strategy to assemble not only MNPs but also organic NPs and even of large diameters.

Figure 76 Carboxylated PS NPs of 800 nm size on (A) woodpile structure and polymer lines (B and C).

It is interesting to mention that the PS spheres are trapped inside the woodpile and they are not present at the surface of the substrate which illustrates the high selectivity of these carboxylated particles toward our functionalized polymer.

Conclusions

To conclude, we have demonstrated the mechanism reaction of the NPs immobilization on the polymer surface that is divided into two parts (1) the chemical functionalization of PETA monomer by the amine molecules and (2) the electrostatic interaction between NPs and the polymer surface.

In the first part of the mechanism it was proved that the MDEA molecule exhibits oxa-Michael addition reaction while the DEA and EA show aza-Michael addition reaction with the PETA that has α,β-unsaturated carbonyl groups. In the second part and after realizing several experiments it was proved that the type of interaction between NPs and the functionalized polymer is electrostatic interaction between the negatively charged carboxylate groups on the NPs from one side and the positively charged amine groups on the polymer surface on the other side.

Besides that, some parametric studies were performed and it is turned out that the amine molecules are the key parameter in the attachment of the NPs. In addition, the immobilization of the NPs occurs in acidic medium (pH ~5) in order to promote the protonation of the amine groups to have the positive charge.

In case of MDEA, there is no effect of the MDEA amount used in the mixture between 5% and 30% on the GNPs density and a clean substrate surface was obtained. In case of DEA, the GNPs density is higher than in case of MDEA due to its fast reactivity and unclean substrate surface is obtained. This limitation can be minimized by decreasing the amount of DEA used.

Moreover, the influence of the time between fabrication and immersion was investigated in both cases showing an oxidation of amine functional groups on polymer surface when kept in air atmosphere for one day and thus the GNPs did not attach. By keeping the sample in argon atmosphere directly after fabrication for a long time and then immersing it in GNPs colloid, NPs were attached.

In case of EA, a self-polymerization occurred and mixture transformed directly into gel after adding the amine into the PETA monomer, which make it somehow difficult to use the mixture for two photon polymerization.

The deep understanding of the mechanism reveals the versatility of our new strategy to incorporate NPs of different nature and sizes, which have negatively charged ligands on their surface, and thus extend their properties and exploit them in many applications.

Chapter III: Applications

Introduction

Following our new strategy of functionalization of polymers and immobilizing of NPs, we aim in this chapter to illustrate the potential of this approach for some sensing and photonic applications. The nature of these NPs often plays the key role in determining the applications by providing unique inherent properties to the fabricated structures especially when we are talking about metallic nanoparticles MNPs.

Metallic Nanoparticles MNPs

The physical and chemical properties (optical [START_REF] Sosa | Optical Properties of Metal Nanoparticles with Arbitrary Shapes[END_REF], catalytic [107]…) of MNPs arouse an interest growing in the community of physicists as well in that of chemists and biologists.

Besides that, patterning these MNPs was widely developed in order to exploit their physical and chemical properties, not only to acquire fundamental scientific knowledge but also to develop technological applications.

At the nanoscale, the MNPs show notable changes in their electrical, optical and chemical properties compared to their bulk materials. They can act as catalysts in diverse processes of electronic transfer [START_REF] Corain | Metal nanoclusters in catalysis and materials science : the issue of size control[END_REF] or they can be used to develop sensitive biosensors [START_REF] Akil-Jradi | Biopolymers phase separation monitored by a plasmonic sensor[END_REF] and new photonic devices. These applications have been emerged a growing interest due to the unique and tunable optical properties of the MNPs on account of their surface plasmon phenomenon [START_REF] Haes | Using Solution-Phase Nanoparticles, Surface-Confined Nanoparticle Arrays and Single Nanoparticles as Biological Sensing Platforms[END_REF].

Surface plasmons

Plasmons can be described as a collective oscillation of free electrons by an external excitation situated on the metal surface. The surface plasmons was discovered by Ritchie et al. in 1957 [START_REF] Ritchie | Plasma Losses by Fast Electrons in Thin Films[END_REF].

At resonance, the incident electromagnetic waves cause free electrons to get displaced with respect to the lattice ions creating surface plasmons that oscillate at a resonant frequency called the plasma frequency. These plasmon oscillations can exist on metal dielectric interfaces under the form of localized surface plasmons LSPs on the surface of metallic nanostructures. If the energy of the electromagnetic waves matches the LSPs energy, localized surface plasmon resonance (LSPR) is induced and leads to a strong enhancement in the electromagnetic near field in the vicinity of the particle surface.

Localized surface plasmons (LSPs)

LSPs which also known as surface plasmons on metallic nanoparticles are a result of the stationary resonant oscillations of the surface charge density at the boundaries of metallic nanostructures [START_REF] Deeb | Quantitative Analysis of Localized Surface Plasmons Based on Molecular Probing[END_REF], [START_REF] Awada | Selective Excitation of Plasmon Resonances of Single Au Triangles by Polarization-Dependent Light Excitation[END_REF]. When a metallic particle is subjected to an electromagnetic field of a wavelength much bigger than the size of the particles (λ >> d), all the free electrons in the conduction band undergo the same field and oscillate collectively. In particular, when the frequency of the incident light matches the appropriate frequency of these oscillations, a resonant mode will be aroused that amplifies the field both inside and in the near field outside the particle. This resonant mode is also called localized surface plasmon resonance (LSPR).

(See Figure 77)

Figure [START_REF] Gansel | Gold helix photonic metamaterial as broadband circular polarizer[END_REF] Schematic illustration of surface plasmonic resonance where the free conduction electrons in the metal nanoparticles are driven into oscillation due to strong coupling with incident light [START_REF] Reza | Application of Surface Plasmon Resonance Based on a Metal Nanoparticle[END_REF].

Optical properties of metallic nanoparticles (MNP)

The LSPR frequency is dependent on the particle shape and size [START_REF] Jain | Calculated Absorption and Scattering Properties of Gold Nanoparticles of Different Size, Shape, and Composition: Applications in Biological Imaging and Biomedicine[END_REF] and simultaneously it is sensitive to the surrounding environment around the NPs [START_REF] And | A Nanoscale Optical Biosensor: Sensitivity and Selectivity of an Approach Based on the Localized Surface Plasmon Resonance Spectroscopy of Triangular Silver Nanoparticles[END_REF]. Besides, the LSPR of a MNP is particularly sensitive to the presence of other NPs nearby, as well as the organic chromophores or the quantum dots [START_REF] Sharma | Toward Reliable Gold Nanoparticle Patterning On Self-Assembled DNA Nanoscaffold[END_REF], for example. In an assembly of MNPs where the latter are extremely close to each other, the resonance position is strongly affected by the coupling in near field where a strong field emerges in the nano-sized gaps between the adjacent nanoparticles [START_REF] Rechberger | Optical properties of two interacting gold nanoparticles[END_REF]. This plasmonic coupling between the NPs offers a unique strategy to settle the spectra, the strength, as well as the spatial distribution and the polarization of the local electric field in and around the nanostructures [START_REF] Zhang | Manipulating Nanoscale Light Fields with the Asymmetric Bowtie Nano-Colorsorter[END_REF]. This spacing between MNPs, having highly localized fields, can serve as hot spots for field enhancement.

The formation of these enhanced electromagnetic fields make it the basis for all surfaceenhanced spectroscopies, especially surface-enhanced Raman scattering (SERS) [START_REF] Stiles | Surface-Enhanced Raman Spectroscopy[END_REF].

Moreover, due to the strong field confinement, the LSPR of a particle is very sensitive to the local refractive index of the surrounding medium, a spectral shift of the resonance position can be observed with a change in the refractive index [START_REF] Barnes | Surface plasmon subwavelength optics[END_REF]- [START_REF] Willets | Localized Surface Plasmon Resonance Spectroscopy and Sensing[END_REF].

A plasma model can explain the optical properties of metals, where a gas of free electrons of number density n moves against a fixed background of positive ion cores.The oscillations of these free electrons can be described by the Drude dielectric function of ԐDrude (Equation 1).

Ԑ 𝑫𝒓𝒖𝒅𝒆 = 𝟏 - 𝝎 𝒑 𝟐 𝝎 𝟐 +𝒊𝜸𝝎 Equation 1
Where 𝛚 is the angular frequency of the light, 𝛄 is the characteristic frequency and it is equal to 𝛄 = 1/τ, where τ is the relaxation time of the free electron gas (τ is in the order of 10 -14 s at room temperature) and 𝛚 𝐏 defined as the plasma frequency for the collective oscillation of the electron plasma and it is determined by the free electrons density N in the metal and the effective mass of electrons me (Equation 2):

𝝎 𝑷 = √ 𝑵𝒆 𝟐 Ԑ 𝟎 𝒎 𝒆 Equation 2
At large frequencies close to 𝛚 𝐏 where the product 𝛚τ ≫ 1, the imaginary part of Equation 1

can be neglected and the dielectric function Ԑ(ω) can be expressed as shown in Equation 3:

Ԑ(𝝎) = 𝟏 - 𝝎 𝒑 𝟐 𝝎 𝟐 Equation 3
The Drude model is involved in only the optical response of free electrons and thus it is not valid for noble metals (e.g. Au, Ag, Cu …) where valence electrons play a role in the electromagnetic/metal interaction. For that reason, an extension to this model is needed by adding a dielectric constant Ԑ ∞ to the Drude model [START_REF] Alvarez | Optical Absorption Spectra of Nanocrystal Gold Molecules[END_REF] (usually 1 ≤ Ԑ ∞ ≤ 10) and we can write (See Equation 4):

Ԑ = Ԑ ∞ - 𝝎 𝒑 𝟐 𝝎 𝟐 +𝒊𝜸𝝎 Equation 4
When the particles size is smaller than the wavelength of the light (r << λ), the oscillations of electrons can be considered as dipolar. In this case, the electrons response to the wavelength of the incidental light is described by the dipolar polarization α (See Equation 5):

𝜶 = (𝟏 + 𝜿) Ԑ 𝟎 𝑽 (Ԑ-Ԑ 𝒎 ) (Ԑ+𝜿Ԑ 𝒎 )
Equation 5

Where 𝐕 is the particle volume, Ԑ 𝟎 is the externally applied electric field, Ԑ 𝐦 is the dielectric constant of the surrounding medium, Ԑ is the dielectric function of the metallic particle, 𝛋 is the shape factor which describes the geometry of metallic particle. [START_REF] Prashant | Plasmon Coupling in Nanorod Assemblies: Optical Absorption[END_REF] For a sphere particle (See Equation 6 and Equation 7):

𝜿 = 𝟐 Equation 6
and

𝑽 = 𝟒 𝟑 𝝅𝒓 𝟑 Equation 7
Thus, the dipolar polarization α (See Equation 8) of the sphere is equal to:

𝜶 = 𝟒𝝅Ԑ 𝟎 𝒓 𝟑 (Ԑ-Ԑ 𝒎 ) (Ԑ+𝟐Ԑ 𝒎 ) Equation 8
In general, the dielectric function can be written as (See Equation 9):

Ԑ(𝝎) = Ԑ 𝟏 (𝝎) + 𝒊Ԑ 𝟐 (𝝎) Equation 9
where Ԑ 𝟏 (𝜔) is the real part and Ԑ 𝟐 (𝜔) is the imaginary part. At optical frequencies, Ԑ(𝜔) can be experimentally determined via reflectivity studies. The resonance condition is achieved when Ԑ 𝟏 (𝜔) = -2Ԑ 𝒎 (𝜔) if Ԑ 𝟐 (𝜔) is small or weakly dependent on the angular frequency of the exciting light 𝜔. [START_REF] Kreibig | Optical properties of metal clusters[END_REF] The frequency 𝛚 𝐒𝐏 (See Equation 10) corresponds to the localized surface plasmon resonance (LSPR) frequency. It is related to the ω in the Equation 4 which justifies the relation in the Equation 9, we can see that the LSPR frequency is determined according to the angular frequency 𝛚 𝐏 , the geometry of the particle 𝛋 and the dielectric constant of the surrounding medium Ԑ 𝐦 .

𝝎 𝑺𝑷 = √ 𝑵𝒆 𝟐 𝒎 𝒆 Ԑ 𝟎 (Ԑ ∞ + 𝜿Ԑ 𝒎 )

Equation 10

The unique properties of plasmonics have made them the subject of interest to many researchers recently; in addition to them being simply quite fascinating. Their ability to enhance the electric field made them useful in Surface Enhanced Raman Spectroscopy (SERS).

The assembly of the metallic NPs in high density will form 'hot spots' in the narrow gap regions between neighboring particles, which can harvest high electromagnetic field to enhance the Raman signal [START_REF] Zhang | Self-Assembly of Large-Scale and Ultrathin Silver Nanoplate Films with Tunable Plasmon Resonance Properties[END_REF]. The Van Duyne group [START_REF] Wustholz | Structure-Activity Relationships in Gold Nanoparticle Dimers and Trimers for Surface-Enhanced Raman Spectroscopy[END_REF] demonstrated that the creation of hot spots, where two particles are in sub nanometer proximity or have coalesced to form crevices, is important to achieve maximum SERS enhancements.

In comparison with a single NP, the plasmonic absorption for dimers exhibits a new band at longer wavelength (red shift) due to interparticle plasmonic coupling; also theoretically the interparticle plasmonic coupling leads to more enhancements and red shifts for the plasmonic absorption band with a higher degree of aggregation than the dimer as an example for a trimer [START_REF] Sergiienko | Nanoparticlenanoparticle vs. nanoparticle-substrate hot spot contributions to the SERS signal: studying Raman labelled monomers, dimers and trimers[END_REF].

Surface Enhanced Raman Spectroscopy (SERS)

Since Surface Enhanced Raman Spectroscopy (SERS) is a Raman spectroscopic technique that provides greatly enhanced Raman signal from Raman active molecules, we cannot avoid the description of Raman spectroscopy in this section.

Raman spectroscopy

The Raman spectroscopy is a non-destructive technique, based on inelastic scattering, or Raman scattering, of monochromatic light, usually from a laser, with frequency ν0 after its interaction with Raman-active molecules. The phenomenon of Raman scattering of light was first postulated by Smekai in 1923 and first observed experimentally in 1928 by Raman and

Krishnan [START_REF] Krishnan | Raman effect: History of the discovery[END_REF]. The difference in frequency ∆ν between the incident light ν0 and the scattered light ν0 ' is equal to the molecular vibrational frequency (ν0 -ν0 ' = ± ∆ν).

When a monochromatic light strikes at sample, most photons are elastically scattered after its interaction with sample molecules having a frequency equal to the frequency of incident light ν0 and constitutes Rayleigh scattering. Only a small portion of scattered radiation are inelastically scattered having a frequency different from the frequency of incident photons [START_REF] Moura | Raman spectroscopy and coherent anti-Stokes Raman scattering imaging: prospective tools for monitoring skeletal cells and skeletal regeneration[END_REF].

In inelastic scattering, the scattered photons may have an energy either lower or higher than the incident photons. When the frequency of incident photon is higher than the frequency of scattered radiation, Stokes lines appear in Raman spectrum. It is typically corresponds to the excitation of the molecule from the vibrational ground state (v = 0) to the first excited state (v = 1) of a vibrational mode due to the energy absorption (hΔν) from the incident photon by the molecule. However, when the frequency of incident photon is lower than frequency of scattered radiation, anti-Stokes lines appear in Raman spectrum. Then the molecule has relaxed from an excited vibrational state (v = 1) to its ground state (v = 0), in this case, hΔν energy is transferred to the scattered photons (See Figure 78).

Figure 78 Schematic representation of the energy transitions involved in Raman and Rayleigh scattering (A) and their corresponding spectra (B).

Because Stokes shifted Raman bands involve the transitions from lower to higher energy vibrational levels and since more molecules exist in the ground state than those in the excited state, the Stokes bands are more intense than anti-Stokes [START_REF] Smith | Modern Raman Spectroscopy -A Practical Approach[END_REF].

SERS enhancement

SERS has been observed for the first time in 1974 by Fleischmann et al., who evidenced a huge enhancement of the Raman signal of pyridine adsorbed on electro-chemical roughened silver electrode [START_REF] Fleischmann | Raman spectra of pyridine adsorbed at a silver electrode[END_REF], [START_REF] Mcquillan | The discovery of surface-enhanced Raman scattering[END_REF]. From its acronym, the SERS effect is about amplifying Raman signals of probed molecules by several orders of magnitude on or close to the surface (See Figure 79).

This effect appears when the molecules of the species to be detected are adsorbed on the surface of a nanostructured substrate of a noble metal, more particularly, Silver and gold that exhibit an LSP resonance in the visible regime. This substrate, which is going to be exited in its plasmon resonance by the incidental wave, it will enhance the intensity of Raman scattering of the molecule and thus to lower very significantly its limit of detection.

Figure 79 Scheme presenting the Surface enhanced Raman scattering process (SERS): excitation of the substrate in its plasmon resonance by the incident light (laser) leading to the enhancement of the intensity of Raman scattering of the analyte.

Latter studies proposed an electromagnetic explanation of this effect [START_REF] Jeanmaire | Surface raman spectroelectrochemistry: Part I. Heterocyclic, aromatic, and aliphatic amines adsorbed on the anodized silver electrode[END_REF], [START_REF] Albrecht | Anomalously intense Raman spectra of pyridine at a silver electrode[END_REF] and continuous research has been developed in order to explain the mechanisms involved in SERS.

Currently most researchers agree on the existence of two processes contributing to the SERS mechanism, the electromagnetic effect [START_REF] Hartigan | Electromagnetic contribution to surface enhanced Raman scattering revisited[END_REF] and the chemical effect [START_REF] Otto | The 'chemical' (electronic) contribution to surface-enhanced Raman scattering[END_REF]. The first is independent of the probed molecule, while the second is strongly dependent on the nature of the molecule and on the chemical bonds that it forms with the SERS substrate.

Electromagnetic effect

When an electromagnetic wave irradiates a metal particle at the plasmon resonance frequency, the excitation causes an enhancement of the local electromagnetic field on the surface of the particle where the molecules are adsorbed [START_REF] Le Ru | Principles of surface-enhanced Raman spectroscopy : and related plasmonic effects[END_REF]. Indeed, the molecules feel a very intense electromagnetic field, which increases their Raman signal. Most of the improvement in the SERS phenomenon is due to the electromagnetic enhancement effect, which is a direct consequence of the presence of roughness metal on the surface.

The intensity of the classical Raman scattering is proportional to the square of the incident electromagnetic field (E) on the analyte (See Equation 11):

I0 α E 2

Equation 11

Where I0 is the intensity of the Raman signal and E is the total electromagnetic field coupled with the Analyte.

Whereas in the case of the SERS effect [START_REF] Alexander | Surface-Enhanced Electromagnetic Processes[END_REF], it turns out that after the excitation of a metal at its plasmon frequency (excitation field E0 at the wavelength λ0), it increases the intensity of the local electromagnetic field Eloc on the metal surface which is proportional to E0 and to the enhancement factor Mloc (λ0), especially near the "hot spots". Then the molecule at the MNP surface will then be excited by this enhanced field and will scatter a Raman signal at wavelength λR of a scattered field Esca having the same enhancement factor as the local field.

This Esca by the molecule can interact with the plasmon of MNP creating a re-radiated field Erad that is proportional to the scattered field Esca and to the enhancement factor Mrad (λR).

This metal surface also influences the re-emission properties and a second enhancement of the Raman signal is induced. Thus, the intensity of enhanced Raman signal ISERS (See Equation 12) of the probed molecule is defined as follows:

ISERS = α 2 M 2 loc (λ0) M 2 rad (λR) E 2

Equation 12

Which is also equal to the total electromagnetic enhancement factor G times the intensity of the classical scattered Raman signal I0 with the absence of NPs (See Equation 13)

ISERS= GI0

Equation 13

Where the electromagnetic enhancement factor G (See Equation 14) is equal to [START_REF] Le Ru | Principles of surface-enhanced Raman spectroscopy : and related plasmonic effects[END_REF] :

G = M 2 loc (λ0) M 2 rad (λR) Equation 14
Since the localized plasmon field has very short range, the SERS effect takes place in the local fields of MNP. It results in strongly increased Raman signals of the molecules adsorbed in the first surface layer. Note that the SERS spectrum for some molecules may be different from the conventional Raman spectrum and this is due to the interaction between the metal and the molecule.

Chemical effect

Unlike the electromagnetic effect, the contribution of the chemical effect to SERS enhancement is still not completely solved and fully understood [START_REF] Otto | Surface-enhanced Raman scattering[END_REF]. The most commonly accepted explanation is a charge transfer due to the chemical interaction that is formed between the metal substrate and the adsorbed molecule [START_REF] Otto | The 'chemical' (electronic) contribution to surface-enhanced Raman scattering[END_REF]. This charge transfer produces a modification in the electronic structure of the molecule, and thus of its polarizability. In spite that the intensity of the Raman diffusion depends on the polarizability of the molecule, this chemical effect is not necessary positive, it can decrease the intensity of the signal (quenching)

or favor only certain modes of vibrations of the molecule and its input of the chemical effect to the enhancement is fewer than a factor 100 [START_REF] Campion | Surface-enhanced Raman scattering[END_REF].

SERS substrates

The fundamental requirement for SERS is a substrate that supports a surface Plasmon resonance [START_REF] Stiles | Surface-Enhanced Raman Spectroscopy[END_REF]. Many studies were carried out to fabricate nanostructures [START_REF] Xia | Unconventional Methods for Fabricating and Patterning Nanostructures[END_REF] and to offer the possibility to control their shape and arrangement on surfaces in order to develop better SERS substrates by creating better "hot spots" and thus optimize the effectiveness of the peak effect [START_REF] Cialla | Surfaceenhanced Raman spectroscopy (SERS): progress and trends[END_REF].

Solutions of metallic colloids (mostly made of silver (Ag) or gold (Au)) have been employed as SERS substrates for several decades [START_REF] Lee | Adsorption and surface-enhanced Raman of dyes on silver and gold sols[END_REF]. Moreover, these colloids can be dried to a solid substrate to obtain such arrays of metallic nanoparticles forming a good SERS substrate.

In the same spirit of mastering the shape and position of nanostructures, an important effort is also focused on lithographic-based techniques to build SERS substrates. Using these techniques allow an accurate control over the size, shape and spacing of metallic nanoparticles forming SERS substrates of very high reproducibility in the SERS intensities [START_REF] Khaywah | Ultrastable, Uniform, Reproducible, and Highly Sensitive Bimetallic Nanoparticles as Reliable Large Scale SERS Substrates[END_REF], [START_REF] Oran | Nanofabricated periodic arrays of silver elliptical discs as SERS substrates[END_REF], [START_REF] Marquestaut | Raman Enhancement of Azobenzene Monolayers on Substrates Prepared by Langmuir-Blodgett Deposition and Electron-Beam Lithography Techniques[END_REF].

However, 3D SERS substrates with considerable extension in the third dimension are actively pursued to increase the versatility of a 3D SERS platform by increasing the number and utility of SERS hotspots in all three dimensions. In addition, the extension of a SERS substrate from 2D to 3D brings about a larger overall surface area, which in turn enables more target molecules to be adsorbed and detected in the third dimension, especially along the z-axis.

[151]

Experimental part 4.1. Micro Raman spectroscopy

In order to study the efficiency of our fabricated samples as SERS sensors, a Labram Raman spectroscopy was used from HORIBA Jobin-Yvon equipped with a HeNe laser of wavelength λ = 632.8 nm as the excitation source, Olympus optical microscope of objectives (10xNA 0.30, 50xNA 0.8, 100xNA 0.9) and a Peltier CDD detector (1024 x 256 pixels) of 16 bits dynamic range.

Fabrication of SERS substrates

Fabrication of 2D and 3D polymer structures

By using a photopolymerizable solution consisting of 73.5% PETA, 15% MDEA, 1.5% Irgacure 819 (photo initiator) and 10% MEHQ (inhibitor); stirred for 30 min at 45°C, and then the photoinitiator and the inhibitor were added and stirred for 15 min; 2D polymer square microstructures (50 µm × 50 µm) and 3D woodpiles (20 µm × 20 µm × 6 µm) of different periods 1.5, 1.0, 0.8 and 0.6 µm were fabricated.

Optimization of the immersion time

The assembly of the metallic NPs in high density will form 'hot spots' in the narrow gap regions between neighboring particles which are essential to have high electromagnetic field to enhance the Raman signal. By increasing the immersion time, the density of the GNPs on the polymer surface will increases and thus the formation of hotspots.

In order to optimize the immersion time, LSPR measurements were performed on the samples of 2D square polymer microstructures covered by GNPs. The obtained results in Figure 80 show the plasmonic peaks of the GNPs at different immersion time: 1, 10, 30, 120, 300 and 540 minutes. It appears from the extinction spectra that the surface density of the NPs on the polymer surface increases with the increase of the immersion time to reach the equilibrium surface density after 300 minutes. Moreover, from immersion time of 30 min we can start to see the presence of a second peak between 650 and 750 nm, this peak increases with the immersion time, which means when the GNPs are near each other a plasmon coupling is occurred. This coupling increases with the GNPs density and stagnates after 300 min.

Figure 80 SEM images of 2D immobilization of GNPs on the polymer square microstructures with different immersion times and their corresponding extinction spectra. Scale bar is 500 nm.

According to this experiment, the immersion time of all the fabricated SERS substrates was 300 minutes in order to obtain high density of GNPs. The fabricated 2D and 3D substrates of GNPs that will be used for the SERS studies are shown in Figure 81. 

Raman probe molecule

To measure the Raman scattering enhancement we used trans-1,2-bis (4-pyridyl) ethylene (BPE) molecule, which is widely studied in SERS. The chemical formula of BPE is C12H10N2 and its chemical structure is given in Figure 82. [START_REF] Zhuang | Density functional theory calculation of vibrational spectroscopy of trans-1,2-bis(4pyridyl)-ethylene[END_REF].

Figure 83 SERS (a) and Raman (b) spectra of the BPE molecule; the first on silver foil substrate and the second in bulk (A). The characteristic bands of BPE in Raman and SERS spectra. ν: stretch, δ: in plane bend and γ: out of plane bend (B)

Raman and SERS measurements

The normal Raman spectrum (in the absence of GNPs) of BPE (10 -1 M) was carried out on glass substrate and the signal was collected during an acquisition time of 10 seconds via an objective 50 x magnification lens (0.5 numerical aperture).

All SERS measurements were carried out after 1 minute of depositing the BPE drop (10 µL) on the substrate. The SERS signal was collected during an acquisition time of 1 second via an objective 50 x magnification lens (0.5 numerical aperture).

SERS enhancement factor (EF)

In order to determine the enhancement effect of the fabricated SERS substrates, the enhancement (EF) factor should be calculated. The EF calculated in the literature corresponds to the intensity ratio for a given peak between the two Raman and SERS spectra multiplied by the ratio of the number of target molecules detected in each configuration. The number of detected molecules depends on the concentration and the volume of detection both in the Raman and SERS configurations, where the first depends on the focal volume of the beam while the second depends on the volume in which the enhancement of the electromagnetic field takes place and the MNPs surface excited by the beam. Indeed, even if the volume of detection in each configuration could be roughly estimated, the number of molecules is not easy to be estimated from the concentration as it depends on how the molecules are adsorbed on the metallic nanostructures. For this reason, the analytical enhancement factor (AEF) was introduced in some papers [START_REF] Izquierdo-Lorenzo | Direct laser writing of random Au nanoparticle three-dimensional structures for highly reproducible micro-SERS measurements[END_REF]. This AEF (See Equation 15) does not take into account the difference in the number of molecules detected between the Raman and the SERS. Thus, the EF, which takes into account, only signal intensity and concentration is largely underestimated ant it is calculated according to the following formula:

𝑨𝑬𝑭 = 𝑰 𝑺𝑬𝑹𝑺 × 𝑪 𝑹𝒂𝒎𝒂𝒏 𝑰 𝑹𝒂𝒎𝒂𝒏 × 𝑪 𝑺𝑬𝑹𝑺 Equation 15
Being 𝐈 𝐒𝐄𝐑𝐒 and 𝐈 𝐑𝐚𝐦𝐚𝐧 , respectively, the intensities of a certain band on the SERS and Raman measurements, while 𝐂 𝐒𝐄𝐑𝐒 and 𝐂 𝐑𝐚𝐦𝐚𝐧 are the BPE concentrations used in each case.

Due to the difference in the acquisition time in recording the signal of the normal Raman and SERS, we will multiply the AEF in the acquisition time ratio which is 10.

Photoluminescence measurements

The fluorescence measurements on the fabricated structures were performed with a homemade set-up which consists of a 405 nm laser; a Maya spectrometer and the OLYMPUS IX73 microscope (See Figure 84).

Figure 84

Sketch of the set-up for photoluminescence measurement.

Results and discussions

SERS measurements

A Raman spectrum of concentrated BPE solution of concentration 10 -1 M was recorded in order to calculate the analytical enhancement factor (AEF) after the SERS measurements on 2D and 3D SERS substrates. The normal Raman spectrum of BPE (10 -1 M) is shown in Figure 85.

Figure 85 Normal Raman spectrum of BPE (10 -1 M).

The SERS measurement was done on 2D polymer square microstructures (30 µm × 30 µm).

Figure 86 shows that the Raman scattering of the concentrated BPE (10 -1 M) is too weak compared to the SERS signal of BPE solution (10 -5 M) detected on the 2D polymer square microstructures immobilized with GNPs. We can notice that the SERS spectrum of the BPE has five bands active in the spectral range of 1100 to 1900 cm -1 . Three of these bands of which a band located at 1195 cm -1 corresponding to ring vibration and a double peaks located at 1601 cm -1 and 1633 cm -1 corresponding to benzene ring stretching and C=C stretching mode respectively are the ones chosen for our study. The results obtained in Table 5 show clearly the enhancement of the Raman signal of the BPE on 2D square lines immobilized with GNPs. In particular and under the same optical measurement conditions, it appears that the SERS signal is 9.26 × 10 5 times greater than the Raman signal for the peak at 1206 cm -1 . Besides that, it can be noted that the shift between the two Raman and SERS spectra is between 4 to 11 cm -1 that are attributed to the interaction that may have occurred between the BPE molecule and the GNPs surface [START_REF] Kneipp | Surface-enhanced Raman scattering and biophysics[END_REF].

Table 5 the Raman and SERS intensities for some characteristic peaks of the BPE molecule with their analytical enhancement factor (AEF) and peak shift. (In case of 2D SERS substrate).

Raman peak SERS peak

On the other hand, the SERS measurement was realized on the 3D woodpile structure of period 1.5 µm following the same experimental parameters that was applied on the 2D substrate. As shown in Figure 87 the Raman scattering signal of the BPE (10 -1 M) is very much weaker compared to the SERS signal of BPE solution (10 -5 M) detected on the 3D woodpile immobilized with GNPs. It is obvious from the SERS spectrum of the BPE that it has eight bands active in the spectral range of 1100 to 1900 cm -1 . As the case in 2D SERS substrate, three of these bands of which a band located at 1195 cm -1 and a double peaks located at 1601 cm -1 and 1633 cm -1 are the ones chosen for our study. As it can be seen in Figure 88 and Table 7, by comparing the SERS signals that were performed on 2D and 3D SERS substrates we can notice an enhancement on 3D substrate 9.4 times stronger than on 2D substrate for the peak at 1195 cm -1 .

Figure 88 normal Raman spectrum of BPE (10 -1 M) (black), the SERS spectrum of BPE (10 -5 M) on 2D square lines immobilized with GNPs (red) and the SERS spectrum of BPE (10 -5 M) on 3D woodpile of period 1.5 µm immobilized with GNPs (blue).

Table 7 the Raman and SERS intensities at 1195 cm -1 peak with their AEF (in case of 2D and 3D SERS substrate). From the extinction spectra in Figure 89, we can see the coupling between the GNPs in case of 3D patterning by the presence of second broad peak at ~ 700 nm besides that it show a plateau of high absorption compared to the 2D patterning. These features are related to the high density of GNPs on the 3D structure that may leads to the coupling between them in three dimensions and thus generating more hotspots leading to the high enhancement of the Raman signal as indicated in the above SERS studies.

SERS peak

Figure 89 Extinction spectra of GNPs on 2D square lines (red) and on 3D woodpile of period 1.5 µm (blue).

The 3D woodpile exhibits high performance as SERS substrate. In this sense, we have decided to study the effect of the woodpile period on this performance. Four woodpiles (20 µm × 20 µm × 6 µm) of different periods: 0.6, 0.8, 1.0 and 1.5 µm immobilized with GNPs were prepared according to the procedure described in chapter 1. On these woodpiles, extinction spectra were recorded and SERS measurements were realized following the same experimental parameters that were applied in the above studies. From the results obtained in Figure 90 and Table 8 it is clear that as the woodpile period increases from 0.6 µm to 1.5 µm the enhancement of the Raman signal of BPE molecule increases. If we take the SERS peak at 1195 cm -1 , the AEF of the SERS signal on woodpiles of period 0.6, 0.8, 1.0 and 1.5 µm is equal to 2.1 × 10 6 , 2.5 × 10 6 , 3.4 × 10 6 and 8.7 × 10 6 respectively. Where the enhancement on woodpile of period 1.5 µm is 4.1 times, 3.5 times and 2.6 times greater than that of woodpiles of periods 0.6, 0.8 and 1.0 µm respectively.

The extinction spectra in Figure 91 show that the density of the GNPs increases as the woodpile period increases. Besides that, it is obvious the presence of a second broad peak between 670 and 800 nm. The intensity of this peak also increases as the woodpile period increases. It seems that this behavior attributes to the capability of the GNPs solution to face capillary forces to penetrate the woodpile porosities in order to immobilize on the inner layers. As the size of the porosities increases, the ability to overcome these forces and to enter into the inner layers will be more advantageous. Thus, the density of the GNPs will increase and the coupling between them in three dimensions on the woodpile structure will increase.

As a result, more hotspots will be produced leading to the high enhancement of the Raman signal as indicated in the above SERS studies.

Figure 91

Extinction spectra of GNPs on 3D woodpiles of periods: 1.5, 1.0, 0.8 and 0.6 µm.

Localized surface plasmon resonance (LSPR) sensing

In sensing applications, the changes in the wavelength corresponding to the extinction maximum of the LSPR (λmax) are monitored as a function of changes in the chemical and physical environment of the surface of the nanoparticles and are strongly dependent on the dielectric properties of the medium [START_REF] Kim | Localized surface plasmon resonance (LSPR) sensitivity of Au nanodot patterns to probe solvation effects in polyelectrolyte brusheswz[END_REF].

In this study, we examine the sensitivity of the LSPR spectra of gold NPs immobilized on 2D square lines response to changes in the refractive index of the surrounding medium. The extinction spectra in Figure 92 were performed on the sample in two different mediums of different refractive index: 1.000 for air and 1.383 for isopropanol. The LSPR sensitivity was determined by comparing the shift in λmax to the change in the refractive index. It is obvious that plasmonic resonance of the GNPs has two peaks, the transversal peak is between 450 and 600 nm and it is red-shifted by 10 nm when the refractive index was increased (from 1 to 1.383). The longitudinal peak is between 650 and 750 nm that corresponds to the hotspots due to the coupling between GNPs near each other. This longitudinal peak is also red-shifted by 36 nm when the refractive index was increased (from air to isopropanol medium). The redshift of longitudinal LSPR as refractive index increase is about 3.6 times larger than that of the transversal LSPR. Similar studies already reported in the literature have shown that coupling between two particles in dimer is much stronger for longitudinal than transverse polarization [156][157]. These obtained results show the high sensitivity of our fabricated structures to changes in the refractive index of the surroundings even in the hotspots.

Figure 92

Extinction spectra of 2D square lines immobilized with GNPs in two different mediums of different refractive index: 1.000 for air and 1.383 for isopropanol.

Hybrid Quantum dots-polymer composites

Luminescent semiconductor quantum dots (QDs) have drawn tremendous attention due to their unique optical properties not only for the diagnostic and sensory but also for plasmonic and photonic applications. QDs exhibit emission in the range from ultraviolet (UV) to near infrared (NIR) [START_REF] Fu | Creating optical anisotropy of CdSe/ZnS quantum dots by coupling to surface plasmon polariton resonance of a metal grating[END_REF], [START_REF] Anikeeva | Quantum Dot Light-Emitting Devices with Electroluminescence Tunable over the Entire Visible Spectrum[END_REF] they show exciting optical properties compared to the bulky semiconductors due to their small size with a diameter of 1-10 nm [START_REF] Chen | Potassium ion recognition by 15-crown-5 functionalized CdSe/ZnS quantum dots in H2O[END_REF], [START_REF] Ledentsov | Quantum dot heterostructures: fabrication, properties, lasers (Review)[END_REF]. One of the main challenges is to integrate these nano-emitters with a spatially controlled manner into optical and plasmonic devices.

This work was done in the frame of the "Active-Nanophot" international ANR project (UTT/NTU). Active-Nanophot is dedicated to develop and control hybrid nano-emitters having multiple output colors (i.e., emission modes) and presenting an intrinsically developed QDbased gain medium with anisotropic properties than can be selectively activated by playing, in particular, with the polarization state of the incident light [START_REF]Project ACTIVE-NANOPHOT (new MULti functional and multi color HYbrid Nanoemitters (MULHYN) )[END_REF]. The fabrication of anisotropic hybrid light-emitting nanosystems will be done by the method of plasmon-based nano-photopolymerization developed at L2n (former LNIO) since 2007 [START_REF] Ahrach | Spectral Degeneracy Breaking of the Plasmon Resonance of Single Metal Nanoparticles by Nanoscale Near-Field Photopolymerization[END_REF]- [START_REF] Deeb | Plasmon-Based Free-Radical Photopolymerization: Effect of Diffusion on Nanolithography Processes[END_REF]. The use of the organic dyes presents several advantages, including the possibility to easily incorporate the active dye into the polymer solution. However, the disadvantage is the photobleaching, making the lifetime of the nanosources intrinsically short. Incorporating QDs into the photopolymer in order to immobilize them in the vicinity of metallic nanostructures by plasmon-enhanced photopolymerization is one of the most promising approaches for local integration of QDs at the nanoscale. Direct laser writing based on two photon polymerization could be used for the immobilization of Qds with a spatially controlled manner. However, Most QDs are difficult to disperse homogenously with the photosensitive polymer besides their aggregation within the mixture that makes it difficult their integration at the nanoscale.

This chemical incompatibility between the photopolymer and QDs may cause the aggregation of QDs at the surface of substrate during photopolymer development. In that case, the background containing QDs aggregates shows a strong light emission that could be higher than the photoluminescence of hybrid plasmonic nanosources.

For that reason, preparing homogenous photosensitive resins of hybrid QDs-polymer composites without aggregations inside the resin is still challenging. In this sense, choosing the suitable ligand of QDs is essential to ensure their grafting into the polymer matrix and to avoid their aggregation.

Based our understanding of the chemical functionalization mechanism in chapter 2, we have selected CdSe/ZnS QDs stabilized with PEG-NH2 ligands from Mesolight company. The QDs-PEG-NH2 was then attached to PETA monomer according to Michael addition reaction as shown in This hybrid QDs-polymer composite where the photopolymer is covalently bounded to the Qd's ligands and could be nanostructured by light opens the door to fabricate luminescent nanostructures to be integrated into some photonic systems that are investigated in the "Active-Nanophot" (optical waveguides, plasmonic nanosources such as nanowires and nanocubes, fibered probes).

To illustrate the multifunctional character of our photopolymers and its ability to combine Qds and GNPs, the Qds-grafted PETA monomer was functionalized by adding 15% of MDEA into the mixture in order to make it possible the immobilization of GNPs at the surface of 3D patterned polymer containing Qds. Then two samples of 3D woodpiles were prepared one was immersed in GNPs colloid and the other without immersion was used as a reference. The emission of both 3D structures was then recorded using a 405 nm laser (set-up described in section 4.6). As it can be seen in Figure 96, in the absence of GNPs, the Qds-polymer woodpile shows significantly stronger emission at 620 nm from the one with GNPs. Indeed, the emission of Qds seems to be quenched by the GNPs. The absorption of blue light by the GNPs is another factor that could explain this drastic decrease of emission intensity of Qds. This first and preliminary experiment illustrates the potential of our functionalization method to couple plasmonic and emitting nanostructures. 

Transmission phase gratings

The reflective or transmissive color filters provide the ability to select individual colors from a white light [START_REF] Yu | Transmissive/Reflective Structural Color Filters: Theory and Applications[END_REF]. Most color filters are based on the material selective absorption in the visible band such as pigment and dye. Alternatively, color can be generated by manipulating the propagation of light by using dispersive gratings based on the interaction between light and the structures, including light diffraction rather than the material properties.

As a result, simple diffraction structures having the form of a regular grid of pillars can generate a significant range of hues in white light transmission due to color-dependent diffraction into higher orders. By using two-photon lithography, Nawrot et al. [START_REF] Nawrot | Transmission phase gratings fabricated with direct laser writing as color filters in the visible[END_REF] reported on the fabrication of a 2D sub micrometer scale diffraction pillars providing selective light transmission. The resulting 2D transmission phase gratings are made of a collection of pillars with a given height h, set at constant intervals on a square x-y grid. The resulting colors depend strongly on the pillar height and to a lesser extent on the pillar period (distance between pillars) as shown in Figure 97. 

Figure 99 white light transmission micrograph showing a range of colors available for the sets of pillar before and after immersion. The pillar height varies from 1.0 to 2.4 μm (columns) and for the period (distance between pillars) from 0.7 to 1.3 µm (rows).

To quantify the optical properties of the structures, the extinction spectra have been measured before and after immersion. If we consider the set of pillars (period 0.7 µm; height 1.0 µm and 2.4 µm), we can see the clear shift from red color towards violet and from orange color towards intense red color respectively after immersion. However, for the set of pillars 

Conclusion

To conclude, the fabricated 2D square lines and 3D woodpiles immobilized in GNPs present adequate properties to be applied as substrates for SERS. The woodpiles exhibits good enhancement, fast response and reproducibility in intensity 9.4 times compared to the 2D square lines.

On the other hand, obtaining hybrid 3D luminescent structures was achieved by grafting PETA monomer on QDs according to Michael addition reaction based on our understanding of the mechanism. This achievement is a basic feature for many optical applications, and one of the main goals is to fabricate hybrid nano-emitters having multiple output colors by coupling plasmonic nano-sources to localized luminescent nanostructures. This formulation will be developed and used in the frame of the international ANR project "Active-Nanophot".

Besides that, the sensitivity of the LSPR response to changes in the refractive index of the surrounding medium was studied. As the solvent refractive index was increased the plasmonic resonance is red shifted and a second peak was observed due to their coupling in the range between 650 and 750 nm.

Finally, to illustrate the potential of our functionalization method, 2D pillars transmission phase gratings were fabricated and covered by a mono-layer of GNPs. It seems that there is an influence of the plasmon resonance of GNPs on the fabricated gratings leading to change in their colors and increase in their absorption.

Chapter IV: General Conclusions and perspectives

In this thesis, we have developed a novel method and a general strategy for the immobilization of NPs on functionalized polymer templates that are fabricated by DLW-TPL on glass substrate.

The novelty of this strategy is that monolayers of precise orientations are formed without aggregations collecting a clean surface after fabrication, multiple dimensional assembly of NPs are successfully obtained even in complex 3D microstructures besides that the surface density of NPs on the polymer surface can be controlled. This new strategy is inherently specific for negatively charged NPs, which are highly selective to the functionalized polymer structures.

Concerning the mechanism reaction of the NPs immobilization on the polymer surface, it was demonstrated and divided into two parts (1) the chemical functionalization of PETA momomer by the amine molecules and ( 2) the electrostatic interaction between NPs and the polymer surface. In the first part of the mechanism it was proved that the MDEA molecule exhibits oxa-Michael addition reaction while the DEA and EA show aza-Michael addition reaction with the PETA that has α,β-unsaturated carbonyl groups. In the second part and after realizing several experiments it was proved that the type of interaction between NPs and the functionalized polymer is an electrostatic interaction between the negatively charged carboxylate groups on the NPs from one side and the positively charged amine groups on the polymer surface on the other side. Besides that, some parametric studies were performed and it is turned out that the amine molecules are the key parameter in the attachment of the NPs, without amine molecule there is no attachment. In addition, the immobilization of the NPs occurs in acidic medium (pH ~5) in order to promote the protonation of the amine groups and thus to obtain the positive charges.

In case of MDEA, there is no effect of its amount used in the mixture between 5% and 30% on the GNPs density and a clean substrate surface was obtained. In case of DEA, the GNPs density is higher than in case of MDEA due to its fast reactivity and unclean substrate surface is obtained. This limitation can be minimized by decreasing the amount of DEA used. Moreover, the influence of the time between fabrication and immersion was investigated in both cases

showing an oxidation of amine functional groups on polymer surface when kept in air atmosphere for one day and thus the GNPs did not attach. By keeping the sample in argon atmosphere directly after fabrication for a long time and then immersing it in GNPs colloid, NPs were successfully attached at the polymer surface. In case of EA, a self-jellification occurred and mixture transformed directly into gel after adding the amine into the PETA monomer, which makes it somehow difficult to use the mixture for two photon polymerization.

The fabricated 2D square lines and 3D woodpiles immobilized in GNPs present adequate properties to be applied as substrates for SERS. The woodpiles exhibits good enhancement, fast response and reproducibility in intensity 9.4 times compared to the 2D square lines.

On the other hand, obtaining hybrid 3D luminescent structures was achieved by grafting QDs on PETA monomer according to Michael addition reaction based on our understanding of the mechanism. This achievement is a basic feature for many optical applications, and one of the main goals to have localized luminescent structures.

As for the perspectives, lots of work can be done starting from the polymer functionalization, passing through fabrication and ending in applications. First, our ability to functionalize PETA monomer in an easy way opens the door for some flexibility in tailoring the functionality of the fabricated structures. This can be done by using a variety of hetro-Michael donors to produce acrylates with different functionalities. For that reason, several molecules will be used for PETA functionalization to immobilize NPs with thorough parametric studies (surface density, time of immersion, stirring time, influence of the pH on the NPs negative charge as well on the attachment on the polymer (zeta sizer measurements)…).

Besides that, we will introduce to our new strategy new colloidal solutions of NPs of different shapes and nature (See Figure 101) to immobilize them on the fabricated structures by TPL as well we will try to fabricate structures by using E-beam lithography.

Figure 101 SEM images of the most typical (non-spherical) shapes found for Au and Ag nanoparticles: pentagonal cross-section nanowires, decahedral, cubic, octahedral, tetrahedral, truncated tetrahedral and platelets with different shapes [START_REF] Kim | Localized surface plasmon resonance (LSPR) sensitivity of Au nanodot patterns to probe solvation effects in polyelectrolyte brusheswz[END_REF].

We will go further with our previously obtained results; by exploiting the QDs-containing polymerizable resins via TPP-DLW in one simple method to have a good control of the localization of QDs-emitters while coupled with nanowires, metal gratings, waveguide which can be favorable to the future nanoscale photonics.

Additionally, regarding to the demand of pure 3D metal structures which is promising for metamaterial applications we will try to obtain 3D complex structures of pure metal by using our strategy followed by thermal treatment to remove the polymer and to melt the NPs attached forming connections between each other. A preliminary experiment was realized and the SEM images in Figure 102 show a woodpile structure containing GNPs after 30 min treatment at 400 °C that gives an idea for the conditions to be adjusted for the coming experiments in order to obtain 3D complex structures of pure metal.

Figure 102 Woodpile structure containing GNPs after thermal treatment for 30 min at 400 °C (A); Magnification on A (B, C and D).

As for the sensing applications, SERS substrates of different dimensions containing plasmonic NPs will be fabricated and will be tested to detect variety of organic molecules especially pesticides at low concentrations.

Chapter V: Résumé de la Thèse en Français

Introduction

Le contrôle précis de l'organisation de Nanoparticules (NPs) en 3D devrait permettre d'obtenir des propriétés collectives nouvelles [START_REF] Hamon | Hierarchical Assembly of Plasmonic Nanoparticles[END_REF], [START_REF] Guerrero-Martínez | Molecular Thinking for Nanoplasmonic Design[END_REF] offrant ainsi un potentiel d'application important dans différents domaines, notamment, en plasmonique [START_REF] Solis | Turning the Corner: Efficient Energy Transfer in Bent Plasmonic Nanoparticle Chain Waveguides[END_REF], photonique [START_REF] Li | Easy preparation and characterization of highly fluorescent polymer composite microspheres from aqueous CdTe nanocrystals[END_REF], catalyse [START_REF] Chehadi | Plasmonic enhanced photocatalytic activity of semiconductors for the degradation of organic pollutants under visible light[END_REF], électronique [START_REF] Lee | Direct Metallization of Gold Nanoparticles on a Polystyrene Bead Surface using Cationic Gold Ligands[END_REF] et biotechnologie [START_REF] Hirsch | Metal Nanoshells[END_REF]. En particulier, les Nanoparticules Métalliques (NPMs) ont attiré l'attention des chercheurs de nombreuses communautés scientifiques grâce à leurs propriétés optiques originales, dues principalement à la résonance de plasmon de surface localisé (LSPR) [START_REF] Akil-Jradi | Micro/nanoporous polymer chips as templates for highly sensitive SERS sensors[END_REF]. Ce phénomène est largement investi en particulier pour la détection biologique et chimique. En effet, la forte concentration de champ électromagnétique au sein des nanostructures plasmoniques conduit à une amplification drastique du signal spectroscopique de certaines molécules adsorbées à la surface du métal [START_REF] Izquierdo-Lorenzo | Direct laser writing of random Au nanoparticle three-dimensional structures for highly reproducible micro-SERS measurements[END_REF], [START_REF] Akil-Jradi | Micro/nanoporous polymer chips as templates for highly sensitive SERS sensors[END_REF], [START_REF] Shamsaie | Intracellular quantification by surface enhanced Raman spectroscopy[END_REF].

Plusieurs stratégies sont développées pour améliorer la sensibilité de détection, à travers notamment le contrôle de la forme, géométrie, espacement des nano-objets ainsi que de l'interaction de ces derniers avec la molécule cible. La fabrication de dimers de NPs sphériques, sous forme de bâtonnet ou de triangle ont permis à titre d'exemple d'amplifier le signal Raman de certaines molécules cibles [START_REF] Guerrero-Martínez | Molecular Thinking for Nanoplasmonic Design[END_REF]. Cette amélioration s'explique notamment à travers une forte exaltation locale (au sein du dimer) du champ électromagnétique qui augmente au fur et à mesure que la distance séparant les NPs diminue. D'autres stratégies visant à augmenter la probabilité d'interaction entre la molécule cible et le nanocapteur sont développées. A titre d'exemple, la surface du nanocapteur peut être modifiée de façon à masquer à l'aide d'un polymère les zones de faible excaltation et rendre ainsi accessible uniquement les points chauds. Pour ce faire, une couche de photorésine positive est appliquée à la surface du nanocapteur qui à l'aide de la lumière concentrée dans les zones de très forte exaltation conduit à la formation de nano-trous dans lesquels les molécules cibles sont forcées à se concentrer et à s'adsorber en grande quantité. Cette isolation des points chauds a permis d'augmenter la sensibilité de détection en SERS.

D'autres approches qui consistent simplement à augmenter la densité des points chauds électromagnétiques sont également exploitées. Pour cela, il est nécessaire d'obtenir un assemblage voire une organisation des NPs à la surface d'un substrat.

De nombreux efforts ont été consentis pour « patterner » les NPs avec un control parfait de leur positionnement en 1D, 2D et 3D [START_REF] Mikrajuddin | Single Route for Producing Organized Metallic Domes, Dots, and Pores by Colloidal Templating and Over-Sputtering[END_REF], [START_REF] Cui | Integration of Colloidal Nanocrystals into Lithographically Patterned Devices[END_REF]. Une large variété des techniques « top-down » et « bottom-up » sont décrites dans la littérature [START_REF] Gates | New Approaches to Nanofabrication: Molding, Printing, and Other Techniques[END_REF]. On peut citer les stratégies d'assemblage par évaporation naturelle telles que l'évaporation d'une goutte sur une surface structurée [START_REF] Alba | Macroscale Plasmonic Substrates for Highly Sensitive Surface-Enhanced Raman Scattering[END_REF] , l'évaporation de microgouttes [START_REF] Choi | Fast, High-Throughput Creation of Size-Tunable Micro/Nanoparticle Clusters via Evaporative Self-Assembly in Picoliter-Scale Droplets of Particle Suspension[END_REF], l'évaporation verticale en cuve sur substrat structuré [START_REF] Cui | Integration of Colloidal Nanocrystals into Lithographically Patterned Devices[END_REF], l'assemblage par micro-moulage [START_REF] Kim | Two-and three-dimensional crystallization of polymeric microspheres by micromolding in capillaries[END_REF] et l'évaporation en milieu confiné sur substrat structuré [START_REF] Yin | Self-Assembly of Monodispersed Spherical Colloids into Complex Aggregates with Well-Defined Sizes, Shapes, and Structures[END_REF].

On peut citer également les méthodes d'assemblage par évaporation forcée par une action mécanique telles que le déplacement horizontal [START_REF] Yin | Template-Assisted Self-Assembly: A Practical Route to Complex Aggregates of Monodispersed Colloids with Well-Defined Sizes, Shapes, and Structures[END_REF] ou vertical d'un substrat [START_REF] Maury | Directed Assembly of Nanoparticles onto Polymer-Imprinted or Chemically Patterned Templates Fabricated by Nanoimprint Lithography[END_REF], la centrifugation sur un substrat et le déplacement vertical d'un capillaire [START_REF] Xia | Directed Self-Assembly of Silica Nanoparticles into Nanometer-Scale Patterned Surfaces Using Spin-Coating[END_REF]. Récemment, une méthode d'assemblage par forces de capillarité assisté par convection forcée a été développé au Laboratoire des Technologies de la Microélectronique pour obtenir des superstructures 3D [START_REF] Jägeler-Hoheisel | Plasmonic Shaping in Gold Nanoparticle Three-Dimensional Assemblies[END_REF]. Cependant, cette dernière technique nécessite des conditions particulières pour obtenir un contrôle parfait de l'assemblage incluant un montage spécifique, des paramètres parfaitement contrôlés (température, humidité, vitesse d'évaporation…) ainsi qu'une surface préalablement micro ou nanostructurée, en fonction du type d'assemblage recherché.

Une des approches originales pour augmenter davantage la sensibilité des nanocapteurs plasmoniques est d'explorer la troisième dimension. Cette approche prometteuse permettra à la fois d'augmenter considérablement la densité des points chauds et de coupler les effets plasmoniques des NPs avec les effets diffractifs de la microstructure 3D de façon à amplifier davantage le confinement de lumière et permettre la détection des quantités extrêmement faible de molécules.

Les techniques citées précédemment permettent un assemblage 1D, 2D et 3D. Cependant, l'assemblage de NPs au sein des microstructures 3D organisées et complexes reste de nos jours un grand défi à relever.

Dans ce travail, nous avons mis en place une technique de fonctionnalisation des résines photopolymérisables à deux photons afin de permettre l'accrochage sélectif de NPs d'or (NPOs) en 1D, 2D et 3D. Il s'agit d'une approche originale qui permet d'obtenir un assemblage complexe et contrôlé au sein de micro et nanostructures 1D, 2D et 3D dont la géométrie et les dimensions critiques sont préalablement dessinées sur ordinateur.

Ce manuscrit qui résume l'essentiel des travaux réalisés est divisé en 5 parties. La première est dédiée à l'introduction de la lithographie 3D par photopolymérisation à deux photons ainsi qu'à la présentation des différentes techniques et méthodes expérimentales utilisées dans cette thèse. Dans la deuxième partie, la possibilité d'obtenir un assemblage complexe et contrôlé de NPOs au sein de micro et nanostructures 1D, 2D et 3D sera montrée à travers quelques exemples. Le mécanisme de fonctionnalisation et d'assemblage sera étudiée et démontré dans la troisième partie. Dans la quatrième partie, des exemples d'applications de notre technique seront donnés afin d'illustrer son potentiel en termes de micro et nanofabrication de matériaux hybrides et complexes. La 5 ème partie sera dédiée aux conclusions de ce travail.

Techniques et méthodes expérimentales

La lithographie 3D par polymérisation à deux photons

Parmi les différentes méthodes de lithographie par écriture directe, la polymérisation à deux photons (PDP) permet la fabrication de vraies micro et nanostructures 1D, 2D et 3D complexes. La fabrication est basée sur l'absorption de deux photons par un photoamorceur qui initie le processus de polymérisation dans un volume focal extrêmement faible afin d'obtenir les microstructures souhaitées après développement [START_REF] Strickler | Three-dimensional optical data storage in refractive media by two-photon point excitation[END_REF].

De nos jours, le TPP est déjà devenu un outil fonctionnel dans de nombreux domaines, tels que la microphotonique [START_REF] Duan | Two-photon polymerization of metal ions doped acrylate monomers and oligomers for three-dimensional structure fabrication[END_REF], la microélectronique [START_REF] Kim | Linear analysis of the viscoelastic response of polymer micro-pillars using the open-loop flat punch indentation test[END_REF], la bio ingénierie [START_REF] Otuka | Direct laser writing by two-photon polymerization as a tool for developing microenvironments for evaluation of bacterial growth[END_REF] et la micro fluidique [START_REF] Maruo | Submicron manipulation tools driven by light in a liquid[END_REF], [START_REF] Wang | Embellishment of microfluidic devices via femtosecond laser micronanofabrication for chip functionalization[END_REF]. Ce processus d'écriture directe par laser permet de créer des microstructures polymériques de forme et dimensions désirées grâce à la photopolymérisation d'une résine liquide dans le volume focal d'un laser pulsé et au déplacement de l'échantillon par rapport au spot laser selon un programme préalablement dessiné sur ordinateur [START_REF] Thiel | Three-dimensional laser lithography[END_REF].

La résine photosensible utilisée est généralement un mélange photosensible dans la gamme UV entre 350 et 400 nm et transparente au rayonnement laser proche infrarouge (780-800 nm), donc seule l'absorption à deux photons dans la petite zone de focalisation peut initier le processus de polymérisation (Figure 1). 

Partie expérimentale 2.2.1. La préparation des mélanges photo-polymérisables

Une solution photo-polymérisable constituée de 73,5% de pentaérythriol triacrylate (PETA), de 15% de méthyl diéthanolamine (MDEA), de 1,5% d'Irgacure 819 (photoamorceur) et de 10% de 4méthoxyphénol (MEHQ) a été préparée. Tout d'abord, le PETA a été mélangé et agité avec la molécule d'aminé pendant 30 minutes à 45 °C, puis le photoamorceur et l'inhibiteur ont été ajoutés et agités pendant 15 minutes.

La préparation des échantillons

Les technologies de micro et nanofabrication nécessitent un contrôle rigoureux des impuretés afin d'éviter la contamination de l'échantillon par des particules de poussières ou d'autres éléments chimiques et d'avoir une bonne adhérence entre le matériau et le substrat. Ainsi, l'acétone et l'isopropanol sont utilisés pour éliminer les impuretés de la surface du substrat de verre.

Ensuite, une goutte du mélange photo-polymérisable préparé, a été déposée sur le substrat de verre utilisé pour la PDP qui a été réalisée en utilisant un instrument de chez « Nanoscribe », équipé d'un laser pulsé à 780 nm émettant jusqu'à 20 mW de puissance. Lorsque la photo-polymérisation est achevée, le développement des structures a été réalisé dans un bécher contenant de l'acétone pendant 10 minutes afin d'éliminer les zones non exposées. Après cela, le substrat a été rincé pendant 5 min dans de l'isopropanol.

Les techniques utilisées pour la caractérisation du photopolymère et des structures polymérisées

La micro-extinction

Les spectres d'extinction dans le présent travail ont été réalisés à l'aide d'un microscope surmonté d'un montage optique permettant de focaliser la lumière blanche qui traverse l'échantillon dans une fibre optique reliée à un spectromètre amovible du type Maya 2000pro (QE65000 de chez Ocean Optics). Une lentille séparatrice permet d'envoyer une partie de la lumière blanche vers une caméra afin de visualiser les zones des microstructures à analyser. L'échantillon est placé sur une platine de déplacement automatisé.

Spectroscopie infrarouge à transformée de Fourier (FTIR)

Les spectres FTIR ont été enregistrés sur un système FTIR Perkin-Elmer Spectrum BX.

Microscope optique

Les images de microscope optique ont été acquises à l'aide d'un microscope Nikon Eclipse LV100. Il est équipé de plusieurs objectifs (5x ; NA : 0,15, 20x ; NA : 0,45, 50x ; NA : 0,8 et 100x ; NA : 0,9).

Microscopie électronique à balayage MEB

Afin d'obtenir des informations sur la morphologie de la surface de l'échantillon à l'échelle micrométrique et nanométrique et de montrer l'homogénéité de l'assemblage des NPs, des images MEB ont été réalisées par le système d'exploitation Hitachi S3500 N.

Avant les observations MEB, les échantillons ont été revêtus d'une couche de 5 nm d'or/Palladium en utilisant la machine "SC7640 SPUTTER Coater" pour rendre le substrat conducteur.

Description de la technique d'assemblage et quelques résultats

Notre nouvelle approche est basée sur l'addition d'une Amine tertiaire sur le PETA et ainsi introduire de nouvelles fonctionnalités à la surface du polymère. Après la photolithographie à deux photons, les microstructures polymérisées sont ensuite immergées dans une solution colloïdale pendant quelques heures, ce qui permet la fixation de ces NPs sur la surface du polymère fonctionnalisé (Figure 2). 

L'assemblage de NPOs sur plusieurs dimensions

La Figure 3, montrent des images MEB où les NPOs sont assemblées sur des structures 3D (Figure 3-(A, B)), 2D (Figure 3-C) et 1D (Figure 3-D). Les NPs sont uniquement attachées à la surface du polymère et forment une monocouche sur la surface du polymère avec l'absence de toute agrégation même sur les microstructures complexes 3D. Ceci confirme la grande affinité de nos GNPs vis-à-vis de la surface du polymère et la sélectivité de notre nouvelle méthode d'assemblage des NPs. En plus de la capacité de fabrication 1D, 2D et 3D, il est possible de contrôler l'espacement entre les motifs polymères au sein de la microstructure 3D et contrôler la densité des NPOs (Figure 4 -(A, B, C &D)). Il est important de noter que les NPOs pénètrent à l'intérieur des porosités du « woodpile » et s'immobilisent de manière homogène sans agrégations (Figure 4 -E 

L'assemblage d'une large gamme de NPs

La bonne compréhension du mécanisme, qui sera abordé en détail dans la section suivante, nous a permis d'immobiliser plusieurs types de NPs qui sont stabilisées par des ligands carboxylate, montrant ainsi le caractère universel de ce procédé de fonctionnalisation. Outre les NPOs, des sphères de polystyrène (PS), stabilisées par des ligands carboxylates, d'un diamètre moyen de l'ordre de 800 nm ont été accrochées avec succès sur une structure type « woodpile» (voir 

Le mécanisme

Applications

Afin de montrer le potentiel de cette nouvelle stratégie d'immobilisation des NPs sur la surface du polymère, nous visons dans cette section à effectuer certaines applications. La nature de ces NPs joue souvent un rôle clé dans la détermination des applications en fournissant des propriétés inhérentes uniques aux structures fabriquées, en particulier lorsque nous parlons de MNP de nanoparticules métalliques.

La spectroscopie d'exaltation Raman de surface (SERS)

Afin d'étudier l'efficacité de nos échantillons fabriqués en tant que capteurs SERS, nous avons utilsié un une micro spectromètre « Labram Raman » de chez HORIBA Jobin-Yvon équipé d'un laser He-Ne de longueur d'onde λ = 632,8 nm comme une source excitatrice. Le micro spectromètre est monté sur un microscope optique de chez Olympus possédant différents objectifs (10x-NA 0,30, 50x-NA 0,8, 100x-NA 0,9) et un détecteur Peltier CDD (1024 x 256 pixels). 

La fabrication des substrats SERS

Résultats et discussions

Un spectre Raman de la BPE de concentration 10 -1 M a été réalisé afin de calculer le facteur d'exaltation SERS obtenu sur les substrats 2D et 3D de NPOs. Le spectre Raman de la BPE (10 -1 M) en absence des NPOs est montré dans la Figure 16. Les spectres d'extinction de la Figure 22 montrent que la densité des GNPs augmente à mesure que la période des woodpiles augmente. Parallèlement, le pic de couplage qui apparait autour de 700 nm change de manière drastique avec la période. En effet, l'intensité de ce pic augmente également à mesure que la période du woodpile augmente. Ce comportement inattendu est attribué aux forces de capillarité qui empêchent la solution des NPOs à pénétrer dans la porosité de la structure 3D pour s'immobiliser sur ses couches internes. Cet effet est de plus en plus important lorsque la période diminue. Un autre facteur qui serait à l'origine de ce comportement inattendu est celui de la perte de résolution lors de l'écriture 3D du woodpile, notamment dans ses premières couches. Cette perte de résolution se traduit par une surface spécifique plus faible et par conséquence une densité de NPOs plus faible, ce qui permet d'expliquer l'évolution des résultats SERS en fonction de la période. 

Greffage de photopolymère sur des boites quantiques (Qds)

Les boites quantiques (QDs) ont attiré une attention considérable en raison de leurs propriétés optiques uniques et leurs potentielles d'applications multiples en photonique. Les QD montrent des émissions ajustables allant de l'ultraviolet (UV) au proche infrarouge (NIR) [START_REF] Fu | Creating optical anisotropy of CdSe/ZnS quantum dots by coupling to surface plasmon polariton resonance of a metal grating[END_REF], [START_REF] Anikeeva | Quantum Dot Light-Emitting Devices with Electroluminescence Tunable over the Entire Visible Spectrum[END_REF]. L'un des principaux défis consiste à intégrer ces nanoémetteurs de manière spatialement contrôlée dans des dispositifs optiques et plasmoniques.

Ce travail a été réalisé dans le cadre du projet international ANR "Active-Nanophot" (UTT/NTU). Active-Nanophot est dédié au développement et au contrôle de nano-émetteurs hybrides ayant plusieurs couleurs de sortie (modes d'émission) pouvant être activées sélectivement en jouant notamment sur l'état de polarisation de la lumière incidente [START_REF]Project ACTIVE-NANOPHOT (new MULti functional and multi color HYbrid Nanoemitters (MULHYN) )[END_REF]. La fabrication de ces nanosystèmes hybrides anisotropes émetteurs de lumière sera réalisée par la méthode de nanophotopolymérisation déclenchées par le plasmon de surface localisé, technique déjà développée au L2N (anciennement LNIO) depuis 2007 [START_REF] Ahrach | Spectral Degeneracy Breaking of the Plasmon Resonance of Single Metal Nanoparticles by Nanoscale Near-Field Photopolymerization[END_REF]- [START_REF] Deeb | Plasmon-Based Free-Radical Photopolymerization: Effect of Diffusion on Nanolithography Processes[END_REF]. L'utilisation des colorants organiques présente plusieurs avantages, en lien notamment avec la possibilité d'incorporer facilement ces colorants dans la solution de polymère. Cependant, on est confronté au problème du photoblanchiment, rendant la durée de vie des nanosources intrinsèquement courte. L'incorporation de QDs dans le photopolymère afin de les immobiliser au voisinage des nanostructures métalliques par nanophotopolymérisation est l'une des approches les plus prometteuses pour l'intégration locale des QDs à l'échelle nanométrique. Par ailleurs, l'écriture laser directe basée sur une polymérisation à deux photons pourrait être utilisée pour l'immobilisation de QDs de manière spatialement contrôlée. 

Conclusions

Figure 4 (

 4 Figure 4 (Left) 3D structure fabrication process: preparation of the assembly substrate by ebeam lithography of a PMMA substrate layer deposited on an ITO-coated glass slide, CA-CFA of the colloidal suspension by controlled evaporation in a microfluidic cell, assembled sample after total evaporation, removal of the PMMA resist by immersion in an acetone bath resulting 3D metallic structures made of colloidal gold particles. (Right) Four SEM images of gold nanoparticle architecture assemblies of different heights: 250 (A), 490 (C and D), and 950 nm (B)[START_REF] Jägeler-Hoheisel | Plasmonic Shaping in Gold Nanoparticle Three-Dimensional Assemblies[END_REF] .

Figure 12

 12 Figure 12 Schematic representation of PEI-mediated assembly of sulfonated GNPs (a). Transmission electron microscopy (TEM) images of the (b) hexagonal and (c) cubic arrangements of the NPs [40][41].

Figure 13

 13 Figure 13 Schematic illustration for fabrication of patterned Au nanoparticle arrays. (a) Crosslinked SU-8 patterns are prepared on a silicon wafer. (b) A PS-b-PtBA thin film is spincoated on the patterned substrate. (c) The self-assembled nanostructure of PS-b-PAA on the SU-8 patterns is driven by acid-catalyzed thermal deprotection from PS-b-PtBA during thermal annealing. (d) The patterned PS-b-PAA thin film is dipped in the Au nanoparticle solution, resulting in selective immobilization of Au nanoparticles only in the exposed regions (PS-b

Figure 14

 14 Figure 14 SEM images of patterned Au nanoparticle arrays: (a) the resulting patterns of Au nanoparticles with various line and space patterns and(b-d) magnified images of (a)[START_REF] Ku | Simple fabrication of patterned gold nanoparticle arrays on functionalized block copolymer thin films[END_REF].

Figure 15

 15 Figure 15 Schematic representation of one photon absorption and two photon absorption.

Figure 19 (

 19 Figure 19 (A) One drop of photopolymerizable mixture consists of 73.5% PETA monomer functionalized with 15% MDEA, 1.5% Irg-819 (photo initiator) and 10% MEHQ (inhibitor) deposited on a glass substrate (22 cm × 22 cm). (B) Polymer lines were written by TPL. (C) After lift off the sample was immersed in Gold nanoparticles colloid (~50 nm) for 5 hours to (D) selectively immobilize the random GNPs in the solution on the polymer structures. (E) GNPs assemble on the polymer microstructures after immersion. (F) SEM image of linear assembly of GNPs. (G) Magnification of F.

Figure 20

 20 Figure 20 Evolution of the polymer line width according to the Laser power and percentage of MDEA at scanning speed 25 and 100 µm/s.

Figure 21

 21 Figure[START_REF] Mikrajuddin | Single Route for Producing Organized Metallic Domes, Dots, and Pores by Colloidal Templating and Over-Sputtering[END_REF] SEM images for the polymer lines at the lowest laser power of scanning speed 25 and 100 (µm/s) in both cases 0% and 15% MDEA. Scale bar is 1 µm.

Figure 23

 23 Figure 23 SEM images of 2D immobilization of GNPs on the polymer square microstructures with different immersion times and their evolution of density (number of NPs in 0.5 µm 2 ) as function of time. Scale bar is 500 nm.

Figure 24

 24 Figure 24 SEM images of GNPs immobilization on: 3D Helices (A) and woodpile (B) square microstructure (C) and linear continuous lines (D) and their magnifications (in yellow and red outlines).

Figure 25

 25 Figure 25 Woodpiles of different periods: (A) 0.6 (B) 0.8 (C) 1 and (D) 1.5 µm; inner layers (E) and bottom layers (F) after immersion in GNPs colloid. Scale bar is 1 µm.

Figure 26

 26 Figure 26 Carboxylated PS of 800 nm size on (A) woodpile structure and polymer lines (B and C); AgNPs of 40 nm size on 2D square polymer microstructure (D); Extinction spectra and optical microscope image (bright field) of the immobilization of AgNPs (E).

Figure 34

 34 Figure 34 Scheme presenting some of the interactions of the NPs with other molecules such as (A) metal coordination (B) electrostatic interaction and (C) covalent binding.

Figure 36

 36 Figure 36 Chemical molecular formulas of: of MDEA, DEA and EA molecules.

First, 73 .

 73 5% PETA monomer and 15% MDEA molecule are mixed and stirred for 30 min, then 1.5% photo initiator (Irgacure 819) and 10% inhibitor (MEHQ) are added. The reaction takes place at 45 °C. After two-photon polymerization of lines and 3D woodpiles by using Nanoscribe professional system, the samples are immersed in citrated GNPs solution (~ 50 nm) for 5 hours. The optical microscope images in Figure37show the difference in the color before and after immersion in GNPs, the color changed from grey into red, which indicates the presence of GNPs on the woodpiles.

Figure 37

 37 Figure 37 Woodpiles before (A) and after (B) immersion in GNPs colloid.

Figure 38

 38 Figure 38 Polymer line with (A) and without functionalization by Amine molecule (B) both are immersed in GNPs for 5 hours.

Figure 39

 39 Figure 39 Pure PETA and MDEA IR-spectra.

Figure 40

 40 Figure 40 IR spectra of the functionalized PETA after 15 min and 3 days of stirring and their magnification on the reacted functional groups peak.

Figure 44

 44 Figure 44 SEM images showing the density of the GNPs 2D square lines surface, the polymerization process was done after stirring the mixture for 30 min (A) and for two weeks (B).

Figure 47

 47 Figure 47 SEM images of polymer micro-square fabricated with a mixture: (A) containing tertiary amine (MDEA), (B) containing secondary amine (DEA) after immersion in GNPs colloid for 5 hours and their extinction spectra (C).

Figure 49 -

 49 B we can obviously see the disappearance of the N-H peak at 3292 cm -1 (See Figure49-C) which indicates that reactive group in DEA molecule is the Nitrogen atom. On the other hand, by comparing the IR spectra of the PETA-DEA mixture and the PETA monomer (See Figure49-D), it shows apparently the disappearance of the peaks at 810 cm -1 and 1620-1636 cm -1 which corresponds to C=C and C=C-H respectively (See Figure49-E and F). Besides that, there is a decrease of the peak at 1410 cm -1 which corresponds to CH2 in plane deformation of C=CH2 (See Figure49-G). The variation of these peaks confirms that the reaction takes place on C=C functional group of the PETA molecule.

Figure 49

 49 Figure 49 ATR-IR spectra of the mixture prepared compared to the pure PETA and DEA spectra.

Figure 50

 50 Figure 50 Suggested mechanism between PETA and DEA (A) resulting in the formation of carbanion (B) and after hydrogen transfer the functionalized PETA was obtained (C).

  the formulation and thus to test it for polymerization by two photon. We have tried to prepare a mixture containing less amounts of EA molecule (85.5% PETA monomer, 3% EA molecule, 1.5% Irgacure 819 and 10% MEHQ) and we obtained a viscous mixture. The jellification was observed after one hour of preparation. For this reason, two-photon polymerization of microsquares and lines were done immediately after preparation. The sample was then immersed in citrated GNPs solution (~ 50 nm) for 5 hours. The SEM images in Figure56show the attachment of the GNPs on the polymer surface as expected due to the presence of EA molecules on the polymer surface.

Figure 56

 56 Figure 56 SEM images of micro-square (A) and polymer line (B) after immersion in GNPs colloid for 5 hours. SEM images (C and D) are zooming on the polymer line.

Figure 57

 57 Figure[START_REF] Maruo | Three-dimensional microfabrication with twophoton-absorbed photopolymerization[END_REF] Absorbance spectra of Au and Ag NPs colloids without ligands prepared by laser ablation method in LCP-A2MC at Lorraine University.

Figure 59

 59 Figure 59 SEM images of micro-square polymers after immersion in GNPs (A) rods and (B) cubes; Both colloids stabilized by CTAB molecule and their form are in SEM images (C) and (D) respectively.

Figure 60

 60 Figure 60 SEM images of the citrated AgNPs prepared and their absorbance spectrum.

Figure 61

 61 Figure 61 SEM images of the (A) micro-square and (B) lines, after immersion in AgNPs citrated; (C) Zoom on image B.

Figure 62

 62 Figure 62 SEM images of the polymer (A) micro-square and (B) line, after immersion in a solution of citrated AgNPs with of pH of 5.

Figure 66

 66 Figure 66 Chemical molecular formula of diethyl amine used for the functionalization of PETA.

Figure 69

 69 Figure 69 SEM images of micro-square (A) one day kept in air atmosphere then immersed in GNPs colloid for 20 hrs; (B) 4 days stored in an argon chamber before immersion in GNPs colloid for 5 hours.

Figure 70

 70 Figure 70 SEM images of micro-square and polymer line (A and C) 4 days stored in an argon chamber before immersion in GNPs colloid for 5 hours, (B & D) one day kept in air atmosphere then immersed in GNPs colloid for 20 hrs.

Figure 71

 71 Figure 71 SEM image of micro-square fabricated by TPP at laser power of 20 mW and 25 µm/s of scanning speed in PETA-MDEA15% mixture (A) and PETA-DEA10% mixture (B).

Figure 72

 72 Figure 72 PETA monomer functionalized by one (A), two (B) and three (C) DEA molecules.

Figure 73 (

 73 Figure 73 (A) photo of the sample showing transparent area (left) and bright red color area (right). The sample was prepared by depositing the mixture (PETA+20% DEA) on half the glass substrate, rinsing in acetone and isopropanol, and immersing it for 5 hours in a colloidal

Figure 74

 74 Figure 74 scheme illustrating the deposition of the photopolymerizable mixture containing 20% DEA on half the glass substrate without polymerization (A) showing the stick of the oligomers containing amine groups on the substrate surface (B). After 20 min, the sample was cleaned by the development process and immersed in GNPs colloid for 5 hrs (C) and the GNPs are attached on the part where the mixture was deposited by electrostatic interaction (D).

Figure 75

 75 Figure 75 SEM images of polymer line after immersion in GNPs colloid for 5 hours fabricated by using mixtures containing (A) 20% DEA, (B) 5% DEA and (C) 0.5 % DEA.

Figure 81

 81 Figure 81 2D polymer square microstructures (30 µm × 30 µm) (A) magnification of A (B) and 3D woodpile (20 µm × 20 µm × 6 µm) (C) of different periods: 1.5 (D) 1.0 (E) 0.8 (F) and 0.6 µm (G) after immersion in GNPs colloid, acting as SERS substrates.

Figure 82

 82 Figure 82 The chemical structure of BPE molecule.

Figure 86

 86 Figure 86 Normal Raman spectrum of BPE (10 -1 M) (black) and the SERS spectrum of BPE (10 - 5 M) on 2D square lines immobilized with GNPs (red).

Figure 87

 87 Figure 87 Normal Raman spectrum of BPE (10 -1 M) (black) and the SERS spectrum of BPE (10 -5 M) on 3D woodpile of period 1.5 µm immobilized with GNPs (blue).

Figure 90

 90 Figure 90 SERS spectra of BPE (10 -5 M) on 3D woodpile of different periods: 1.5, 1.0, 0.8 and 0.6 µm immobilized with GNPs.

Figure 93 .

 93 Figure 93. The resulting mixture where photo can be seen in Figure 94, doesn't show any aggregation of QDs and show homogenous light emission under UV excitation. This grafting was done by carefully choosing the ligands on the QDs to induce the reaction with the functionalities of PETA monomer.

Figure 93

 93 Figure 93 Schema illustrating the grafting of PETA on QDs.

Figure 94

 94 Figure[START_REF] Wabnitz | Evidence That Protons Can Be the Active Catalysts in Lewis Acid Mediated Hetero-Michael Addition Reactions[END_REF] PETA grafted with CdSe/ZnS QDs (emission at 620 nm) before and during excitation by blue laser (405 nm).

Figure 95

 95 Figure[START_REF] Toma | The Coordination Chemistry at Gold Nanoparticles[END_REF] shows the luminescence of 3D woodpile structure fabricated by the prepared mixture during excitation with blue laser (405 nm) besides to its emission spectrum at 620 nm.

Figure 95

 95 Figure[START_REF] Toma | The Coordination Chemistry at Gold Nanoparticles[END_REF] Optical microscope image of 3D woodpile structure during excitation with blue laser (405 nm) and its emission spectrum at 620 nm.

Figure 96

 96 Figure 96 Emission spectrum at 620 nm of 3D woodpile structure containing CdSe/ZnS QDs during excitation with blue laser (405 nm) without (red) and with GNPs (black) and their optical microscope images during excitation (A) and (B) respectively.

Figure 97

 97 Figure 97 white light transmission micrograph showing a range of colors available for the pillar type gratings. The pillar height varies from 1.0 to 2.4 μm (columns) for the grid spacing equal 1.0, 1.1, 1.2, and 1.3 μm (rows) [168].

Figure 98

 98 Figure 98 SEM image of the set of pillars of period 0.7 µm and its magnification.

Figure 99

 99 Figure 99 show the different colors detected in an optical bright field microscope of the pillar sets of periods varies from 0.7 to 1.3 µm (rows) and of pillar height varies from 1.0 to 2.4 µm (columns) before and after immersion in the GNPs colloid. It is obvious that most of colors

(period 1 .

 1 3 µm; height 1.0 µm and 2.4 µm) we can see the shift from orange color towards violet color and from turquoise color towards ~orange color respectively after immersion. It seems from the extinction spectra in Figure100that there is an influence of the color peak on the plasmonic peak of the GNPs.

Figure 100

 100 Figure 100 Extinction spectra performed on sets of pillars: period 0.7 µm, height 1.0 µm (A) and 2.4 µm (B); period 1.3 µm, height 1.0 µm (C) and 2.4 µm (D) before and after immersion.

Figure 1 (

 1 Figure 1 (gauche) Schéma du système d'écriture laser directe (ELD) basée sur la photopolymérisation à deux photons (P2P). Un laser pulsé émettant dans le proche infrarouge est couplé dans un microscope inversé et étroitement focalisé dans une résine photosensible sensible aux UV. Une platine piézoélectrique déplace le substrat par rapport au point focal du laser dans les trois dimensions de l'espace. L'ELD fonctionne par ordinateur et entièrement automatisé. (Droite) La résine étant transparente à la longueur d'onde du laser absorbe deux photons (780 nm) simultanées ce qui permet de dépasser le seuil de photopolymérisation uniquement dans le centre du faisceau et permettre ainsi une photopolymérisation localisée dans l'espace. Le balayage de l'échantillon par rapport au foyer permet la polymérisation suivant des trajectoires arbitraires en 3D (à droite) [64].

Figure 2

 2 Figure 2 Schéma illustrant notre approche d'assemblage dirigé de NPOs. (A) Une goutte de mélange photo-polymérisable constituée de 73,5% de PETA avec 15% de MDEA, 1,5% d'Irg-819 (photo-initiateur) et 10% de MEHQ (inhibiteur) est déposée sur un substrat de verre (22 cm x 22 cm). (B) écriture par PDP de lignes de polymère. (C) Après rinçage du photopolymère, l'échantillon est immergé dans une solution colloïdale de NPOs (~ 50 nm) pendant 5 heures (D) Les NPOs sont attirées par la surface des structures polymérisées. (E) Les NPOs s'assemblent de manière sélective sur les microstructures polymères. (F) Une image MEB d'un assemblage 1D des NPOs. (G) Un grossissement de F.

Figure 3

 3 Figure 3 Images MEB montrant des NPOs immobilisées sur des structures polymères de différentes dimensions : des hélices (A) tas de bois ou « woodpile » (B); couche 2D de polymère (C) des lignes continues (D) et leurs grossissements (dans les contours jaunes et rouges).

)

  et même sur les couches inférieures (Figure4 -F).

Figure 4

 4 Figure 4 Image MEB des structures 3D type « woodpile » de différentes périodes : (A) 0,6 (B) 0,8 (C) 1 et (D) 1,5 μm après leur immersion dans la colloïdale de NPOs; Images MEB montrant un zoom sur les différentes structures (E) et (F). La barre d'échelle est de 1 μm.

Figure 5 -

 5 (A, B & C)). Des colloïdes d'argent stabilisées par des citrates (AgNPs) ont été également assemblées sur une couche 2D de polymère (Figure5 -(D)). Leur spectre d'extinction montre une bande résonance plasmon centrée autour de 420 nm (Figure5 -(E)).

Figure 5

 5 Figure 5 Images MEB montrant des nanosphères en PolyStyrène (PS), de 800 nm de diamètre, entourées par des ligands carboxyles assemblées sur une structure polymère type « tas de bois » (A) et sur une ligne de polymère (B et C) ; Image MEB montrant des NPs d'argent de 40 nm de taille,

4. 1 .

 1 La N-Méthyl diéthanolamine (MDEA) L'image MEB de la Figure 6 -A montre clairement l'immobilisation sélective de NPOs sur la surface d'une ligne polymère fonctionnalisée par la molécule de MDEA. Afin d'identifier le paramètre clé de cette immobilisation, un autre échantillon a été préparé en suivant la même procédure que précédemment, mais sans la molécule de MDEA. Après écriture d'une ligne par polymérisation à deux photons, l'échantillon a été également immergé dans la même solution des NPOs citratées (~ 50 nm) pendant 5 heures. Le résultat obtenu est apparait dans la Figure 6 -B qui montre qu'il n'y a pas d'attachement des NPOs en l'absence de cette molécule. Ceci indique que la MDEA est le facteur clé qui permet l'immobilisation sélective des NPOs sur la surface du polymère.

Figure 6 7 .

 67 Figure 6 Images MEB montrant une ligne de polymère fabriquée par photopolymérisation à deux photon dans un photopolymère (A) fonctionnalisé par la MDEA et (B) non fonctionnalisé. Les deux échantillons ont été ensuite immergés dans une solution colloïdale de NPOs pendant 5 heures.

Figure 7

 7 Figure 7 Les spectres IR de PETA et de MDEA purs.

Figure 8 (

 8 Figure 8 (A) Les spectres IR du PETA fonctionnalisé après 15 min et 3 jours d'agitation.(B, C, D and E) Zoom sur les pics qui correspondent aux groupements fonctionnels impliqués dans la fonctionnalisation.

Figure 9 9 .

 99 Figure 9 schéma illustrant la réaction entre le PETA et la MDEA qui agissent respectivement comme un accepteur de Michael et un donneur de Michael (A). La structure de PETA proposée après fonctionnalisation par addition oxa-Michael conduisant à la formation d'une liaison C-O (B).

Figure 10

 10 Figure 10 La réaction proposée entre le PETA et la MDEA (A) qui entraîne la formation d'un carbanion (B) et la fonctionnalisation du PETA après un transfert d'hydrogène (C).

Figure 11

 11 Figure 11 la réaction proposée entre le PETA et la DEA qui agissent respectivement comme un accepteur de Michael et un donneur de Michael (A). Le PETA est fonctionnalisé selon une réaction d'addition « aza-Michael » grâce à la formation d'une liaison C-N qui a été observée dans le spectre IR du mélange après agitation (B).

Figure 12

 12 Figure 12 Les images MEB de NPOs immobilisées à la surface du polymère fonctionnalisé par : (A) la MDEA, (B) la DEA. Les spectres d'extinction correspondants (C).

  trois premiers tests ont montré un accrochage très fort entre la surface du polymère et les NPs stabilisées par des citrates et ceci pour la MDEA, la DEA et la EA. Le tests 4 et 5 ont montré que les NPs d'or et d'argent fabriquées par ablation laser [100]-[102] (absence de ligands) ne s'accrochent pas sur la surface du polymère. Ce résultat exclue d'éventuelles interactions métal -Amine dans l'immobilisation des NPs et indique que l'interaction ou la réaction entre le métal et la surface du polymère nécessite absolument la présence d'un ligand. Le 6 ème test montre que le CTAB utilisé comme stabilisant lors de la synthèse des NPOs [43] [44], ne permet pas d'attacher ses dernières à la surface du polymère. La présence des citrates semble être nécessaire à ce mécanisme. Pour confirmer cela, nous avons synthétisé des NPs d'argent en présence des citrates en tant que stabilisant [105] à pH 7 et 5 (tests 7 et 8 respectivement). Le test N° 7 est négatif alors que le 8 ème est positif. Ceci montre que les charges à la surface du polymère ainsi qu'à la surface des particules jouent un rôle primordial dans le mécanisme d'interaction. Les tests (9 et 10) ont permis d'écarter la possibilité d'une éventuelle réaction d'estérification entre les fonctions carboxylates de la particule et les fonctions alcool présentes à la surface du polymère. En effet, le test 9 montre que l'immobilisation des NPOs citratées ne se fait pas à pH = 12 alors que la réaction d'estérification peut se faire aussi bien en milieu basique qu'en milieu acide. Le test 10 montre que l'immobilisation a bien eu lieu en présence du Diethyl Amine qui ne possède pas de groupement hydroxyle. Ceci révèle que les groupes hydroxyles ne jouent aucun rôle dans le mécanisme d'interaction NPs/polymère et que les groupes amines et que le processus d'interaction est basé sur la présence des amines à la surface du polymère. Il semble qu'après l'immersion de l'échantillon dans la solution colloïdale en milieu acide, l'atome d'azote acquiert une charge positive lorsqu'il capte un proton (H + ) du milieu. D'autre part, les citrates présentes à la surface des NPs comportent des charges négatives. Ainsi et après toutes les expériences ci-dessus, nous pouvons déduire que les NPs chargées négativement se lient avec les groupes amines chargés positivement par une interaction électrostatique comme illustré dans la Figure 13.

Figure 13

 13 Figure 13 Schéma illustrant le mécanisme d'immobilisation des NPs qui se fait par interaction électrostatique entre des NPs chargées négativement et l'amine chargée positivement, cette dernière étant présente à la surface du polymère.

Figure 14 (

 14 Figure 14 (gauche) Images MEB montrant l'influence du temps d'immersion sur la densité des NPOs. leurs spectres d'extinction correspondants. La barre d'échelle est de 500 nm. (Droite) les spectres d'extinction correspondants.

Figure 15

 15 Figure 15 Images MEB des substrats SERS utilisés dans le cadre de cette étude. Il s'agit de NPOs immobilisées sur des microstructures de polymère (A) 2D ; (B) zoom sur A ; (C) 3D type « woodpile » de différentes périodes : (D) 1,5 µm, (E) 1,0 µm, (F) 0,8 µm et (G) 0,6 μm.

Figure 16

 16 Figure[START_REF] Hirsch | Metal Nanoshells[END_REF] Le spectre Raman de la BPE (10 -1 M) obtenu après excitation d'une goutte de BPE de 10 µL à travers l'objectif 50X pendant 10 secondes.

Figure 17 Tableau 2

 172 Figure 17 Le spectre Raman de la BPE (10 -1 M) (en noir) obtenu en absence des NPOs et le spectre SERS de la BPE (10 -5 M) obtenu sur les NPOs immobilisées sur une couche 2D de polymère (en rouge).

D

  'autre part, des mesures SERS ont été réalisées sur la structure 3D type « woodpile » de période 1,5 μm en suivant les mêmes paramètres expérimentaux que ceux appliqués sur le substrat 2D. Comme le montre la Figure18, le signal Raman de la BPE (10 -1 M) est beaucoup plus faible par rapport au signal SERS de la BPE (10 -5 M) détectée sur les NPOs immobilisées sur le woodpile. Il apparait clairement à partir du spectre SERS de la BPE que cette dernière possède huit bandes actives dans la gamme spectrale de 1100 à 1900 cm -1 . Comme dans le cas du substrat SERS 2D, trois de ces bandes dont une bande est située à 1195 cm -1 et un double pic est situé à 1601 cm -1 et 1633 cm -1 sont celles retenues pour notre étude.

Figure 18 Tableau 3

 183 Figure 18 Le spectre Raman de la BPE (10 -1 M) (en noir) et le spectre SERS de la BPE (10 -5 M) sur le woodpile 3D de période 1,5 μm sur lequel les NPOs ont été immobilisées (bleu). Tableau 3 Les intensités Raman et SERS pour certains pics caractéristiques de la BPE avec leur facteur d'exaltation analytique et de décalage spectral. Les mesures SERS ont été réalisés sur un woodpile de période 1,5 µm couvert de NPOs (cf. Figure 15-C et Figure 15-D).

Comme le montre la Figure 19

 19 et le Tableau 4, en comparant les substrats de NPOs déposées sur une couche 2D à celles immobilisées sur une structure 3D, nous remarquons que cette dernière donne un signal 10 fois plus intense pour le pic à 1195 cm -1 .

Figure 19 Tableau 4

 194 Figure 19 Le spectre Raman de la BPE (10 -1 M) (en noir), le spectre SERS de la BPE (10 -5 M) réalisé sur couche 2D de NPOs (rouge) et le spectre SERS de la BPE (10 -5 M) réalisé sur une structure 3D de polymère sur lequel des NPOs sont immobilisées (bleu). Tableau 4 Les intensités Raman et SERS du pic à 1195 cm -1 avec leur facteur d'exaltation analytique. Les mesures SERS ont été réalisées sur un assemblage 2D et 3D de NPOs.

Figure 20

 20 Figure 20 Les spectres d'extinction des NPOs immobilisées sur une couche de polymère 2D (en rouge) et sur un woodpile 3D de période 1,5 μm. Le woodpile 3D semble présenter des performances élevées en tant que substrat SERS. En ce sens, nous avons décidé d'étudier l'effet de la période du woodpile sur la réponse plasmonique ainsi que sur cette performance en SERS. Quatre structures (20 μm × 20 μm × 6 μm) de périodes différentes: 0,6; 0,8; 1,0 et 1,5 μm ont été fabriquées et immergées ensuite dans une solution de NPOs selon la procédure décrite au chapitre 1. Les structures ainsi obtenues sur lesquelles les NPOs sont été immobilisées sont montrées dans la Figure 15 (D, E, F and G). Sur ces woodpiles, les spectres d'extinction ont été enregistrés et les mesures SERS ont été réalisées en suivant les mêmes paramètres expérimentaux que ceux appliqués dans les études ci-dessus. A partir des résultats obtenus dans la Figure 21 et le Tableau 5, il est clair qu'à mesure que la période du woodpile augmente de 0,6 μm à 1,5 μm, le signal Raman de la BPE augmente.

Figure 21 Tableau 5

 215 Figure 21 Les spectres SERS de la BPE (10 -5 M) obtenus sur des NPOs immobilisées sur des woodpiles 3D de différentes périodes: 1,5; 1,0m 0,8 et 0,6 μm.

Figure 22

 22 Figure 22 Les spectres d'extinction des NPOs immobilisées sur des woodpiles 3D de périodes: 1,5; 1,0; 0,8 et 0,6 μm.

23 .

 23 Pour cette raison, la préparation de polymères photosensibles et parfaitement homogènes contenant des QDs sans agrégations à l'intérieur du matériau à l'échelle nanométrique est un défi d'actualité. La réalisation de tel matériau composite ou hybride nécessite un choix judicieux du ligand des QDs pour assurer leur greffage dans la matrice polymère et éviter leur agrégation. Sur la base de notre compréhension du mécanisme de fonctionnalisation exposé précédement, nous avons sélectionné des QDs CdSe/ZnS stabilisées par des ligands PEG-NH2 de chez Mesolight. Les QDs-PEG-NH2 ont ensuite été fixées au PETA selon la réaction d'addition de Michael, comme illustré dans la Figure Le mélange résultant dont la photo peut être vue dans la Figure 24, ne montre aucune agrégation de QDs et montre une émission de lumière homogène sous excitation UV.

Figure 23

 23 Figure 23 Le schéma illustrant le greffage du PETA sur une particule de QDs.

Figure 24

 24 Figure 24 Le PETA greffé sur des QDs CdSe/ZnS avant et pendant l'excitation par laser bleu (405 nm).

Figure 25

 25 Figure 25 Une image de microscopie optique du woodpile pendant l'excitation par un laser bleu (405 nm) et son spectre d'émission à 620 nm.
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Table 2

 2 Properties of MDEA, DEA and EA molecules.

Table 3

 3 forms of the mixtures obtained after adding: EA, DEA and MDEA

	Amine	MDEA	DEA	EA
	Reaction on C=C	+	+++	+++++
	Viscosity	+	+++	+++++
	Size of polymer line	Thin	Wide	Wide
	Density of GNPs	Normal	Very dense	Very dense
	Background quality	Clean	Unclean	Unclean

Table 6 the

 6 Raman and SERS intensities for some characteristic peaks of the BPE molecule with their analytical enhancement factor and peak shift (in case of 3D SERS substrate).

	Raman peak	SERS peak	IRaman	ISERS	AEF	Peak shift
	1206 cm -1	1195 cm -1	435	37961	8.7 × 10 6	11 cm -1
	1605 cm -1	1601 cm -1	760	52155	6.9 × 10 6	4 cm -1
	1643 cm -1	1633 cm -1	1239	55434	4.5 × 10 6	10 cm -1

Table 6

 6 shows clearly the high enhancement of the Raman signal of the BPE on 3D woodpile of period 1.5 µm immobilized with GNPs for the three studied peaks. The AEF of the peak at 1206 cm -1 is equal to 8.7 × 10 6 ; which indicates that the SERS signal is 8.7 × 10 6 times greater than the Raman signal.

Table 8 the

 8 

	Woodpile period	0.6 µm	0.8 µm	1.0 µm	1.5 µm
	IRaman at 1206 cm -1	435	435	435	435
	ISERS at 1195 cm -1	9328	10769	14725	37961
	AEF	2.1 × 10 6	2.5 × 10 6	3.4 × 10 6	8.7 × 10 6
	IRaman at 1605 cm -1	760	760	760	760
	ISERS at 1601 cm -1	14054	16316	24071	52155
	AEF	1.8 × 10 6	2.2 × 10 6	3.2 × 10 6	6.9 × 10 6
	IRaman at 1643 cm -1	1239	1239	1239	1239
	ISERS at 1633 cm -1	15047	19733	25313	55434
	AEF	1.2 × 10 6	1.6 × 10 6	2.0 × 10 6	4.5 × 10 6

Raman and SERS intensities at some characteristic peaks of the BPE molecule

with their analytical enhancement factor after measurement on woodpiles of different periods: 1.5, 1.0, 0.8 and 0.6 µm.

  Comme il a été mentionné ci-dessus, nous avons atteint notre objectif en immobilisant des NPs d'or, d'argent et de polystyrène sur des structures en polymère à plusieurs dimensions. Cependant, la principale question reste de savoir comment ces NPs sont fixées sur la surface du polymère ? Dans ce chapitre, nous allons aborder cette question et nous allons identifier les différentes réactions de fonctionnalisation. Cette étude fournira des informations nécessaires pour une meilleure compréhension du mécanisme.

4.3. Le mécanisme d'immobilisation des NPs sur le polymère fonctionnalisé

  Jusqu'à présent, la réaction entre les molécules de MDEA, de DEA et d'EA et le PETA est justifiée selon la réaction d'addition de Michael. Cependant, la réaction ou l'interaction entre les NPOs et la surface du polymère fonctionnalisé reste inconnue. Afin d'identifier le mécanisme suivant lequel les NPs s'attachent à la surface du polymère, nous avons réalisé une série de mélanges photopolymères fonctionnalisés par différentes molécules d'amine (primaire, secondaire, tertiaire, présence et absence de groupement hydroxyles…). Ces photopolymères ont été ensuite utilisés pour réaliser des structures polymères par photopolymérisation à deux photons. Les structures obtenues ont été immergées dans des solutions colloïdales de NPs (or et Ag) préparées et traitées différemment (différents ligands, absence de ligand, pH variable…). Le croisement des différentes données (Tableau 1) a permis d'identifier le mécanisme d'interaction.Tableau 1 tableau récapitulatif montrant les différentes solutions colloïdales utilisées pour l'immobilisation de NPs, les différentes Amines utilisées pour la fonctionnalisation du photopolymère ainsi que le résultat du test (attachement ou pas des NPs). CTAB : bromure de cétyltriméthylammonium.

  Une solution photopolymérisable constituée de 73,5% de PETA, 15% de MDEA, 1,5% d'Irgacure 819 (photo initiateur) et 10% de MEHQ (inhibiteur) a été préparée. Tout d'abord les deux premiers composés sont agités pendant 30 minutes à 45 °C avant d'ajouter le photoamorceur et l'inhibiteur.Pour optimiser la densité des NPs, des spectres d'extinction ont été effectués sur les échantillons de microstructures 2D réalisés à différents temps d'immersion. Les résultats obtenus (Figure14) montrent que la bande de résonance plasmon des nanosphères d'or augmente de 1 à 300 minutes. A partir de 300 min le spectre n'évolue plus même après 540 min d'immersion. Ce comportement est cohérent avec l'évolution de la densité des NPOs montrée dans les images MEB. En revanche, à partir de 30 min d'immersion on peut commencer à observer la présence d'un second pic entre 650 et 750 nm. Ce pic augmente avec l'augmentation du temps d'immersion. Ce deuxième pic est attribué au mode de couplage entre les particules qui augmente avec la densité des NPOs à la surface du polymère. Par la suite, les échantillons préparés pour l'étude SERS seront donc immergés dans la solution colloïdale pendant 300 min.

	Des couches 2D de polymère (50 μm × 50 μm) et 3D type « woodpile » (20 μm × 20 μm × 6 μm) de
	différentes périodes de 1,5, 1,0, 0,8 et 0,6 μm ont été ensuite fabriquées avant d'immobiliser des NPOs
	à la surface du polymère.
	L'optimisation du temps d'immersion
	L'assemblage des NPs métalliques en haute densité formera des « points chauds » dans les gaps entre
	les NPs voisines. Ces points chauds électromagnétiques permettent une amélioration drastique du
	signal Raman des molécules organiques grâce à l'effet SERS. Ces points chauds devraient augmenter
	avec la densité des NPs.

  Les résultats obtenus dans le Tableau 2 montrent clairement une exaltation importante du signal Raman de la BPE en présence des NPOs. En particulier, il apparaît que le signal SERS du pic 1195 cm -1 a été amplifié d'un facteur 1 million environ. On peut noter que le décalage entre les pics Raman et SERS est de l'ordre de 11 cm -1 ce qui est attribué à l'interaction qui aurait pu se produire entre la molécule de BPE et la surface de NPOs[START_REF] Kneipp | Surface-enhanced Raman scattering and biophysics[END_REF].

	Pic Raman	Pic SERS	IRaman	ISERS	AEF	Décalage du pic
	1206 cm -1	1195 cm -1	435	4031	9.26 × 10 5	11 cm -1
	1605 cm -1	1601 cm -1	760	6427	8.46 × 10 5	4 cm -1
	1643 cm -1	1633 cm -1	1239	7459	6.02 × 10 5	10 cm -1

  Cette amélioration importante de l'exaltation entre le Raman et le SERS est liée à l'exaltation de champ électromagnétique au voisinage des NPOs et à la présence de points chauds suite à leur assemblage qui donne naissance à de nouvelles propriétés collectives. En particulier, l'assemblage 3D de ces NPs par rapport à l'assemblage 2D semble augmenter drastiquement le nombre de points chauds électromagnétiques et conduire à une meilleure performance en tant que substrats SERS[START_REF] Zhang | Hierarchical 3D SERS Substrates Fabricated by Integrating Photolithographic Microstructures and Self-Assembly of Silver Nanoparticles[END_REF]. Aussi à partir des spectres d'extinction de la Figure20, on peut voir le couplage entre les NPOs assemblées en 3D grâce à la présence d'un deuxième pic large et intense à 700 nm par rapport à celui observé sur la couche de NPOs assemblées en 2D. Ces caractéristiques sont liées à la forte densité des NPOs assemblées sur le woodpile qui peut conduire au couplage entre les NPOs et générer ainsi plus de points chauds menant à une plus forte exaltation du signal Raman de la BPE.

		Pic SERS	IRaman	ISERS	AEF
	SERS on 2D	1195 cm -1	435	4031	9.26 × 10 5
	SERS on 3D	1195 cm -1	435	37961	8.7 × 10 6

  En considérant le pic à 1195 cm -1 , le facteur d'exaltation analytique (AEF) du signal SERS sur les woodipiles 0,6; 0,8; 1,0 et 1,5 μm est égal à 2.1 × 10 6 , 2.5 × 10 6 , 3.4 × 10 6 et 8.7 × 10 6 respectivement. En effet, l'AEF augmente avec la période quel que soit le pic étudié.

	Période du Woodpile	0.6 µm	0.8 µm	1.0 µm	1.5 µm
	IRaman at 1206 cm -1	435	435	435	435
	ISERS at 1195 cm -1	9328	10769	14725	37961
	AEF	2.1 × 10 6	2.5 × 10 6	3.4 × 10 6	8.7 × 10 6
	IRaman at 1605 cm -1	760	760	760	760
	ISERS at 1601 cm -1	14054	16316	24071	52155
	AEF	1.8 × 10 6	2.2 × 10 6	3.2 × 10 6	6.9 × 10 6
	IRaman at 1643 cm -1	1239	1239	1239	1239
	ISERS at 1633 cm -1	15047	19733	25313	55434
	AEF	1.2 × 10 6	1.6 × 10 6	2.0 × 10 6	4.5 × 10 6

  Des assemblages multidimensionnels de NPs sont obtenus avec succès même dans des microstructures 3D complexes. La densité des NPs sur la surface du polymère est facilement contrôlée en ajustant le temps d'immersion dans la solution colloïdale. Cette nouvelle stratégie est indépendante de la structure du monomère et du type de NPs utilisés. Elle fonctionne ainsi avec toute sorte de NPs stabilisées par des ligands carboxylates.Nous avons en particulier démontré le mécanisme suivant lequel les NPOs sont immobilisées de manière très sélective à la surface du polymère. Ce mécanisme est divisé en deux parties : (1) la fonctionnalisation chimique du PETA par les molécules d'amine et (2) l'interaction électrostatique entre les NPs et la surface du polymère qui se produit dans certaines conditions de pH.Dans la première partie du mécanisme, il a été proposé que la MDEA présente une réaction d'addition « oxa-Michael » tandis que la DEA et l'EA suivent une réaction d'addition du type « aza-Michael » avec le PETA qui possède des groupes carbonyles α, β-insaturés. Dans la deuxième partie et après avoir réalisé plusieurs expériences, il a été prouvé que le type d'interaction entre les NPs et le polymère fonctionnalisé est une interaction électrostatique entre les groupes carboxylates chargés négativement sur les NPs d'un côté et les groupes amines chargés positivement sur la surface du polymère de l'autre côté.Quelques études paramétriques ont été réalisées permettant de conclure quant au rôle clef de l'amine dans la fixation des NPs. De plus, l'immobilisation des NPS se produit en milieu acide (pH ~ 5) afin de favoriser la protonation de l'amine et lui permettre d'être chargée positivement.Dans le cas de La DEA, la densité des NPOs est plus élevée que dans le cas de la MDEA en raison de sa réactivité plus importante avec le PETA. Dans le cas de l'EA, une auto-polymérisation s'est produite et le mélange a été transformé directement en gel après addition de l'amine sur le PETA, ce qui rend difficile l'utilisation du mélange pour la polymérisation à deux photons. Un contrôle de cette réaction semble néanmoins être possible en réduisant la quantité initiale de l'amine.Concernant les applications potentielles de cette méthode d'assemblage dirigés en 2D et 3D, nous avons réalisé une étude SERS. Les résultats obtenus montrent un facteur d'exaltation analytique de l'ordre de 10 6 pour l'assemblage 2D et de 10 7 pour les NPOs assemblées au sein d'un woodpile 3D. D'autre part, nous avons montré la possibilité d'obtenir un mélange composite à base de photopolymère greffé sur des boites quantiques du type CdSe/ZnS. Le greffage a été réalisé suivant la réaction d'addition de type « Michael » basée sur notre compréhension du mécanisme. Nous avons en particulier montré que ce photopolymère peut être structuré à deux photons pour obtenir des microstructures 3D photoluminescentes. Ceci ouvre la porte vers la fabrication de nanostructures luminescentes qui seront intégrées de manière spatialement contrôlée dans certains systèmes photoniques qui seront étudiés dans le projet "Active Nanophot" (guides d'ondes optiques, nanosources plasmoniques tels que nanofils et nanocubes, sondes fibrées). nanoparticles only in the exposed regions (PS-b PAA). (e) The patterned Au nanoparticle arrays are fabricated by reactive ion etching (RIE) with O2 plasma [42]................................................................ 22 Figure 14 SEM images of patterned Au nanoparticle arrays: (a) the resulting patterns of Au nanoparticles with various line and space patterns and (b-d) magnified images of (a) [42]. .............. 23 Figure 15 Schematic representation of one photon absorption and two photon absorption. ............ 26 Figure 16 SEM image (A) of a spiral structure made by two-photon microfabrication after removal of the unsolidified resin; (B) magnified view of (A). [58] .......................................................................... 26 Figure 17 Scheme of the DLW system "Nanoscribe" available at UTT. A pulsed near-infrared laser is guided into an inverted microscope and tightly focused into a UV-sensitive photoresist. A piezoelectric stage moves the substrate relative to the kept-fixed focus in all three spatial dimensions. The DLW works computer-controlled and fully automated (left). The resist shows high optical transparency at the laser center wavelength at 780 nm. Precisely in the focal volume, the photoresist is exposed by two-photon absorption when exceeding the polymerization threshold of the material. Scanning the sample relative to the focus enables the polymerization along arbitrary trajectories in 3D (right). [65] ............................................................................................................................................................... 27 Figure 18 Photonic Professional GT system from Nanoscribe GmbH [69]. .......................................... 30 Figure 19 (A) One drop of photopolymerizable mixture consists of 73.5% PETA monomer functionalized with 15% MDEA, 1.5% Irg-819 (photo initiator) and 10% MEHQ (inhibitor) deposited on a glass substrate (22 cm × 22 cm).

Dans cette thèse, nous avons développé une nouvelle approche permettant l'immobilisation des NPs métalliques et organiques carboxylés sur une matrice polymère fonctionnalisée. Ce polymère est fabriqué par photopolymérisation à deux photons et peut être structuré en 1D, 2D et 3D à l'échelle submicronique.
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