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Introduction

In the past decades, the scientific field related to nanoscience has been the focus of many researches and studies. This can be easily demonstrated via a literature retrieve on scientific database such as "Web of Science". Keywords such as "Nanoparticle" are related to more than 173000 publications in the timespan of 1991-2020 (See the bar chart below, analysis made on 06/09/2021). The interest in this field started in the 90's, burst in the beginning of the 21st century and continues to expand with an annual rate of ca. 17000 papers associated to the subject. This reflects the development and breakthroughs of nanoscience which is still a research hotspot and is attracting researchers ' eyes. 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 Amount of Publications Per Year Year Nowadays, nanoscience is defined as the study of devices, structures or molecular architectures which have at least one characteristic dimension on the scales of nanometers, i.e. ranging between 1 and 100 nm. [1] Many examples can be found in the literature, from nanomedicine, nano catalyst to nanodevice. These nanomaterials acting as a bridge between bulk materials and atomic structures can display huge changes in physical, chemical, and biological properties as they reduce in size and shape. Two main reasons explain why properties of nanomaterials behave differently compared to bulk: [2] Surface effects: Let's consider a spherical (nano) particle. The surface-to-volume ratio is inversely proportional to the particle size. Therefore, the smaller the particle the larger the fraction of atoms at the surface, and the higher the average binding energy per atom. These naked and coordinately unsaturated atoms signify defects on the surface of the particle. These defect-rich surfaces are highly active and easy to adsorb other atoms or react with other atoms, which finally result in their special physical and chemical properties. Confinement effect or quantum confinement: Many properties of materials are related to the localization of the electrons within the materials. They can be strongly localized in the large majority of molecules or strongly delocalized in metallic structures. Changing the size of a material will strongly influence such electron delocalization and therefore, the associated properties, like optical, magnetic, and electrical, etc.

Besides nanodevices, nanoscience has been the focus of many studies on nanomaterials having various chemical composition, geometry and size.

Generally, based on the types of material constituent, they can be classified into two categories: carbon-or organic and inorganic based. Organic-based or carbon-based nanomaterials: They are mainly fullerenes, carbon nanotubes (CNTs) and graphene, but also dendrimers, liposomes, and polymer nanoparticles. [3]- [8] They are mostly made from organic material (e.g. surfactant [9] ). Inorganic-based nanomaterials: They are based on chemical elements different from carbon. This can be for example simple salts such as carbonate, [10] phosphate, [11] etc. Among all these materials, the ones related to metal elements are of particular interest. This is the case of pure Cu, Pd and Au nanoparticles, [12]- [14] but also metal oxide-based nanoparticles like TiO 2 , SiO 2 , ZnO, V 2 O 3 ,etc. [15]- [19] Associations between those two types of materials (mentioned above) will lead to multiphase nanostructures (often called hybrid nanomaterials) with one phase (at least) being at the nanoscale dimension. They can be any combination of metal-based, carbon-based, or organic-based nanostructures with any form of ceramic, metal, or polymer bulk materials. [20]- [22] Among all the inorganic nanomaterial, metal oxide semiconductors are highly studied.

Metal Oxide Semiconductor Nanoparticles

General Introduction of Metal Oxide Semiconductor Nanoparticles

Firstly, many of metal oxides not only have features of forming readily and with high chemical stability but also can display a broad variety of structures and in addition show multiple stable oxidation states of the metal ions. [23]- [25] Secondly, among these oxides, metal oxides with property of semiconductivity are valence compounds with a high degree of ionic bonding. Thirdly, nanosize is closely correlated to the physicochemical properties as we presented in 1.1. Therefore, nanomaterial of metal oxide semiconductor can represent a class of unique materials due to their electronic charge transport properties, especially when compared to conventional covalent semiconductors such as silicon (Si). This allows them possess unique functionalities and have wide applications in electronics, [26] optics, [27] energy storage [28] and catalysis. [29] Metal oxide semiconductor nanomaterials can be divided into n-type metal oxide semiconductors and p-type metal oxide semiconductors (n stands for the negative charge on an electron, while p stands for the positive charge).The p-type is one kind of materials in which the adding of a controlled amount of an acceptor impurity to intrinsic semiconductor leads to the result that holes are the majority carriers and electrons are the minority carriers. Whereas, for n-type, the case is the opposite. The adding of a controlled amount of a donor impurity to intrinsic semiconductor leads to the fact that electrons are the majority carriers and the holes are the minority carriers. [30] In the solid state of oxide semiconductors, the band where valence electrons are confined into a band of energy levels is called valence band. The band occupied by electrons that have acquired enough additional energy to leave the valence shell and become free is called conduction band. The difference in energy between the valence band and the conduction band is called band gap, which equals the amount of energy a valence electron must need to jump from the valence band to the conduction band. Normally, material with around 2.0 to 4.0 eV bandgaps are wide-bandgap semiconductors, with around 1.5 to 2.0 eV bandgaps are narrow-bandgap semiconductors, while with large bandgaps (> 4 eV) are insulators and with about zero eV are metals (see the band model below). [31]- [34] The commonly researched n-type of wide-bandgap oxide semiconductors, for instance, are WO 3 (band gap ca. 3.0 eV), [35]- [37] SnO 2 (band gap ca. 3.5 eV), [START_REF] Choi | Prominent reducing gas-sensing performances of n-SnO 2 nanowires by local creation of p-n heterojunctions by functionalization with p-Cr 2 O 3 nanoparticles[END_REF] [START_REF] Shi | Wide bandgap oxide semiconductors: from materials physics to optoelectronic devices[END_REF] Fe 2 O 3 (band gap ca. 2.1 eV), [START_REF] Chen | Alpha-Fe 2 O 3 nanotubes in gas sensor and lithiumion battery applications[END_REF] [START_REF] Xia | Tuning the band gap of hematite α-Fe 2 O 3 by sulfur doping[END_REF] ZnO (band gap ca. 3.4 eV), [START_REF] Shi | Wide bandgap oxide semiconductors: from materials physics to optoelectronic devices[END_REF] [START_REF] Ryzhikov | Organometallic synthesis of ZnO nanoparticles for gas sensing: towards selectivity through nanoparticles morphology[END_REF] etc. For p-type, such as Co 3 O 4 (band gap ca. 2.0 eV), [START_REF] Zhou | P-type Co3O4 nanomaterials-based gas sensor: Preparation and acetone sensing performance[END_REF] [START_REF] Chen | Electronic states and magnetic structure at the Co 3 O 4 (110) surface: A first-principles study[END_REF] NiO (band gap ca. 4.3 eV), [START_REF] V. Aravindan | Electrospun NiO nanofibers as high performance anode material for Li-ion batteries[END_REF] [START_REF] Thota | Size-dependent shifts of the Néel temperature and optical band-gap in NiO nanoparticles[END_REF] CuO (band gap ca. 2.2 eV), [47] [48] are of interest to researchers as well.

For some of oxide semiconductors, their chemical ratios tend to show a lack of oxygen. [START_REF] Künneth | Thermodynamics of Phase Stability and Ferroelectricity From First Principles[END_REF] [START_REF] Fernández-Climent | The role of oxygen vacancies in water splitting photoanodes[END_REF] These oxygen vacancies can play a role of the electron donor, giving rise to n-type semiconductors. The treatment of vacuum heating can further strengthen the degree of oxygen vacancies, which enhances its electronic conductivity. [START_REF] Künneth | Thermodynamics of Phase Stability and Ferroelectricity From First Principles[END_REF] ZnO is one such kind of oxide semiconductors. It is a wide band gap (ca. 3.4eV) semiconductor having a high electron-hole binding energy (60 meV), high electron mobility, and luminescent in visible and near ultraviolet range. [START_REF] Kong | Ultraviolet-emitting ZnO nanowires synthesized by a physical vapor deposition approach[END_REF]- [START_REF] Hutson | Hall effect studies of doped zinc oxide single crystals[END_REF] It has the advantages of biocompatibility, chemical stability, environmental friendliness, low synthesis cost, etc. Its electronic features (large band gaps, crystal defects and high exciton binding energy) make it a good candidate to satisfy the needs of using ultraviolet (UV)/blue light emitting properties to design solid state light sources and detectors. [START_REF] Nickel | Zinc Oxide-A Material for Micro-and Optoelectronic Applications[END_REF]- [START_REF] Ellmer | Transparent Conductive Zinc Oxide[END_REF] In some published work, the optical properties of ZnO depend strongly on the preparation conditions, [START_REF] Davis | Band gap engineered zinc oxide nanostructures via a sol-gel synthesis of solvent driven shapecontrolled crystal growth[END_REF]- [START_REF] Kamarulzaman | Band gap narrowing and widening of ZnO nanostructures and doped materials[END_REF] such as it can show emissions band in ultraviolet, violet, and green regions, yellow and red regions. [60] [61] 

General properties of ZnO Structure properties of ZnO:

Under usual condition, ZnO mainly has two forms of crystalline structures: hexagonal wurtzite and zinc blende. Among them, hexagonal wurtzite is the most abundant and has the highest thermodynamic stability. While zinc blende form is stabilized, for example, by growing ZnO on substrates with cubic lattice structure. [START_REF] Ashrafi | Review of zinc blende ZnO: Stability of metastable ZnO phases[END_REF] In the nanomaterial field, work related to blende type is less than that of wurtzite type. This is not only because at the nanoscale, only wurtzite type exists, and at higher temperature the blende type turns bulk blende ZnO, [START_REF] Morkoç | Zinc oxide: fundamentals[END_REF] but also due to a lack of suitable substrates for the zinc blende ZnO epitaxy. [START_REF] Ashrafi | Review of zinc blende ZnO: Stability of metastable ZnO phases[END_REF] Figure 1. (A) Hexagonal wurtzite crystal structure of ZnO, [START_REF] Kamble | Effect of hydroxide anion generating agents on growth and properties of ZnO nanorod arrays[END_REF] (B) Hexagonal prism of ZnO crystal showing different crystallographic faces, [START_REF] Kamble | Effect of hydroxide anion generating agents on growth and properties of ZnO nanorod arrays[END_REF] (C) cubic zinc blende crystal structure of ZnO. [START_REF] Ashrafi | Review of zinc blende ZnO: Stability of metastable ZnO phases[END_REF] At ambient conditions, hexagonal wurtzite consists of packing of -Zn-O-Zn-Olayers along the c axis with a = 3.25 Å and c = 5.12 Å (see Fig 1A). The hexagonal structure is of space group P 63mc and has no inversion symmetry. Each anion is surrounded by four cations at the corners of a tetrahedron, and vice versa. Zinc or oxygen atoms on planes of (1010) and (1120) are stoichiometrically equal (see Fig 1B). Therefore, planes of (1010) and (1120) are regard as nonpolar plans. Whereas the basal planes, (0001) and (0001), the pyramidal planes (1011), are comprised of sheets of zinc or oxygen and consequently are strongly polar. [START_REF] Wöll | The chemistry and physics of zinc oxide surfaces[END_REF] The polar planes (0001) and (000 1 ) are usually appointed as zinc-terminated surface and oxygen-terminated surface, respectively. These polar planes possess high surface energy.

While in zinc blend structure, the atomic arrangement is quite similar to that of the wurtzite structure-only the angle of adjacent tetrahedral units is different, having values of 60° for zinc blende and 0° for wurtzite structure (see Fig. 1,C). The symmetry is given by space group F 4 3 m . [START_REF] Ashrafi | Review of zinc blende ZnO: Stability of metastable ZnO phases[END_REF] Optical properties

Due to the fact that high exciton binding energy of ZnO is 2.4 times higher than value of KT (ca. 25 meV), ZnO can show behaviors of exciton transitions and luminescence at room temperature. The characteristics of having many intrinsic defects, either interstitial atoms or atomic vacancies, [START_REF] Zhang | ZnO Nanostructures: Fabrication and Applications[END_REF] and the tunability of binding energy make ZnO have more accessibilities to high radiative recombination efficiency for various spontaneous emission and a lower threshold voltage for various laser emission. [START_REF] Shohany | Doped ZnO nanostructures with selected elements-Structural, morphology and optical properties: A review[END_REF] However, importantly, related to its photoluminescent (PL) properties, some factors like temperature, the perfection of the particles size, morphology, crystal structure and in particular of its content of defects play important roles:

Yi's work reported that at low temperature, such as at 10k, ZnO nanorods can show not only free excitonic emissions but also defect-mediated excitonic emissions. [START_REF] Park | Excitonic emissions observed in ZnO single crystal nanorods[END_REF] The former is attributed to defect free ZnO while the latter is ascribed to neutral donor bound exciton. [START_REF] Park | Excitonic emissions observed in ZnO single crystal nanorods[END_REF] In Zeng's work [START_REF] Cao | Temperature-dependent shifts of three emission bands for ZnO nanoneedle arrays[END_REF] , with increasing temperature from 10 K to 300 K, the PL properties of prepared ZnO nanoneedle arrays which exists in three emission bands in ultraviolet, violet, and green regions show different temperature dependences: A normal red shift for the ultraviolet emission, S-shaped shift for the violet emission, and blue shift for the green one (see Figure 2). It's said their temperature dependent shifts are related to the zinc interstitial and oxygen vacancy levels and carrier localization effect at the defect levels in addition to band-gap shrinkage.

Figure 2. Photoluminescence (PL) spectra of the as-prepared sample. (a) PL spectra at different temperatures (all spectra are normalized by the UV peak intensity and shifted in the vertical direction for clarity). (b) Typical Gaussian-fitting analysis of the PL spectrum at 50 K (correlation coefficients: 0.99). [START_REF] Cao | Temperature-dependent shifts of three emission bands for ZnO nanoneedle arrays[END_REF] Of course, ZnO nano particle also embody size quantization. It' said that as the particle sizes are reduced to dimensions (<5 nm) comparable with an exciton diameter, the energy gap between the valence and the conduction band increases. [START_REF] Jayadevan | Oxide nanoparticles[END_REF] As a consequence, the optical absorption shows a blue shift when size decreases. [START_REF] Li | Preparation, characterization and optical properties of zinc oxide nanoparticles[END_REF] Besides, Brus's work reported that smaller particles have bigger intensities for the UV peak. [START_REF] Brus | Electron-electron and electronhole interactions in small semiconductor crystallites: The size dependence of the lowest excited electronic state[END_REF] This may be related to concentration of surface defects.

The ZnO optical properties are also connected with morphologies of ZnO nanostructures. For example, Awasthi's work show that for three different morphologies of nanoparticles (NP), nanosheets (NS) and nanorods (NR), their corresponding optical band gap is 3.26, 3.24 and 3.10 eV, respectively. [START_REF] Agarwal | Morphologydependent structural and optical properties of ZnO nanostructures[END_REF] In the UV region, NP shows maximum luminescence intensity. While, in the visible region, NS shows maximum luminescence intensity. Here, notice that the band gap of the three kinds of morphologies is relatively smaller than 3.37 ev. Thus, it's worth recall that the changes in the optical band gaps with respect to the ZnO nanostructure morphology suggest that nanostructure crystallinity, crystal growth facets, and crystal grain size lead to the effective band gap of nanostructured ZnO smaller than its bulk value of ca. 3.4 eV. [START_REF] Davis | Band gap engineered zinc oxide nanostructures via a sol-gel synthesis of solvent driven shapecontrolled crystal growth[END_REF] In addition, the doping process with various transition metals thanks to its crystalline structure can also tune its band gap and finally influence its optical properties. [START_REF] Ueda | Magnetic and electric properties of transition-metaldoped ZnO films[END_REF]- [START_REF] Messaoudi | ZnO layers prepared by spray pyrolysis[END_REF] Therefore, synthesis of well-controlled ZnO nanoparticles with appropriate methods is very important in the study of optical properties of ZnO.

Synthesis methods of nanomaterials

Two main strategies to control over the size and morphology of nanomaterials are used for the synthesis of nanomaterials and the fabrication of nanostructures: topdown approach and bottom-up approach (see Figure 3). [START_REF] Barbhuiya | Applications of Nanotechnology in Cement and Concrete Science[END_REF] Top-down approach generally refers to the mechanical synthesis way. Its general principle is processing solid bulky material to get nanosize material. Bottom-up approach involves the coalescence or assembling of atoms and molecules to generate diverse range of nanoparticles. Though the fact that top-down approach allows to have large scale production and no need chemical purification, it produce nanomaterial with broad size distribution (10-1000 nm), varied particle shapes or geometry. And the control over deposition parameters is difficult to achieve. Besides, the relevant instruments and techniques are expensive. Therefore, researchers are much more interested in using bottom-up approach to synthesize nanomaterials, including physical processing and chemical processing. Whatever the method may be, one important point related to various morphologies during the synthesis process is the "nucleation, growth, and aging" steps. [START_REF] Oskam | Metal oxide nanoparticles: synthesis, characterization and application[END_REF] Figure 3. Bottom-up and top-down synthesis methods. [START_REF] Barbhuiya | Applications of Nanotechnology in Cement and Concrete Science[END_REF] Here, under strategy of bottom-up approach, we mainly introduce a few interesting methods: chemical vapor deposition (CVD), sol-gel method, precipitation method and organometallic method.

Chemical vapor deposition (CVD)

CVD is a process using the deposition of solid films or producing powders or composite materials from vapor phase via chemical reactions occurring at very high temperature condition. [START_REF] Dobkin | Principles of Chemical Vapor Deposition[END_REF] The main characteristic of CVD method is the synthesis of nano-objects with a low dimensionality, such as ultrafine particles, nanowires, nanotube and thin films. [START_REF] Park | Metalorganic vapor-phase epitaxial growth of vertically well-aligned ZnO nanorods[END_REF]- [START_REF] Polarz | Chemical vapor synthesis of size-selected zinc oxide nanoparticles[END_REF] For example, Polarz et al. synthesized size selected ZnO NPs (6-30 nm) by using the tetrameric alkyl-alkoxy zinc compound [CH 3 ZnOCH(CH 3 ) 2 ] 4 as the precursor, which was chemically transformed into ZnO through gas-phase reactions. [START_REF] Polarz | Chemical vapor synthesis of size-selected zinc oxide nanoparticles[END_REF] There are also a variety of enhanced CVD processes, which involve the use of plasmas, [START_REF] Barankin | Plasma-enhanced chemical vapor deposition of zinc oxide at atmospheric pressure and low temperature[END_REF] lasers, [START_REF] Suehiro | Synthesis of highly c-axis-oriented ZnO thin films using novel laser-enhanced electrospray CVD under atmospheric pressure[END_REF] or combustion reactions [START_REF] Polley | Zone model for zinc oxide deposited by combustion chemical vapor deposition[END_REF] to increase deposition rates and/or lower deposition temperatures.

CVD method own some advantages in aspect of depositing thin films: 1. CVD films are generally quite conformal, i.e., that the film thickness on the sidewalls of features is comparable to the thickness on the top. 2. Materials can be obtained with relatively high deposition rates and high purity. However, the disadvantage is the safety issues of the materials used for the deposition, such as the use of some precursors and some by-products are toxic, pyrophoric, or corrosive.

Sol-gel method

The sol-gel method [START_REF] Brinker | Sol-gel science: the physics and chemistry of solgel processing[END_REF] is one of the most common chemical solution methods. Generally speaking, the procedures are using organometallic alkoxides or inorganic salt as raw materials, through processes such as hydrolysis, condensation, and drying, and finally obtaining nanomaterials by appropriate heat treatment.

In fact, the "sol" refers to a colloidal suspension of solid particles in a liquid and 'gel' are polymers containing liquid. Hydrolysis and condensation chemical reactions are two typical steps of the sol-gel process. Firstly, the former normally uses water to break the bonds of the precursor which is also the first step in the formation of the gel phase. After that via the following condensation process, a stable transparent sol system in solution is formed. Then the sol slowly polymerizes between the aged colloidal particles to form a gel with a three-dimensional network structure. Finally, the gel is dried, sintered and solidified to prepare nano-substructure materials. For instance, ZnO NPs can be synthesized with this method using zinc acetate as the precursor and triethanolamine (TEA) or polymers like polyvinylpyrrolidone (PVP) or derivatives of polyethylene glycol (PEG) as surfactants. [START_REF] Shokuhfar | Synthesis of ZnO Nanoparticles via Sol-Gel Process Using Triethanolamine as a Novel Surfactant[END_REF]- [START_REF] Abdullah | In situ synthesis of polymer nanocomposite electrolytes emitting a high luminescence with a tunable wavelength[END_REF] By varying experimental parameters, such as capping ligands, calcination temperature, sol drying method for the fabrication of ZnO NPs, one can get ZnO nanostructure with different morphology and size, examples like rods, spherical particles, cylinder, nanotubes, etc. [START_REF] Mahato | Nanocrystalline zinc oxide for the decontamination of sarin[END_REF]- [START_REF] Yue | Synthesis of zinc oxide nanotubes within ultrathin anodic aluminum oxide membrane by sol-gel method[END_REF] This method has many advantages: 1. It is easy to uniformly and quantitatively incorporate some trace elements, to realize homogenous doping at the molecular level due to the solution reaction step. 2. It only requires mild conditions: low gel heat treatment temperature, good sintering performance, high powder purity, fine particles, easy control of the reaction process, simple equipments, and convenience manipulation. However, there are also disadvantages such as large drying shrinkage, high price of metal alkoxides, damage to health by organic matter, and difficulty in industrial production.

Controlled precipitation method

This method consist in by adding a suitable precipitant to a salt solution containing metal ions to promote sufficient precipitation and crystallization, and a heat treatment to remove the organic part or the chemical bonded water to form the ultimate product. During the precipitation process, when the solution reaches a critical supersaturation of the species forming particles, it bursts to form the nuclei. Its kinetics of nucleation and particle growth in homogeneous solutions can be adjusted by the controlled release of anions and cations through adding organic molecules or controlling parameters such as pH, temperature and time of precipitation. [START_REF] Hong | Synthesis and surface modification of ZnO nanoparticles[END_REF]- [START_REF] Li | Growth of well-defined ZnO microparticles with additives from aqueous solution[END_REF] For instance, in the work of Krysztafkiewicz et al. [START_REF] Kołodziejczak-Radzimska | Obtaining zinc oxide from aqueous solutions of KOH and Zn(CH 3 COO) 2[END_REF] ZnO was synthesized by precipitation from water solutions of KOH and Zn(CH 3 COO) 2 . It was found the particle size and its morphology are related to the excessive reactants, the dosing rate of KOH into Zn(CH 3 COO) 2 solution and the prepared temperature. The excess of one of the reactants significantly influence its size. When 20% excess of zinc acetate solution was used, the smallest particles close to 50 nm in diameter can be obtained. The dosing rate can also influence its dispersibility. When the rate of dosing of KOH to Zn(CH 3 COOH) 2 is 11 cm 3 /min, the spherical particles with little tendency to agglomerate were formed. While, at the higher or lower rates of dosing show a considerable tendency to agglomerate (see Figure 4). In addition, diameter of micrometric ZnO particles obtained at different temperatures is positively correlated with temperature: increasing the temperature of precipitation increases the diameters of the ZnO particles. Controlled precipitation method has some advantages: facile manipulation, less expensive of raw materials of precursors, access to acquire nanomaterials of different size and morphology via changes of preparation conditions. However, the disadvantage is heat treatment.

Organometallic method

Organometallic procedures are based on the use of precursors, in which metalcarbon bonding is presented. During the preparation process, firstly, the metal precursor may react with the surfactant that can be also a ligand, forming complexes. Secondly, in a controllable way, the introduced oxidative agent (O 2 , H 2 O; etc.) decomposes the previous formed complexes, and form crystalline "nuclei" of nanoparticles at relative low temperature (typically at room temperature). Thirdly, these "nuclei" will evolve into mature particles under the influence of the surfactant / ligand via certain interacting forces (for example, electrostatic, hydrogen, or van der waals forces). Finally, after the aging process, the generated nanoparticles could be quantitatively obtained.

The whole process is a highly exothermic reaction process and undergoing under mild conditions (pressure and temperature). Compared with the sol-gel method, due to the metal precursor's richness in the number of metal source with low prices, plus some metal ions can't be hydrolyzed and polymerized under sol-gel reaction condition, organometallic method has much more advantages. However, the general drawback of the organometallic procedures is that the precursors are sensitive to air, and they yield hydrophobic NCs coated with a layer of alkyl ligands.

Our group has gained rich knowledge in the synthesis of metal and metal oxide nanoparticles with organometallic method. Some metallic nanoparticles are obtained by reduction of organometallic precursors in an organic solvent and in the presence of stabilizers. For example, metallic particles like Fe, [START_REF] Dumestre | Superlattices of iron nanocubes synthesized from Fe[N(SiMe 3 ) 2 ] 2[END_REF] Co, [START_REF] Dumestre | Shape control of thermodynamically stable cobalt nanorods through organometallic chemistry[END_REF] Pd [START_REF] Jansat | A case for enantioselective allylic alkylation catalyzed by palladium nanoparticles[END_REF] or metal alloys such as Fe-Co [START_REF] Desvaux | Multimillimetre-large superlattices of air-stable iron-cobalt nanoparticles[END_REF] have been successfully synthesized. These particles are normally stabilized by polymers or organic ligands like fatty amines or fatty carboxylic acids.

Metal oxide NPs such as SnO 2 , [START_REF] Soulantica | Spontaneous formation of ordered 3D superlattices of nanocrystals from polydisperse colloidal solutions[END_REF] In 2 O 3 [START_REF] Soulantica | Synthesis of indium and indium oxide nanoparticles from indium cyclopentadienyl precursor and their application for gas sensing[END_REF] and Co 2 O 3 [START_REF] Verelst | Synthesis and characterization of CoO, Co 3 O 4 , and mixed Co/CoO nanoparticules[END_REF] were obtained by controlled oxidation of the pristine metal precursors. Herein, one efficient strategy to obtain ZnO nanoparticles is based on the controlled hydrolysis of the organometallic precursor bis(cyclohexyl) zinc [Zn(Cy) 2 ] in the presence or absence of solvent. [START_REF] Monge | Room-temperature organometallic synthesis of soluble and crystalline ZnO nanoparticles of controlled size and shape[END_REF]- [START_REF] Kahn | Spontaneous formation of ordered 2D and 3D superlattices of ZnO nanocrystals[END_REF] Much more related group work is presented in the following paragraphs.

Group work in LCC 1.4.1 Synthesis of ZnO nanoparticles,

In 2003, our group published the first work using organometallic method to synthesize ZnO nanoparticles. [START_REF] Monge | Room-temperature organometallic synthesis of soluble and crystalline ZnO nanoparticles of controlled size and shape[END_REF] Since then, 100 more research work based on organometallic method have been published successively.

Our developed efficient ZnO synthetic route with organometallic method is briefly described in scheme 1.

Scheme 1. Synthesis method of ZnO nanoparticles

Firstly, the zinc precursor used in my thesis work is [Zn(Cy) 2 ] compounds. They are very sensitive to water and air. Consequently, exothermic decomposition reaction and generating ZnO nanoparticles will happen when the complexes are exposed to air. Therefore, for reactions carried out in solvent, the organic solvents should be waterfree and not be protic solvents. Secondly, in the hydrolysis process, the hydrolysis rate is related to the addition of oxidative agent. By adjusting the adding rate of the oxidative agent, it is possible to adjust the released local heat, which allows to control growth rate of the crystal seeds and decide its final morphology. Thirdly, the fatty amine, fatty acid or surfactant are served as the stabilizer to prevent metal oxide particles from aggregating, influence the seeds growth direction, and form a homogeneous colloid solution. For the stabilizers, the most commonly used fatty amines are hexadecylamine (HDA), dodecylamine (DDA), octylamine (OA), heptylamine (HPA), hexylamine (HA), pentylamine(PA), butylamine(BA), etc. And the most commonly used fatty acids are dodecanoic acid (DDAc), oleic acid (OIAc), etc. As for the stabilizers, their specific roles played will be introduced in the next section.

By carefully optimizing reaction parameters, such as types of stabilizers, reaction ratio, reaction time, concentration, etc., it can be possible to control or even adjust such as hydrolysis objects, hydrolysis rate and crystal seeds growth direction, thereby realizing the target of obtaining the expected ZnO nanomaterials.

The state-of-the-art of our strategy can be reflected from these four aspects: 1)

With the sufficient released heat to drive hydrolysis process, the preparations are conducted at room temperature and normal atmospheric pressure.

2) The obtained ZnO nano-objects can be dissolved in the common organic solvent. [START_REF] Kahn | Sizeand shapecontrol of crystalline zinc oxide nanoparticles: a new organometallic synthetic method[END_REF] Thus, the colloid solution can easily be deposited on various surfaces as monolayers or thick layers, and may thus be applied as photoluminescent probes or paints. 3) Due to the released heat in the hydrolysis process, the produced volatile products, like cyclohexane, methane and ethane, are evaporated during the synthesis and no side products are retained. 4) The metal precursor could be the single component metal precursor or different multi-component metal precursors. Thanks to this feature, it allows us have accesses to obtain multi-component metal hybrid materials. Last but not least, concerning the general research activity in our team, it is mainly centered on the design and elaboration of nano-objects and hybrid nanomaterials: from the synthesis of the metal-organic precursor to the devices (see Figure 5). As presented in 1.2, the final properties of optical, sensing, catalysis for the nanomaterials are strongly related to the morphology, size and shape, once again optimizing the synthesis condition with various parameters is of great importance.

The role of stabilizing ligands on the prepared NPs

The ligands used in the synthesis are normally for limiting crystal growth, preventing aggregation, and in some cases passivating the surface of the material. [START_REF] Ling | Surface ligands in synthesis, modification, assembly and biomedical applications of nanoparticles[END_REF] First, the roles of ligands in aspects of solubility, morphology of ZnO.

We know that the obtained ZnO nano-objects can be dissolved in the common organic solvents. However, in our earlier group synthesis work, when [Zn(Cy) 2 ] and octylamine was used as Zn precursor and stabilizer, respectively, the addition of the family of glycolic acid ethoxylate ethers surfactant helps the NCs get water soluble. [START_REF] Rubio-Garcia | Transfer of hydrophobic ZnO nanocrystals to water: an investigation of the transfer mechanism and luminescent properties[END_REF] This is because the formed organic layer comprising the pristine ligand (octylamine) and the glycolic acid based surfactants stabilize the ZnO NCs. There exists a subtle interplay of interactions between the added surfactant, the ligand and the surface of the ZnO nanocrystals. This work shows that ligands can change ZnO solubility from organic phase to water phase.

In other earlier work, when primary amines are used as the ligands to react with Zn precursor under various conditions, it was found the critical role of different parameters (composition of the pristine reaction mixture, amount of water, kinetics parameters of the reaction, temperature…) can be used to achieve a good control over the final morphology. [114] [119]] Specially, in the organic solvent reaction medium at a relatively low overall concentration or better controlled mixing time in absence of solvent medium or higher reaction temperature, normally isotropic particles were obtained. [START_REF] Kahn | Sizeand shapecontrol of crystalline zinc oxide nanoparticles: a new organometallic synthetic method[END_REF] While, in absence of any solvent or relatively high overall concentration or shorter mixing time or lower reaction temperature, normally anisotropic nanoparticles were obtained. [START_REF] Zhao | Mixing Time between Organometallic Precursor and Ligand: A Key Parameter Controlling ZnO Nanoparticle Size and Shape and Processable Hybrid Materials[END_REF] The representative TEM images are shown below in Figure 6. Figure 6. ZnO isotropic or anisotropic particles are obtained through reactions of Zn precursor and primary amines under various conditions. [START_REF] Zhao | Mixing Time between Organometallic Precursor and Ligand: A Key Parameter Controlling ZnO Nanoparticle Size and Shape and Processable Hybrid Materials[END_REF] It's worth noting that the mixing time is very important to control the morphology of ZnO when the primary amine was used as ligand (see TEM images at the bottom in Figure 6). The reason why under shorter mixing time it formed nanorods is because it goes with an oriented attachment growth. The earlier formed single crystal nano particles with inconsistent orientations go through orientation rotation, making their crystal lattice orientation consistent, and then these small nano crystals grow into a large nano crystal through oriented attachment, that is to say, the initial formed isotropic nanoparticles are consumed to proceed the growth of the former nucleated particles to form rods finally. However, the reason why under longer mixing time it formed NPs is because when the viscosity of the mixture increases, the water diffusion speed and orientation rotation of the earlier formed single crystal nano particles are limited. As a result, growth process with oriented attachment is limited, leading to the obtaining of shorter NPs. [START_REF] Zhao | Mixing Time between Organometallic Precursor and Ligand: A Key Parameter Controlling ZnO Nanoparticle Size and Shape and Processable Hybrid Materials[END_REF] Second, the roles of ligands in aspects of interaction with ZnO surface.

In the point above, the undeniable fact that the stabilizing ligands and synthesis conditions play important roles in controlling the final state and morphology of ZnO is presented. However, it can't be stressed enough to understand the interaction forces between stabilizers and ZnO surface during the development synthesis strategy of ZnO nanomaterial. Here, in the second point, we focus on introducing the surface state and surface interactions of ZnO when only primary amine or binary stabilizers were used in the synthesis system.

In our previous work, [START_REF] Coppel | Full characterization of colloidal solutions of long-alkyl-chain-amine-stabilized ZnO nanoparticles by NMR spectroscopy: surface state, equilibria, and affinity[END_REF] it was found that there exists a dynamic behavior between the ligands and ZnO particles in solution. In the system of ZnO colloidal solutions where long alkyl chain stabilized ZnO nanoparticles, there are three different modes of interaction of the amines at the surface of the NPs. The first mode corresponded to a strong interaction between a small amount of amine and the ZnO. The second mode corresponded to a weak interaction between the amines and the surface of the ZnO NPs. The third, which is the weakest, mode of interaction, corresponded to the formation of a second ligand shell by the amine around the NPs that was held together through van der waals interactions. The second and third modes were in fast exchange on the NMR timescales with the free amines. The strongly interacting amines at the NPs surface (first mode) were in slow exchange with the other modes. Figure 7 shows except these interactions, there exists also complex hydrogen-bonding network at the NPs surface, which not only involve the coordinated amine but also THF and water molecules that remained from the synthesis. [START_REF] Coppel | Full characterization of colloidal solutions of long-alkyl-chain-amine-stabilized ZnO nanoparticles by NMR spectroscopy: surface state, equilibria, and affinity[END_REF] The three modes are in thermodynamic equilibrium with the free amines and the relative populations varied with their concentration. Figure 7. Illustration of the various interactions at the surfaces of the ZnO NPs. Amine (A), H 2 O (B), and THF (C) molecules coordinate to Zn 2+ ions; amine groups hydrogen bond to a hydroxy group (D) and to a H 2 O molecule at the surface (E); amine groups coordinate to Zn 2+ ions and hydrogen bond to a H 2 O molecule at surface (F); secondshell ligands (G); free amine in solution (H). [START_REF] Coppel | Full characterization of colloidal solutions of long-alkyl-chain-amine-stabilized ZnO nanoparticles by NMR spectroscopy: surface state, equilibria, and affinity[END_REF] While, in the system of ZnO nanoparticle superlattice structures (NSS), [START_REF] Coppel | Self-Assembly of ZnO Nanoparticles-An NMR Spectroscopic Study[END_REF] primary amine ligands and acids were both used to stabilize nanoparticles. The interaction force with ZnO surface was found mainly in the form of ion-paired ammonium carboxylate which is built through the hydrogen bond between amine and acid (see the scheme in Figure 8). With an increasing concentration of ZnO NPs, it can form superlattice structures with a size of approximately 90-100 nm. Several ligand shells which are composed of a lot of ion-paired ammonium carboxylate and inclusion of amine contribute to form NSS (see Figure 8, the right). At low concentration, deassociation of the NSS occurs to form independent isotropic nanoparticles and the ionpaired ammonium carboxylate shells are replaced by amine shells (see Figure 9, the left). For example, ZnO obtained from a ZnO/HDA/0.5OlAc/THF colloidal solution show both the independent and organized nanoparticles (see Figure 9, the right). This suggests that the driving force of NSS formation is the existence of ion-paired ammonium carboxylate shells around the nanoparticle. [START_REF] Coppel | Self-Assembly of ZnO Nanoparticles-An NMR Spectroscopic Study[END_REF] Figure 8. Scheme of Ion-paired ammonium and carboxylate moieties in nondissociating solvents (left); "Bilayer" model for the stabilization of ZnO nanocrystals with ammonium carboxylate ion pairs and an equivalent amount of long-alkyl-chain carboxylate ligand (right). [START_REF] Coppel | Self-Assembly of ZnO Nanoparticles-An NMR Spectroscopic Study[END_REF] Figure 9. The concentration related reversible organization behavior of ZnO nanoparticles into superstructures (left); FEG-SEM image of the independent and organized ZnO nanoparticles obtained from a ZnO/HDA/0.5OlAc/THF colloidal solution (right). [START_REF] Coppel | Self-Assembly of ZnO Nanoparticles-An NMR Spectroscopic Study[END_REF] Third, the roles of ligands in aspects of luminescence properties.

In 1.2.2, we briefly introduce that the luminescent (PL) properties of ZnO significantly depend on particles size, morphology, crystal structure and defects. Apart from these, it was also found that the emitting site can't be altered by the environment (the medium or the type of ligand at the surface of the nanocrystals) but the composition of the ligand shell can influence the yellow emission intensity of ZnO nanocrystals. [START_REF] Spataro | Insight into the role of ligands in the yellow luminescence of zinc oxide nanocrystals[END_REF] In the system of ZnO/OA or ZnO/DDA NCs, the ligand shell is the primary alkylamine ligand. [START_REF] Kahn | Sizeand shapecontrol of crystalline zinc oxide nanoparticles: a new organometallic synthetic method[END_REF] When thiol ligands were added to ZnO/OA or ZnO/DDA NCs, the yellow emission was reduced significantly but the emission wavelength didn't change. [START_REF] Spataro | Insight into the role of ligands in the yellow luminescence of zinc oxide nanocrystals[END_REF] It's explained by the composition change of the ligand shell resulting from higher affinity of thiol ligands to the surface than alkylamines.

Besides the familiar observation of yellow emission, a new luminescent phenomenon-blue emission was also observed from the obtained ZnO nanoparticles in a recent work. [START_REF] Kahn | Optical properties of zinc oxide nanoparticles and nanorods synthesized using an organometallic method[END_REF] It was found the ratio between the blue and the yellow emissions is a function of mainly the alkyl chain length of the amine and the shape of the particles. The longer of the alkyl chain, the stronger intensity of the blue emission for nanoparticles. The longer of the rods, the stronger intensity of the blue emission. The origin of the blue emission was attributed to the presence of the amine at the surface and may be the consequence of the recombination of the photogenerated electron located in a shallow electron trapped level and the photogenerated hole located in the valence band or in a shallow hole level close to the valence band.

An interesting discovery: the gelification phenomenon

In 1.4.2, we briefly mentioned the role of primary amine in controlling ZnO morphology: nanorods is obtained for short mixing time before hydrolysis while isotropic NPs is obtained for longer ones. [START_REF] Zhao | Mixing Time between Organometallic Precursor and Ligand: A Key Parameter Controlling ZnO Nanoparticle Size and Shape and Processable Hybrid Materials[END_REF] However, it's still worth recall that there exists an interesting reaction phenomenon involving Zn precursor (dicyclohexane zinc, [Zn(Cy) 2 ]) and dodecylamine (DDA). When mixing these two reactants together, a phase change form liquid to solid happens. After this phase change, a polymerization process occurs in three steps to form oligomeric species and cyclohexane as a side product (see scheme 2). Scheme 2. Reaction path to form oligomer [START_REF] Zhao | Mixing Time between Organometallic Precursor and Ligand: A Key Parameter Controlling ZnO Nanoparticle Size and Shape and Processable Hybrid Materials[END_REF] This oligomerization induces changes in the viscoelastic behavior of the solutions which behaves like a gel. Based on these interesting results, taking advantage of the formation of a gel with adjustable rheological properties to design processable hybrid materials for gas sensing property investigation is undoubtedly worth a try. This point will be discussed in the later sections.

The application of the as-prepared NPs in gas sensors

Properties determine applications. The feature of oxygen defect in ZnO determines it can not only be used in optical device but also as sensing materials in gas sensors. [START_REF] Bhati | Enhanced sensing performance of ZnO nanostructures-based gas sensors: A review[END_REF] The relation between ZnO morphology and its optical properties is briefly presented in 1.2.2. Here the sensing properties of the as-prepared ZnO NPs is presented in this section as a further study direction in our group.

When talking about sensing properties, it mainly refers to response level and selectivity to the detected gases. It's believed that the morphology of ZnO nanostructures significantly influences its sensing properties. [START_REF] Zhu | Room-temperature gas sensing of ZnO-based gas sensor: A review[END_REF] For example, in our published work, [START_REF] Ryzhikov | Organometallic synthesis of ZnO nanoparticles for gas sensing: towards selectivity through nanoparticles morphology[END_REF] three kinds of ZnO nanoparticles: cloud-like nanoparticles, isotropic nanoparticles and nanorods synthesized by one-pot organometallic method were used to study their responses to CO, C 3 H 8 , and NH 3 at different operating temperatures (340-500 o C) and relative humidity of 50%. It was found sensors prepared with nanorods show the highest response to both CO and C 3 H 8 . Sensors made of isotropic nanoparticles and cloud-like structures show a lower but similar response to CO. Sensors made of CL structures show the weakest response to C 3 H 8 . This is due to the facts that: 1) the lateral faces of ZnO present a higher ratio of chemisorbed oxygen than the basal surfaces; 2) both basal and especially lateral faces are involved in the reactivity of ZnO to C 3 H 8 ; 3) CL ZnO has poor crystallinity.

Thus, it's feasible to obtain the enhanced ZnO-based sensing materials via the controllable synthesis method.

Nuclear magnetic resonance (NMR) spectroscopy

To characterize previous species and follow chemical process, NMR characterization is one of the most frequently used techniques.

The NMR spectrum is normally classified into two types depending on the state of the sample: solution and solid-state NMR (SSNMR). Solution NMR normally has higher spectrum resolution, and is for samples which are diamagnetic, have low-viscosity and good solubility in the deuterium solvent. Whereas, due to the slow motion of the molecules in solid samples, spectrum of SSNMR normally has lower resolution with the presence of relative broader peaks. [START_REF] Chen | Basic Principles and Applications of Solid-State NMR in Catalysis[END_REF] In solution NMR, Diffusion-Ordered Spectroscopy (DOSY) is an important method for measuring diffusion coefficient (D) of chemical specie in a liquid sample. This technique encodes translational motion in NMR data sets through the use of pulsed magnetic field gradient NMR (PFG-NMR) and an explicit mathematical relationship is built between the molecules diffusion coefficient (D) and the gradient field strength g. [START_REF] Johnson | Diffusion ordered nuclear magnetic resonance spectroscopy: principles and applications[END_REF] I 0 and I are the signal intensity before and after the introducing the pulse, respectively.  is gyromagnetic ratio of the observed nucleus,  is the pulse width. Δ is the time interval between two pulses, the diffusion time. D is the molecular diffusion coefficient, g is the field gradient strength.

The translational diffusion coefficients (D) of molecular species reflect their effective sizes and shapes. Each molecule has its own characteristic D when the variables of the experiment are controlled. For instance, if molecules of a certain surfactant are bonded to the surface or well organized in the solution, its D value is smaller than that of the free molecules. [START_REF] Coppel | Full characterization of colloidal solutions of long-alkyl-chain-amine-stabilized ZnO nanoparticles by NMR spectroscopy: surface state, equilibria, and affinity[END_REF] Therefore, DOSY NMR allows the distinction of the chemical species in a complex systems and provides information about their intermolecular interactions. [127] [129] Using reverse laplace transformations 2D NMR DOSY spectra can be directly plotted. The x axis stands for the proton spectra while the y axis displays the diffusion coefficients of the molecule.

For samples that are insoluble or poorly soluble in the deuterated solvents or for samples like viscous liquid, gel and/or, large molecules (such as protein), etc…, the use of SSNMR technique complements DOSY NMR.

The SSNMR technique uses Magic-angle spinning (MAS): the sample spins rapidly at the magic angle (54.74 o ) with respect to the external magnetic field. MAS could suppress the anisotropic dipolar interactions. The combination of cross polarization and MAS allows one to obtain high resolution spectra for rigid solids because polarization from abundant nuclei 1 H can be transferred to rare nuclei 13 C, enhancing signal to noise and reducing waiting time between successive experiment. [START_REF] Johnson | Diffusion ordered nuclear magnetic resonance spectroscopy: principles and applications[END_REF] Cross polarization magic angle spinning (CP-MAS) 13 C NMR spectroscopy is a very powerful tool for analyzing the structures and interactions of materials. Insensitive nuclei enhanced by polarization transfer (INEPT) MAS is through bond transfers between weakly coupled nuclei. [127] [130] Normally, the 13 C CP-MAS shows the information of the rigid segment, while 13 C INEPT-MAS shows the mobile segment. For example, in a dynamic study system which even involves in a phase transition, by the combination of signal intensities obtained with CP, and INEPT, sitespecific qualitative information about molecular mobility can be obtained. [131] [132] In this process, motional amplitudes S are generally expressed in terms of a single order parameter. The correlation timeτ c is the average time it takes for a molecule to rotate one radian. Segment reorientation in an anisotropic system can be characterized with the correlation timeτ c and the order parameter S. [START_REF] Halle | Interpretation of magnetic resonance data from water nuclei in heterogeneous systems[END_REF] Solid state NMR which doesn't require crystalline materials like diffraction techniques, but can still determine local molecular environments, is clearly a very powerful technique capable of looking at a variety of materials.

In this thesis, these advance NMR technique methods are mainly used in the characterization of the synthesized ZnO hybrid material and the study of kinetic gelification. These aspects will be detailed introduced in the later sections.

Topic of Gelification

In 1.4.4, in regard to the gelification phenomenon, the reaction path to form oligomer is briefly described. Herein, the followings are the general introductions of its conception, applications, rheology properties, together with strategies of leveraging gelification process to synthesize nanomaterials.

Gel can be described as a state of matter intermediate between solid and liquid. It is a diluted matrix of cross-linked system which contains fluids and shows no flow at its steady-state condition. [START_REF] Jen | Review: hydrogels for cell immobilization[END_REF] It possesses characteristics of both liquid and solid; high diffusion coefficients for small molecules; and mechanical properties of soft solids. [START_REF] Singh | Hydrogels: a review[END_REF] A general liquid-solid gelification process is about a system with polymers in a sol or solution, a process of phase change from liquid to solid-state. [136] [137] In this process, liquid substances can be converted into solids with or without the help of a gelling agent. This process normally involves a rearrangement or self-assembly of the molecules via a certain force to form cross-links and entanglements and to build a network finally. [START_REF] De Gennes | Scaling Concepts in Polymer Physics[END_REF]- [START_REF] Carothers | Polymers and polyfunctionality[END_REF] Along the evolution of the process, the fluidity and viscosity change accordingly. [START_REF] Odian | Principles of polymerization[END_REF] Polymer gels is one of the gels consisting of a polymer-solvent system in which a three-dimensional network composed of polymers or their associates (aggregates) hold a large amount of the solvent. It can be classified into two types: chemical and physical gels. Chemical gels involves covalent bonding (e.g., epoxy thermosets, [START_REF] Vidil | Control of reactions and network structures of epoxy thermosets[END_REF] Figure 10), and are generally thermally irreversible. They can be prepared by the swelling of a preliminarily crosslinked polymer and network polymerization or polycondensation, as well as by the crosslinking of oligomers at the reactive terminal groups in a solvent medium. Physical gel involves multiple, weak non-covalent interactions (e.g., H-bonding, ionic bond, coordination bonding, π-π and van der waals interactions, and hydrophobic effects, Figure 11), [START_REF] Jung | Selfassembly of a sugar-based gelator in water: Its remarkable diversity in gelation ability and aggregate structure[END_REF]- [START_REF] Hurtado | Heterogeneous diffusion in a reversible gel[END_REF] and are thermally reversible. Its formation can be induced by temperature, pH and salt concentration.

Figure 10: Growing of a three dimensional network from the reaction of a di-epoxide with a diamine. [START_REF] Vidil | Control of reactions and network structures of epoxy thermosets[END_REF] Figure 11. Forces controlling gel behavior; a hydrogen bonding; b coordination bonding; c ionic interactions; d hydrophobic interactions.

Gels have features of large swelling ability and medium absorption (reach as much as 10-20 times its molecular weight [START_REF] Singh | Hydrogels: a review[END_REF] ) and resistance to dissolution. Its ability of swelling arises from hydrophilic functional groups attached to the polymeric chains, while the resistance of dissolution is attributed to the cross-links between polymer chains. This promotes gel to be considered as an ideal substance for absorbing materials employed in numerous applications like baby diaper and plant soil. [START_REF] Singh | Hydrogels: a review[END_REF]- [START_REF] Ahmed | Hydrogel: preparation, characterization, and applications: a review[END_REF] Gels can also be applied in foods, [148] [149] drug delivery [START_REF] Andrews | Rheological Characterization of Bioadhesive Binary Polymeric Systems Designed as Platforms for Drug Delivery Implants[END_REF] and adhesives. [START_REF] Creton | Pressure-Sensitive Adhesives: An Introductory Course[END_REF] Generally speaking, gel properties and its applications depend on its constituents, cross-links in terms of cross-linking mechanisms and density, and interactions between the molecular and solvent. [START_REF] Pal | Hydrogel-based controlled release formulations: designing considerations, characterization techniques and applications[END_REF] 

Rheology properties of gel

Concepts and working principles.

Usually, an object or medium under external force will undergo deformation and flow change. The involved relationship between stress and deformation during the change is called rheology properties of the matter. [153][154] The gel is one kind of such material with viscoelastic behavior. It can show a mixture of viscous and elastic behavior when sheared. Conventionally, the way to study and evaluate its viscoelastic properties is through dynamic oscillatory shear experiment. [154] [155] Herein, for better understanding how to use metrics to quantify the rheology properties of gel and the approaches to measure viscoelasticity with oscillatory shear method, a few physical terms and their conceptions related to deformation behavior are introduced firstly. [START_REF] Mezger | Applied rheology: with Joe flow on rheology road[END_REF] [154] [START_REF] Hibbeler | Mechanics of Materials[END_REF] Note that stress and strain are two key concepts in rheology research. Here a twoplates model is used to define various parameters (see Figure 12). The stress  is the force per unit area of an object, which arises from externally applied forces F. The derived variable shear strain  is the quantity that describes this deformation, and it's defined as the deflection path S divided by the distance h between the two parallel plates. The derived variable shear rate γ̇ is the rate of change in velocity at which one layer of fluid passes over an adjacent layer. It's defined as the velocity of the moving plate divided by the gap distance h. The derived variable η is the viscosity of the studied materials. It's defined as shear stress  divided by shear rate γ̇. The derived variable G modulus is defined as the stress/strain ratio and refers the metric of materials overall resistance to deformation. For viscoelastic materials, in the oscillatory measurement, it's presented as G* and named complex shear modulus. It's defined as shear-stress amplitude A divided by strain amplitude A. The  is the phase shift which refers the time lag between the shear stress and the strain. Their corresponding equations are as follows (Figure 13). Secondly, in the dynamic oscillatory measurement, as a vector, the complex shear modulus G* can be a presentation of G* and  (phase shift), as well as of G' (elastic modulus) and G'' (viscous modulus) (see Figure 14). [153] [154] They are corresponding to the storage modulus (G′) and loss modulus (G″). G′ represents a measure of the energy stored in the material per cycle of sinusoidal deformation. It is taken as an indication of the solid or elastic character of the material under test. Therefore, G' = 0 for ideal viscous liquid. G″ represents a measure of the energy dissipated or lost (as heat) per cycle of sinusoidal deformation. The loss modulus G″ is taken as an indication of liquid or viscous behavior. The viscoelastic properties of the materials are usually characterized and evaluated by these two derived physical quantities. [START_REF] Chereminisoff | An introduction to polymer rheology and processing[END_REF] For a viscoelastic material, G'' > G' indicates behavior of a viscoelastic liquid, and there are no such strong bonds between the individual molecules, for example, polymers without entanglements. G' > G'' suggests it shows behavior of a viscoelastic gel or solid, and there exists the cross links inside the material, for example, chemical bonds or structures with other strong interaction forces. [START_REF] Mezger | The rheology handbook[END_REF] Thirdly, for the test of gels, pastes, soft solids and polymer melts, parallel-plate measuring system (Figure 15) is usually used. [154] [158] [159] It's one geometry type of rotational shearing rheometer. Other geometry types, such as type of cone and plate, type of concentric cylinders are not introduced here. A rotational rheometer fundamentally can provide the measure of torque (force), angular displacement, angular velocity. Concerning the measure options, it basically has two alternatives: controlled-stress and controlled-strain. [154] [158] In the controlled-stress rheometer, the upper plate is rotational, while the bottom one is static (Figure 15). The material is placed between the two plate. When the known stress is applied, the material responds by deforming (strain) and the displacement is carefully measured. After that, with the resulting shear strain and the known applied stress, the modulus can be calculated.

Similarly, in the controlled-strain rheometer, the modulus can be obtained by commanding angular displacement (strain) and measuring torque (stress). It's worth mention that concerning the gel system part, in this thesis work, the time sweep method under the applied sinusoidal stress is adopted to conduct rheology study of gelification process and investigate evolutions, such as degradation, structure development and crosslinking during gelation process. This will be discussed in the later sections.

Project objectives

Generally speaking, project objectives are made based on the context of previous work. The context of this thesis work is described in the section of 1.4.2.

The mature synthetic route, namely the organometallic method, of ZnO nanomaterials was developed first in our previous work. Then the well-defined ZnO nano-objects with different size, shape and morphology (isotropic and anisotropic ZnO) can be achieved through varying different parameters. Whereas, when primary amine was used as the ligand, it's still unclear about the mechanism of the anisotropic growth, and the factors that govern this anisotropic growth. In addition, the primary amines have being always used as the stabilizer in our research work. We never tried with secondary and tertiary amines. It's worth to try with secondary and tertiary amine and through comparison with the case of primary amine to figure out what and how their influences on ZnO morphology are.

Above are mainly more of studies on the synthesis or growth mechanism of ZnO nano-object. This thesis work also includes the study of the derived gel topic which is under the context of the involved gelification phenomenon found during the ZnO synthesis process. The discovered gel formation has been demonstrated to be related to the formation of the oligomers. Its kinetic studies via NMR characterization techniques and rheology properties study of the formed gel have been carried out in the case of DDA. However, other primary amines with different length of aliphatic chain or amines with steric hindrance haven't been done to investigate their influence on the kinetic of gelification and the rheology properties. Will the length of aliphatic chain have an effect of slowing down or accelerating its kinetic process? What's the leading role in the gelification process?

To answer these questions, in this thesis work, the project objectives can be summarized as below: 1. Leverage the 2-D plot analysis method and statistical analysis method, to control and understand the ZnO NPs anisotropic growth process through the simple organometallic pathway developed in our group, especially in the absence of solvent. 2. Introduce the factor of steric hindrance of amine functional group. In the case of secondary and tertiary amine, find out and understand the effect of the amine structure on the size/shape of ZnO NPs; figure out the key factor allowing the control of the anisotropic growth of ZnO and the role of surface dynamics in nanocrystal growth. 3. Figure out the driving force of gelification and investigate the evolution of rheology properties of the formed gel over time.

Chapter II. Mechanistic insights into the anisotropic growth of ZnO nanoparticles deciphered through 2D size plots and multivariate analysis 2.1 Introduction

As discussed in the previous chapter, many chemical procedures have been developed to control the nanoparticles' (NPs) size, polydispersity, shape, surface, volume chemical composition, etc. [1]- [3] Metallic, [4] [5] II-VI or III-V semiconducting NPs [6]- [11] are nowadays synthesized with a simple isotropic shape or more elaborate coreshell structures, [12] cubes, [13] stars, [14] bipyramidal architectures, [15] rods, [16] nanowires, [17] etc., are also largely described. In general, variation of the size and shape is dependent on the experimental chemical conditions and the proposed mechanisms. [18]- [21] Yet, a number of challenges remain, including evidencing and understanding the relationship between the experimental parameters of the synthesis and the shape of the NPs, this latter driving the NP's properties.

The aim of this chapter is to demonstrate how simple analytical tools based on statistical analysis can help us to decipher the anisotropic growth of NPs and to better understand and control the parameters governing this anisotropic growth. ZnO NPs were taken as a model system and were prepared by taking advantage of the exothermic hydrolysis of dicyclohexyl zinc precursor, [Zn(Cy) 2 ]. In one step and under mild conditions (i.e. room temperature and atmospheric pressure), well-defined crystalline ZnO NPs can then be synthesized. [22] In this process, the control of the morphology (i.e. either isotropic NPs or nanorods) is achieved by varying the experimental conditions: isotropic NPs are obtained in the presence of alkyl chain amine ligands in an organic solvent while nanorods are obtained in the same experimental conditions but in the absence of solvent. [23] Up to now, experimental results suggest the critical role of different parameters like the composition of the reaction mixture, the amount of water, the kinetics parameters of the reaction, the temperature… To gain information on the parameters of importance for the growth of such nanorods and to better understand the growth processes, we studied the kinetics of formation of anisotropic ZnO NPs in different conditions by using two different analytical tools enabling the analysis of TEM images: 2D size plots and multivariate statistical analysis. The first one, 2D size plot, enables to extract information of the correlation between widths and lengths of anisotropic objects. [24] Each particle is characterized by two sizes, noted D1 and D2, measured on perpendicular axes. These two sizes generally correspond to the length and width of the nano-objects. For each particle and on a same graph, we plot D1 as a function of D2 and also D2 as a function of D1. The aspect ratio of the particle (noted AR) is defined as the ratio between the two lengths AR = D1/D2 (with D1>D2). It is related to a θ angle through the equation AR = tan θ. Higher anisotropy in the shape of a particle corresponds to higher AR value and to a theta angle closer to 90° in the proposed 2D plot. Nevertheless, the quantitative analysis of these data might be hampered by the presence of different sub-populations that could be tedious procedures to separate them, especially when these populations overlap each other. In order to identify them numerically and to obtain their own statistical parameters like average length and width, corresponding standard deviations, and correlation between length and width, a complementary multivariate analysis was performed [24] with the MIXMOD software (http://mixmod.org) using R package (http://www.r-project.org/). Apart from the Gaussian character of the probability densities, no assumption about the orientation, shape, and volume of the different sub-populations was made during calculation. The number of sub-populations that composed the point clouds was fixed by the user or chosen numerically thanks to the BIC criteria (Bayesian Information Criterion). Each sub-population was then characterized by the mean of the two studied variables (i.e., short and long axis lengths), as well as the corresponding standard deviations. Additionally, the correlation parameter  between both variables was calculated. The correlation is equal to zero when the two variables are totally independent and equal to 1 when they are affinely related to each other.

Here, we study the hydrolysis rate, the mixing time before hydrolysis, the length of the ligand aliphatic chain, and the amount of water on the anisotropic growth of ZnO NPs. In a typical experiment, the dicyclohexyl zinc precursor, [Zn(Cy) 2 ], is mixed at room temperature with two equivalents of alkylamine RNH 2 (dodecylamine, DDA, R = C 12 H 25 ) as ligand. No solvent was used. After 10 minutes, water is introduced by opening the vial. The atmospheric water vapor will induce a hydrolysis reaction leading to the formation of ZnO NPs. 2D size plots were constructed from TEM pictures and the measurements were analyzed thanks to a multivariate analysis.

The following paragraphs will successively describe the effect of the time of hydrolysis, the mixing time of the mixture of reagents before hydrolysis, the amount of water, the speeding rate of water addition, and the length of the ligand aliphatic chain on the ZnO NP morphology. It has to be mentioned that the temperature of the reaction medium is also of crucial importance. Anisotropic NPs were only obtained when temperature was kept below the critical value of 60°C to maintain the local organization of the fatty amines surrounding the growing ZnO NPs. [25] All the studies were therefore made at room temperature.

Effect of the time of hydrolysis

Advantageously, 2D size plots are of special interest to describe the modifications of NPs versus time during growing or aging process. In a first series of experiments, TEM grids were prepared from the same synthesis followed over time. Width and length of these NPs extracted from the TEM pictures allow one to draw the 2D size plots as a function of time (Figure 1). The point clouds obtained at 1 and 2 h are centered on the median. This corresponds to the presence of isotropic NPs. The growth of ZnO NPs clearly starts by a nucleation step where pristine isotropic NPs are formed.

Table 1. Multivariate analysis of the 2D plots corresponding to the TEM images of the Figure 1 (ZnO NPs versus hydrolysis time from 1 to 240 hours) through Rmixmod program [26] [27] (the dispersion is given as twice the standard deviation obtained from calculations, and multivariate analysis). Up to 4h, the average size of the quasi-isotropic NPs slightly increases from 3.2 ± 1.6 to 3.5 ± 2.5 nm. During the first hours, these pristine NPs are maturing and their mean size increases. At 8 h, the 2D size plot shows that the points start to extend, suggesting that the anisotropic growth of the nanoparticles has begun. Correlation parameter (between length and width) ρ up to ca 0.80 is observed. In the following hours, the point cloud extends more and more up to 35 nm, while remaining quasiparallel to the 2D size plot axis at ca 5-6 nm: the rods are becoming longer but their widths are somewhat maintained. ρ decreases and lower correlation between the length and the width is observed for these anisotropic NPs.

These results suggest that growth occurs mainly along the long axis of the NPs. A growth mechanism by oriented attachment could be here suggested. [24] [28] This hypothesis has been tested by considering two populations of NPs. Indeed, after four hours the point clouds are best fitted with two sub-populations: the first, N1, corresponds to the pristine isotropic ZnO NPs and the second, N2, corresponds to the growing nanorods. Results of the multivariate analysis considering these two clusters are listed Table 2. Note to mention that here the multivariate analysis can investigate: the classification, average size and percentage of different point groups, the correlation of two variables (length and width). Table 2. Multivariate analysis of the 2D plots corresponding to the TEM images of Figure 1 (ZnO NPs versus hydrolysis time from 1 to 240 hours) through a modified Rmixmod program [29] allowing access to the number and consequently the percent of pristine NPs, N1, and anisotropically growing NPs, N2. Figure 2. Mean length (red), mean width (blue) and corresponding correlation (green) obtained from a multivariate analysis (with a single Gaussian) of TEM data corresponding to the evolution of ZnO NPs average size versus hydrolysis time (from 1 to 240 hours, top) and percent of isotropic and anisotropic ZnO NPs issued from the analysis of a modified Rmixmod software [29] (using two Gaussians one being isotropic, bottom).

Figure 2 shows the percent of isotropic and anisotropic NPs over the time of hydrolysis. Clearly, isotropic NPs decreases very quickly in favor of anisotropic ones. This indicates that after the nucleation step, the number of isotropic NPs is decreasing rapidly. Less than 10% of isotropic NPs are indeed observed after 24h. This result evidences that no nucleation occurs during the period of anisotropic growth. The nucleation and growth steps are uncorrelated and occurred sequentially in agreement with an oriented attachment process. In addition, after 24h, the overall length of the nanorods is still increasing, which strengthened the growth by oriented attachment. The isotropic NPs are consumed to the benefit of the length of the rods that increases concomitantly. [30] Furthermore, C. Ribeiro et al suggest that growth of nanorods through an oriented attachments mechanism can be described as a "polymerization" reaction. [31] In that case and following various simplifications, the number of NPs, x max , which have undergone a coalescence process leading to a nanorod should follow the equation:

𝑥 𝑚𝑎𝑥 = - 1 𝛼. 𝑙𝑛 ( 8. √2. 𝑘 0 . [𝑆] 0 . 𝑡 1 + 8. √2. 𝑘 0 . [𝑆] 0 . 𝑡 )
where t is the time of reaction, α is a constant parameter between 0 and 1, k 0 a kinetic constant and [S] 0 the initial concentration of active surfaces on the isotropic NPs (i.e. before coalescence). If one supposes that the length of the nanorod, L, is equal to: 𝐿 = 𝑥 𝑚𝑎𝑥 . 𝑊 where W is the width (i.e. the radius) of the isotropic particles, we can fit the variation of the mean length of the NPs versus time (see Figure 2). The value of the α parameter is then found at 0.06 and k 0 . [S] 0 is estimated around 2.10 -4 s -1 . This length versus time variation as well as the very weak growth of the nanorod diameters are therefore strong indications of an oriented attachment mechanism leading to the ZnO nanorods. Quantitative information can be extracted from the data depicted in Figure 1. In particular, the average growth rates along the two axes can be obtained by calculating the derivative at each point of the curves (Figure 4). An estimation based on a fitting of the experimental results using an exponential equation gives initial growth rates within the accuracy of the measurement in the range of 0.9 nm.h -1 for the length and one order of magnitude less (0.09 nm.h -1 ) for the width. The growth in width is therefore already very slow after one hour while it continues to decrease significantly after 150 h for the length. It is however important to keep in mind that the instantaneous growth rate should be much higher in the early stages of the reaction as NPs of 3.2 ± 1.6  2.1 ± 1.1 nm are already observed after 1h. This apparent anisotropic shape corresponds in fact to an isotropic growth of the nanocrystals. Indeed, considering the intrinsic structural parameters of ZnO (c = 0.521 and a = b =0.325 nm), after one hour, the nanocrystals are composed of 6 unit-cells that have isotropically grown.

Whereas initial nucleation reaction is fast (after 1 minute solutions became luminescent which demonstrate the formation of ZnO NPs), growth mechanism seems to be stopped only after 5 days. This halt in the growth is certainly due to the partial carbonation of alkylamines into ammonium carbamates which, as we have recently shown, [30] leads to a complete modification of the organic stabilizing agents on the surface of the NPs. When NPs are only stabilized by alkylamines, these latter are localized only along the lateral faces leaving the basal faces accessible for growth by oriented attachment, [32]- [34] whereas in the presence of ammonium carbamates, these are located both on the lateral and the basal faces with a very strong affinity preventing the growth or attachment from continuing. [30] 

Effect of the aging time of the reagent mixture before hydrolysis

Another parameter that has to be considered is the waiting time after mixing amine and zinc precursor reagents, before starting the hydrolysis step. Indeed, the viscosity of the solution increases slowly and, after 6 hours, the mixture behaves as a glass state gel. [35] This waiting time was then varied from 10 min up to 24h and the final shape of the obtained NPs observed systematically 3 days after starting the hydrolysis process (Figure 5). The 2D size plots (Figure 6) up to 4h of waiting time are very similar to each other: they show an extended point cloud almost parallel to the graph axis; corresponding to a mean width diameter of ca 4 ± 2 nm and a mean length of ca 10 ± 8 nm up to 20 nm (Table 3). As expected, the observed morphology are similar to the one obtained at the final stage (three days) in the part depicting the effect of hydrolysis time. When the mixing time reaches 5h, anisotropic growth is almost totally prevented: the average length and width over time of these particles remains roughly constant with a mean width of ca 2.1 ± 1.2 nm and a mean length of ca 3.4 ± 2.5 nm. As previously observed, the calculated correlation values are significantly lower for populations with high anisotropy (aging time < 6h): this could be related to the fact that the growth of the particles should occur essentially on their extremities in an oriented attachment mechanism. Table 3. Multivariate analysis of the 2D plots corresponding to the TEM images of the Figure 5 (ZnO/2DDA NPs versus waiting time after mixing) through Rmixmod program [26] [27] (the dispersion is given as twice the standard deviation obtained from calculations, and number of cluster was set to 1).

Again, the resulting point clouds were analyzed considering possible population mixing. The multivariate analysis leads to an optimal adjustment of the data set by considering, as before, two populations of particles: one isotropic and the second anisotropic, comprising N1 and N2 nanoparticles respectively, which are similar to the one obtained after three days in the previous synthesis (Figure 1). They show an extended point cloud almost parallel to the graph axis; corresponding to a mean diameter of ca 4 nm and a length up to 20 nm of the nanorods. The multivariate analysis of these graphs was conducted as described previously. Percent of N1 and N2 is shown in Figure 7. In this case, up to a mixing time of 4 hours, the values of N1 and N2 remain constant with a mean value of more than 95% for N2 (i.e. anisotropic NPs) and less than 5% for N1 (i.e. isotropic NPs). Then, the percentages are abruptly reversed for a waiting time of 5h. This reflects an abrupt transition from anisotropic NPs to isotropic ones. When the mixing time reaches 5h, anisotropic growth is totally prevented. These results should be compared with rheological measurements of the reaction medium over time, which make it possible to measure the variation of the viscosity of the medium (Figure 8). Between 0 and 5h, the values of G' and G" increase slowly and reach respectively 0.5 and 0.1 Pa, which indicates a liquid medium whose viscosity increases progressively. At 5h, G' and G" increase abruptly, and G' becomes higher than G", the medium becomes very viscous and reaches a semi-glassy state within a few minutes. [35] Figure 7. Mean length (red), mean width (blue) and corresponding correlation (green) obtained from a multivariate analysis (with a single Gaussian) of TEM data corresponding to the evolution of ZnO NPs average size versus the aging time of the reagent mixture before hydrolysis (from 1h to 24 hours, top) and percent of isotropic ZnO NPs (N1) and anisotropic ZnO NPs (N2) issued from the analysis of a modified Rmixmod software [29] (using two Gaussians one being isotropic, bottom) Figure 8. Time dependence of the elastic modulus G', the viscous modulus G'' and the phase angle, δ, between the stress and strain measured under sinusoidal stress (frequency 1 Hz) for the [Zn(Cy) 2 ]/2DDA mixture under nitrogen. The origin of the time scale corresponds to the mixing process. [35] Clearly, a correlation between viscosity of the medium and NPs shape exists. The multivariate analysis of the data quantitatively corroborates the abrupt transition from anisotropic to isotropic NPs with an average diameter almost constant and equal to 4 nm from 10 minutes to 5 hours that decreases to 2 nm after 5 hours and length (for which the uncertainties are large) of ca 10 nm that reaches 2 nm after 5h.

As suggested by C. Ribeiro et al., the kinetic related to an oriented attachment mechanism should consider the viscosity of the medium, η. [36] The diffusion coefficient of the NPs controlling collision process leading to contact and coalescence will decrease as 1/η with the viscosity as well as the kinetic constant associated to such process. Longer waiting time (higher than 4-5 hours) leads to very high viscosity, which should limit the diffusion speed and growth process of the NPs. This explains why shorter NPs are observed for such long waiting time.

Effect of the speeding rate of water addition and the amount of water

The effects of hydrolysis time and mixing time illustrate the importance of the kinetic parameters of the reaction. The question then arises of the speed of arrival of water in the medium to lead by hydrolysis of [Zn(Cy) 2 ] the formation of ZnO NPs. To study this effect, water feeding rate was controlled by using PTFE tubes of different lengths as depicted schematically in Figure 9. Indeed, following the Fick's law, the gaseous water flow, J, from the atmosphere to the vial containing the reactants should be: J = -D dC/dx, where D is the diffusion coefficient of gaseous water in air (ca 0.25 cm 2 /s), [37] C the concentration of gaseous water along the position x in the tube. The outside concentration of gaseous water, C out , can be roughly estimated by the ideal gas law:

C out = RH mean . P s /RT where RH mean is the mean value of the relative humidity of the atmosphere (ca 70%) [START_REF] Choi | Prominent reducing gas-sensing performances of n-SnO 2 nanowires by local creation of p-n heterojunctions by functionalization with p-Cr 2 O 3 nanoparticles[END_REF] and P s the saturated pressure of water at the average temperature T (20°C), leading to C out close to 7.10 -4 mol.L -1 . The inner concentration C in should be close to zero because of the (fast) hydrolysis reaction. Therefore, the flow could be estimated to: J = D.C out / L, where L is the total length of the PTFE tube (i.e. a + b in Figure 9) and the rate of water addition is J.S where S in the section of the PTFE tube, i.e. 2.2.10 -8 mol.s -1 /L(in cm) for a tube diameter of Φ = 2 mm. Increasing the tube length from 2 cm to 20 cm should therefore divide the water flow rate by a factor of 10 to ca 10 -9 mol.s -1 . With such a rudimentary theoretical rate, 70 hours (i.e. roughly 3 days) are needed to hydrolyze all the zinc precursor.

In brief, the water addition speeding is varied from 10 -7 down to 10 -9 mol.s -1 . To avoid at maximum the observed gelation process [35] , hydrolysis was initiated, in all following experiments, 10 minutes after the mixing process.

As shown in Figure 10, anisotropic NPs with mean length of 16.5 ± 11.6 nm could be prepared if the vial without stopper was used. Interestingly, the length of the NPs decreased if, for a given diameter equal to 2 mm, longer tubes were used (i.e. lowering the feeding rate). For the longest 20 cm tube quasi-isotropic 1.7 ± 1.1 nm ZnO NPs were thus obtained with, as expected for isotropic ZnO NPs, higher correlation values. Decreasing the feeding rate of water favored the gelation process to occur, and prevent the formation of anisotropic NPs. As expected, the same tendency is observed when the diameter of the PTFE tube was increased from 2 mm to 4 mm. This increase in diameter results in an increase of the water flow rate by a factor of 4 and therefore longer NPs were obtained with larger tube for a given length. Moreover, as expected from the fact that the water flow should be inversely proportional to the tube length (see supporting information), anisotropic NPs with similar size were obtained when comparing tubes with respective lengths equal to 1 and 4 cm and diameters equal to 2 and 4 mm, respectively. Thus, as illustrated in Figure 11 size was found to be proportional to Φ 2 /L (with Φ and L the diameter and length of the tubes, respectively), values which is directly related to the water feeding rate. In conclusion, increasing the amount of water reaching per unit of time the reactive medium (by using larger and/or longer tubes) enables the growing process to occur more rapidly than gelation process and promotes the formation of anisotropic nanoparticles. Figure 11. Influence of water flow rate with is proportional to Φ 2 /L (with Φ and L the diameter and length of the tubes respectively) on the morphology of obtained NPs, the results are issued from a multivariate analysis (with a single Gaussian). The red, blue and green line depicts the mean width, mean length and corresponding correlation respectively. The lines are just guided for the eyes (top). Percent of isotropic ZnO NPs (N1) and anisotropic ZnO NPs (N2) issued from the analysis of a modified Rmixmod software [29] (using two Gaussians one being isotropic, bottom).

Apart from the kinetic of water feeding, the amount of water introduced in the vessel has been varied from 2 equiv. up to 100 equiv. relatively to zinc precursor as depicted in Figure 12. Results are reported in Figure 13. Increasing the amount of water leads to a decrease of the NPs aspect ratio. In the case of NPs stabilized by 2 equiv. DDA and with 2 equiv. of water, the 2D size plots reveal a distribution of size where the average width and length are equal to 4.8 ± 1.5 nm and 53.8 ± 41.2 nm, respectively. As the amount of water increases, the 2D size plot exhibits less and less extended length range, the points cloud is more and more focused around the median line which is characteristic of a decrease of the aspect ratio. Especially for more than 8 equiv. of water, the width of the NPs increases from 5 nm up to 7 nm. Interestingly, the number of isotropic NPs is increasing as the amount of water increases (Table 4 and Figure 13). This result suggests that large amount of water favors multi-nucleation. Table 4: Multivariate analysis of the 2D plots corresponding to the TEM images of Figure 13 (ZnO NPs prepared in the presence of 2 eq. DDA for different amounts of water) through a modified Rmixmod program [29] allowing access to the number and consequently the percent of pristine NPs, N1, and anisotropicaly growing NPs, N2.

Figure13. TEM pictures and 2D size plots of ZnO NPs prepared in the presence of 2 eq. DDA for different amounts of water. Figure 14. Results issued from a multivariate analysis (with a single Gaussian). The red, blue and green line depicts the mean width, mean length and corresponding correlation respectively. The lines are just guided for the eyes. As the quantity of zinc precursor is the same for all the experiments (0.25 mmol), multi-nucleation competes with growth and consequently, aspect ratio decreases. Figure 14 shows the evolution of the length, width and correlation as a function of the water amount. Correlation between length and width remains roughly constant whatever the amount of added water. As previously discussed, an oriented attachment mechanism from isotropic NPs formed during nucleation step can easily explain this observation.

Effect of the length of the fatty amine

The structure of the amine can also influence the morphology of the particles obtained. In order to measure this impact, an additional series of experiments was performed with octylamine, OA (C 8 H 17 -NH 2 ) instead of DDA with varying amounts of water. The analysis results for case of OA are shown in Experimental Part.

Comparison of the results are shown in Figure 15. As observed with DDA, increasing the final amount of water favors the formation of shorter and slightly larger nanorods with lower aspect ratio. In addition, for an equivalent quantity of water, while the width of the nanorods is similar regardless of the ligand, the aspect ratio is much higher when DDA is used instead of OA. The length of the NPs ranges from 5 to 65 and 15 to 100 nm for OA and DDA, respectively (For the case of OA, see Table 1 in Experimental Part). Another important difference is the absence of isotropic NPs for 2 and 4 equiv. of water in the presence of DDA. The effect of alkyl chain can be related to the specific organization of the reaction medium before and during hydrolysis process. This organization may be either due to the interaction of zinc ions with primary amine [35] and/or to the formation of well-organized liquid crystalline phases for the obtained hybrid materials. [25] This organization is prone to modify the rheological behavior of reactive medium and might be responsible for the differences observed between the different amine in the frame of oriented attachment mechanism.

Conclusions

In this chapter, we demonstrate how simple analytical tools based on statistical analysis can help us to decipher the anisotropic growth of NPs and to better understand and control the parameters governing this anisotropic growth. A fine comparison of the synthetic protocol of the role of the hydrolysis rate, the mixing time before hydrolysis, the length of the ligand aliphatic chain, and the amount of water allowed to evidence the relative importance of those experimental parameters on the anisotropic growth of the ZnO NPs. All the data suggest that the growth mechanism occurred through an oriented attachment process that is eventually hampered by gelation process induced by interaction of zinc precursor or ZnO NPs with amine ligands. These findings shed a light on the relative importance of experimental parameters that rule the growing of nano-objects and as such are crucial to identify, study, and control for design progress in nanoscience. One last parameter was not yet analyzed: the influence of the type of amine (primary, secondary or tertiary) for a constant alkyl tail. This is the main objective of the following chapter.

Chapter III. Anisotropic growth of ZnO nanoparticles driven by the structure of amine surfactants: the role of surface dynamics in nanocrystal growth

Introduction

As discussed in the previous chapter, in the organometallic pathway leading to ZnO NPs, the role of the general structure of the amine and especially the number of substituents around the nitrogen atom -i.e. primary vs secondary or tertiary aminewas not investigated in details. In the following paragraphs, the first comparative study establishing the different roles played by primary, secondary and tertiary amine surfactants is therefore described. These amines of identical aliphatic chain-length were mixed with the zinc precursor to get ZnO NCs of very different morphology: either 2D defined nanorods, or isotropic spherical nanoparticles, or shapely ill-defined aggregates. In the course of nanoparticles formation we analyzed at each step of the synthesis both experimentally by multinuclear NMR ( 1 H, 13 C, 17 O) and theoretically by DFT modeling the role of the amine, including pertinent surface dynamics.

Size and morphologies depending on the amine structures

We prepared ZnO NPs following the usual method based on the controlled hydrolysis of the dicyclohexyl zinc compound, [Zn(Cy) 2 ], in the presence of the amine. Classically, the precursor and the surfactants are mixed in a vial and two equivalents of water are added in a homemade reactor allowing water vapor to diffuse into the reaction medium (see experimental section for details). Figure 1 shows the TEM images of the ZnO NPs obtained following this procedure when dodecylamine (C 12 -NH 2 ), N-methyldodecylamine (C 12 -NH(CH 3 )), or N,N-dimethyldodecylamine, (C 12 -N(CH 3 ) 2 ) are used as surfactant.

Clearly, the morphology specifically depends on the number of substituents on the amine nitrogen. Nanorods with a diameter of 5.0 ± 0.7 nm and a length of 16 ± 7 nm are obtained when a primary amine is used, while isotropic NCs of 7.3 ± 1.1 nm and aggregates are obtained for secondary and tertiary amines, respectively (see Table 1 in the Experimental Part). These ZnO nanoparticles obtained adopt a hexagonal structure as evidenced by PXRD (see Figure 1 and Table 2 in the Experimental Part). All the TEM pictures, we analyzed through the 2D size plot which enables to extract information on the correlation between widths and lengths of anisotropic objects. [1] As seen in Figure 1, for primary amine, the length is not strongly correlated to the diameter of the NPs suggesting that the growth along the long axis of the nanorod is more or less independent of the diameter increase. On the contrary, for secondary amine, the 2D plot shows a cloud of points aligned along the diagonal as expected from isotropic or poorly anisotropic NPs.

To rationalize these results, we analyzed the role of the amine at all stages of NC synthesis. In the following, the formation of the 1:1 adduct between the zinc precursor and the amine is first described. Then, the composition of the reaction medium as a function of time is characterized and the formation of amido complexes is shown for primary and secondary amines. Finally, the interaction of the different amines with the surface of the NPs is systematically reported. Figure 1. TEM images and associated 2D size plots [1] of the ZnO NCs obtained when dodecylamine (C 12 -NH 2 ) (top), N-methyldodecylamine (C 12 -NH(CH 3 )) (middle), or N,Ndimethyldodecylamine, (C 12 -N(CH 3 ) 2 ) (bottom) are used as stabilizing agent.

Adduct formation

Regardless of the alkylamine, mixing of the surfactant and the zinc precursor leads to the formation of a 1:1 adduct as evidenced notably through the shifts of the 1 H NMR signals for the aliphatic chain (Figures 234) and the characteristic signals of these spectra are listed in the following Table 1. This adduct formation is also supported by the change in multiplicity of the proton signal corresponding to the protons in the α-position relative to nitrogen that rises from coupling of the protons both to the β-methylene group of the alkyl chain, and eventually to the amino group protons H am . The 1 H NMR spectra of the free alkylamine show a triplet signal which changes for a triplet of triplet and a doublet of triplet for C 12 -NH 2 and C 12 -NH(CH 3 ), respectively. This coupling is visible because of the coordination of the surfactant to the zinc atom that slows down the exchange phenomena of the labile amino hydrogen. Changes of the self-diffusion coefficients D measured by PGSE-NMR spectroscopy also confirm the formation of this adduct (Figure 5 and Table 1).

In the same experimental conditions, the self-diffusion coefficients of the surfactant and the zinc precursor are significantly higher than those measured for the mixtures. Such observations indicate a fast exchange (on the NMR timescale) between free and coordinated amine molecules and substantiate the reversible coordination of the amine to the metal center of the zinc complex. The solutions are therefore composed of the 1:1 adduct in rapid equilibrium with the free surfactants and [Zn(Cy) 2 ] complex. The association constants (K a ) for the different amines were determined from 1 H NMR titration data. [2] [Zn(Cy 2 )] + amine  [Zn(Cy 2 )(amine)] K a (eq. 1) K a of 140 ( 40), 110 (20), and 20 (5) M -1 were estimated for the primary, secondary, and tertiary amines, respectively. These values indicate a comparable affinity of primary or secondary amines for the [ZnCy 2 ] complex and a lower affinity of tertiary amines for the Zinc complex. The amount of adduct present in the reaction medium is therefore comparable when primary and secondary amines are used, and much lesser for the tertiary amine.

The experimental results were corroborated by DFT simulations. The structure and stability of the various [Zn(Cy 2 )(amine)] complexes were investigated at the DFT level, using a model hexyl chain instead of the C 12 alkyl chain of C 12 -NH 2 , in order to reduce the computational cost. Geometries of the corresponding [Zn(Cy) 2 (C 6 H 13 NH x Me 2-x )] complexes (x = 0-2), calculated at the PBE-D3/DGDZVP level in vacuum are shown in Figure 6. In order to get as close as possible to the experimental synthesis conditions, calculations have also been made in a polarizable continuum medium (PCM). The Zinc coordination sphere remains almost unchanged when taking into account an octylamine solvent (Table 2). Gibbs energies (ΔG) of the formation of [Zn(Cy) 2 (C 6 H 13 NH x Me 2-x )] complexes (x = 0-2) and the corresponding association constants (K) were then calculated at 298 K at the PBE-D3/DGDZVP level both in vacuum and in octylamine solvent medium following eq. 2. The results are reported in Table 3 Regardless of the calculation conditions (i.e. in vacuum or in octylamine solvent medium), ΔG (resp. ΔG*) values are little negative or positive but close to zero, except for the dimethylhexyl amine for which a significant positive value of ca +4 kcal mol -1 is calculated in octylamine solvent. This suggests that coordination of the tertiary amine to the zinc atom is not favorable despite a recognized higher Lewis basicity. [3] The strong steric hindrance induced by the two methyl groups thus disfavors the coordination; the electronic effects are, according to the ELF and QTAIM topological analyses of the Zn-N bond described above, identical regardless of the structure of the amine. Interestingly, the association constants of the primary and secondary amine to [ZnCy 2 ] are close to each other, whatever the reaction medium, while for the tertiary amine, the association constant is much lower, in agreement with the experimental results.

These results confirmed our hypothesis that the tertiary amine has a low propensity to form adducts, while the primary and secondary amines does. For these latter, we have shown here both experimentally and theoretically that the association constants were comparable. Therefore, the difference found in NP morphology when primary and secondary amine surfactants are used cannot originate from an initial difference in coordination to Zinc. The reactivity of the zinc-amine complexes was thus investigated from Fukui indices condensed on QTAIM and ELF basins. [23] For all three Zn-amine complexes and [Zn(Cy) 2 ], the largest f ELF -(resp. f QTAIM -) values are only found for Zn-C bonds (resp. C atomic basins) and are very similar (see Tables 5 and6 in the Experimental Part). The Zn-C bonds (resp. C atoms bound to Zn) appear therefore to be the most sensitive to nucleophilic attack (see Tables 5 and6 Before studying the role of the interaction of amines on the surface of the NPs, another reaction must therefore be considered, namely the acid-base reaction between the precursor and the surfactant that will give rise to amido complexes for primary or secondary amines only (eq. 3, x = 0 or 1).

[Zn(Cy) 2 ]+C 6 H 13 NH 1+x Me 1-x [ZnCy(C 6 H 13 NH x Me 1-x )]+CyH (eq. 3)

Acid-base reaction

The acid-base reaction was investigated by computational DFT studies (PBE-D3/DGDZVP level of calculation). Based on the reaction Gibbs energies calculated at 298 K, this acid-base reaction is only slightly more favorable for the secondary amine than that for the primary amine (-11.3 versus -9.7 kcal mol -1 , respectively). This suggest that the acid-base reaction is not expected to play a key role in the change of the NC morphology between primary and secondary amine. However, our modeling does not take into account the possible formation of oligomers through this acid-base reaction. Indeed, in a previous study, we showed that for primary amine, this reaction leads to the formation of mono and bis-amido complexes that oligomerized over time, and which are responsible for the formation of processable gels through entanglement of the oligomers after several hours. [4] In the context of the present study, this oligomerization could be prevented by steric hindrance in the case of the secondary amine. Multinuclear NMR measurements, describe below, were therefore performed to confirm such hypothesis.

Consistent with DFT computational approach, the 1 H NMR spectra as well as the D values for C 12 -N(CH 3 ) 2 and [Zn(Cy) 2 ] alone (13.0 ± 0.3 and 10.7 ± 0.4, respectively) or in the mixture (13.0 ± 0.3, 10.0 ± 0.2, Table 1) evidence that the [Zn(Cy) 2 ]/C 12 -N(CH 3 ) 2 mixture consists mostly of the free surfactants and the [Zn(Cy) 2 ] complex. 1 H NMR spectrum recorded after two weeks shows no change (Figure 7c). In contrast, for C 12 -NH(CH 3 ), the 1 H NMR spectrum of the mixture exhibits similar features (i.e. broadening of the signals especially for α-CH 2 and NCH 3 resonances, additional peak at 2.9 ppm with a self-diffusion coefficient D of 5 ± 0.4 10 -10 m 2 .s -1 , Figure 8) as the ones observed over time for C 12 -NH 2 (D of 6.6 and 4.3 10 -10 m 2 s -1 ) [5] that are characteristic of mono and bis-amido molecular complexes (Figure 7a andb). Importantly, by integration of 1 H liquid NMR signals, an amount of roughly 10% of amido species could be estimated. The reaction mixture is thus primarily composed of the free [Zn(Cy) 2 ] complex and the C 12 -NH(CH 3 ) surfactant. The sharp signal at 1.44 ppm corresponding to evolving cyclohexane molecules from cyclohexyl protonation is observed in agreement with the acid-base reaction taking place between the amine and the Zinc precursor. Note that this peak is much more important in the case of C 12 -NH 2 than for C 12 -NH(CH 3 ) (Figure 7a,b, respectively) which substantiates that the acidbase reaction is more effective for primary amines and suggests that oligomerization occurs only in this case.

This result was confirmed by 13 C MAS NMR study evidencing that no formation of Zn amido oligomers occurs when [Zn(Cy) 2 ] and 2 equiv. However, no 13 C CPMAS signal is observable stating that such molecular species remain small and exhibit high mobility, which assert that they are not oligomers. After 28 days, these signal just slightly increase and only very weak 13 C CPMAS signals could be detected.

Thus, while both primary and secondary amines lead to Zn amido complexes, a notable difference is observed between primary and secondary amines: secondary amines are too hindered and only primary amines form oligomers. However, our NMR study showed that such oligomerization takes place on the timescale of several hours [4] and on the other hand, the preparation of ZnO nanorods requires hydrolysis to be conducted for three days to achieve a maximum aspect ratio. In order to know whether the oligomers observed with the primary amines are responsible for the formation of the nanorods, it is therefore important to know which of the two oligomerization or the hydrolysis has the higher rate.

[Zn(Cy) 2 ] hydrolysis vs acid-base reaction

Controlled hydrolysis of [Zn(Cy) 2 ] in the presence of C 12 -NH 2 was performed using 17 O-enriched water (40%). Samples were taken at different time (between 10 minutes and 6.5 hours) and 1 H, DOSY, 13 C, and 17 O NMR experiments conducted. First, 1 H spectra evidenced a decrease of the [Zn(Cy) 2 ] resonances until their complete disappearance after a reaction time of about 2 h (Figure 12). [Zn(Cy) 2 ] starting precursor is completely consumed after this time. Importantly, the broad and weak signals detected around 3 ppm, which superimposed the ones previously assigned to mono-and dimeric zinc amido complexes and zinc amido oligomers (Figure 13) exhibit diffusion coefficient values between 5.7 and 4.0 10 -10 m 2 s -1 (Figure 14), which is consistent with D values measured for mono-and dimeric zinc amido complexes but definitely not with oligomeric species [4] (1.3 10 -10 m 2 s -1 ). [6] Figure 17 shows 17 O NMR spectra recorded over time. After 10 min, weak and broad signals are observed in the 10-40 ppm range. Their intensity and resolution increase significantly for 30 min of hydrolysis time and signals at 14.6 and 30.0 ppm are clearly observed. These latter can tentatively be assigned to hydroxyl groups and water molecules within zinc molecular complexes as they definitely do not correspond to ZnO for which classical 17 O signals are observed between -18 to -30 ppm. [7] They can neither be attributed to Zn-O-Cy species, since no correlating 1 H resonance can be detected above 3.5 ppm (Figure 13). After 1 h, the new broad resonance observed at -7.3 ppm can be assigned to various small-sized [Zn x+y O x (OH) 2y ] clusters, nuclei of future ZnO NCs. The evolution of the 17 O signals over time confirms this hypothesis: after 2 h, signals at -13.9 and -21.0 ppm remained the ones observed for ZnO NCs, [8] suggesting the formation of small dispersible ZnO NCs at this early stage of the reaction. The disappearance of these signals at longer time is due to the formation of large ZnO NCs that no longer give observable liquid-state NMR signal. The signal around 0.0 ppm is characteristic of water molecules interacting with ZnO NCs surface, in fast exchange between solution and the surface of ZnO. [8] Overall, the detailed multinuclear NMR analysis established that the hydrolysis reaction takes precedence over any oligomerization process that occur with primary amine surfactants in the absence of water. These results suggest that the difference in morphology is not chiefly due to significant differences at the early stage of molecular state between primary and secondary amines. This prompted us to examine, in more details, the interaction and surface dynamics of the various alkyl amines on the ZnO NCs.

Amine interaction with ZnO NCs and surface dynamics.

The interaction of amines on the surface of ZnO NCs can be studied by solid state NMR. [8] [9] In brief, while DP is not selective and shows all the species on the NCs surface regardless of their dynamics, CP and INEPT sequences evidence selectively rigid and mobile species, respectively. Figure 18 First of all, INEPT spectra exhibit similar central CH 2 signals for both ZnO@C 12 -NH(CH 3 ) and ZnO@C 12 -NH 2 stating that the mobile amine possesses the same conformation regardless of their structure. Second, ZnO@C 12 -NH(CH 3 ) exhibit similar 13 C spectra regardless of the polarization mode which suggests that C 12 -NH(CH 3 ) possess the same conformation regardless of its dynamics. This contrasts with the ZnO@C 12 -NH 2 spectra for which the CP and INEPT spectra are very different stating that mobile and rigid C 12 -NH 2 possess different conformations. Moreover, sharper CP MAS signals are clearly observed for ZnO@C 12 -NH(CH 3 ) NCs than for ZnO@C 12 -NH 2 . This important result points out to an increase in chain mobility of the rigid C 12 -NH(CH 3 ) compared to the rigid C 12 -NH 2 at the ZnO surface and suggests weaker interactions of the C 12 -NH(CH 3 ) with the ZnO surface than the ones of C 12 -NH 2 . Importantly, CP Jresolved experiment performed on ZnO@C 12 -NH 2 evidenced a bent conformation of C 12 -NH 2 at the ZnO surface induced by hydrogen bonds. [9] Such bent conformation is not observed for C 12 -NH(CH 3 ) highlighting the absence of hydrogen bonds in ZnO@C 12 -NH(CH 3 ).

Finally, a transferred NOE experiment, [5] was realized on ZnO NPs in solution with 1 equiv. of C 12 -NH 2 and 10 equiv of C 12 -NH(CH 3 ) (Figure 19). Despite the large excess of secondary amine introduced, the typical primary amine 1 H α-CH 2 signal at 2.54 ppm is strongly broadened and showed an intense transferred NOE correlation, which evidences that the presence of a large 10-fold excess of secondary amine compared to the corresponding primary amine, do not lead to any sensible decrease of the quantity of primary amine at the ZnO surface. This clearly confirms the higher affinity of the primary amine for ZnO. Scheme 1. Overview of the proposed model for either the anisotropic or isotropic growth of ZnO depending on the structure of the amines which are localized on the lateral faces of the NCs, namely primary or secondary amine, respectively. H-bonds formed between primary amine and ZnO surface reduced their mobility while secondary amine remains mobile at the surface of the NC.

From a geometrical perspective (Scheme 1), multiple H-bonding formed between primary amine and ZnO surface reduce the mobility of primary amines at the surface of the NC. This additional network mainly localizes along the lateral faces of the NCs (left), [5] and is directly responsible for the 1D anisotropic growth of ZnO NCs. Conversely, the secondary amine surfactant does not form such hydrogen bonding network, or to a much limited extent (right). They consequently remain mobile over the entire surface of the NCs, and a formal 3D isotropic growth is expected from such situation. In the last system, in ZnO aggregates formed in the presence of tertiary amine C 12 -N(CH 3 ) 2 , the amine much weakly interact with the surface of NCs, and it does not participate to segregate the particles or to orientate any particular growth. Accordingly, no NOE-Tr signal is observed (Figure 20). [5] The precursor colloids formed in solution are not sufficiently stabilized and therefore aggregate. 

Conclusions

In this chapter, we focused the effect of the structure of the amine (primary, secondary or tertiary) by keeping the aliphatic chain length constant. Regardless of the amine structure, a 1:1 adduct is originally formed. However, while its association constant is consistent for related primary and secondary amine, it is one order of magnitude smaller for the corresponding tertiary amine. The difference between primary and secondary amine surfactants comes from the propensity of primary amine to form zinc-amido oligomers, a reaction which is impeded in the case of secondary amine because of a higher steric hindrance.

However, the reaction rate of such oligomerization was proved much slower than the competitive hydrolysis reaction generating the NPs, and has a negligible influence over NPs structuring. We thus demonstrated that the difference in morphology between ZnO NPs observed as a function of the amine structure arises from a strong difference in their dynamics at the surface of the growing NPs. Multiple H-bonding interaction at ZnO surface for primary amine, identified by 13 C MAS NMR, leads to a reduced mobility of these amine compared to secondary amines, which remain mobile at the surface of the NPs in all the dimension of space.

Our approach in the present study could clearly be extended to a great number of metal and semi-conducting nanoparticles stabilized in solution by surfactants such as thiols, carboxylic acids, phosphines, carbenes, etc. This would provide fundamental knowledge towards a rationalized vision of the mild and controlled synthesis of NCs in solution. Most importantly, we have shown herein that the efficient and very widespread use of primary amines in the synthesis of nanoparticles via solution protocols is attributable to weak interaction hydrogen bonds with strong influence on the surface of the growing nanoparticle and final morphology and the structure of the end hybrid material.

In view of the discovered gelation phenomenon, it's believed the existence of gelation phenomenon plays some kind of role in the formation of ZnO nano-objects. Thus, it matters also continuing going further to investigate the gelation kinetic to figure out what the driving force is in gelation process. This will be detailed presented in next chapter.

Computational details

Geometries were fully optimized at the PBE-D3/DGDZVP level of calculation using Gaussian09. [10] Vibrational analysis was performed at the same level as the geometry optimization. Solvent effects of octylamine (ε = 3.1) [11] were included using the polarizable continuum model (PCM) implemented in Gaussian09. The influence of the length of the alkyl chain of the model amine of C 12 -NH 2 was studied. No significant difference was found in the results using either hexylamine (H 2 NC 6 H 13 ) or octylamine (H 2 NC 8 H 17 ). The former was therefore selected in order to reduce the computational cost. However, octylamine was used as the solvent in PCM calculations, as its required dielectric constant was known.

Electron Localization Function (ELF) [12] [13] topological analysis and Quantum Theory of Atoms in Molecules (QTAIM) [14] [15] analysis were performed with the TopMod package. [16] ELF maps were plotted using the Molekel program. [17] QTAIM analysis was also performed with the AIMAll software. [18] Chapter IV. The driving force of the formation of the gel As discussed in the previous chapters, in the organometallic pathway leading to ZnO NPs, the discovered gelation process has important consequences on the final size and shape of the synthetized NPs. It is therefore paramount to determine the rheological properties of the gels as well as the important parameters controlling their formation and behavior. In this chapter, we described the macroscopic rheology and molecular NMR measurements performed on the [Zn(Cy) 2 ] organometallic precursor and a primary alkyl amine mixture. We focused our attention (both at a macroscopic and a molecular scale) on the effect of the alkyl chain length (from pentyl, C5 to dodecyl, C12) on the formation of the zinc organometallic gels. Rheological measurements gave us access to values of the elastic and viscous moduli, respectively, G' and G", which are macroscopic data to define after which time the mixture changes from a liquid state to the gel state. NMR spectroscopic studies gave us access to complementary information on the molecular scale of how gelation takes place.

To set up the rheological measurements, two requirements which represent experimental difficulties had to be overcome. The first one is that the measurement had to be performed under inert atmosphere so that the hydrolysis of the mixture was avoided. Since the rheometer is not a tightly closed system (measurements were made with a 25 mm plate-plate aluminum geometry with a gap of 500 μm, see Experimental Part), to the contrary of a glove box and/or NMR tubes, an extra plastic cylinder was placed around the geometry to avoid drying and a slow nitrogen flow is maintained during the whole measurement. With amines of high boiling point [1] (octylamine: b.p. = 176°C or dodecylamine, b.p. = 259°C), the flow did not flush out the amines. But with shorter alkyl chain amines (b.p. hexylamine 131°C), even when the flow is set up at the minimum to avoid hydrolysis, the flow probably flushed out a part of the amine, leading to changes in the mixture proportions. Rheological measurements thus reflected both stoichiometric modifications and effects of the gelation. The second difficulty to monitor the gelation by rheology is the fact that the moduli increased from c.a. 0.1 Pa to c.a. 10000 Pa, that is, 5 orders of magnitude. The applied stress must be adapted throughout the experiment to keep a good sensitivity (see Experimental Part). But if a brutal increase of the applied stress is applied, the sample structure breaks. Thus, stepwise and delicate increase of the stress must be applied. Even by applying these two constraints, avoiding hydrolysis and breakage was not granted all the time, making the measurement a bit tricky.

Rheology measurement

Starting with octylamine, direct observation with naked eyes of the amine/Zn precursor suggested that strong changes occurred around 8h after mixing. Therefore, to perform the rheological experiments, a fresh mixture was prepared and left to mature in the glove box during 4 hours. Then, the mixture is injected in the rheometer chamber and protected from the air by a nitrogen flux. The gelation process can be monitored by registering the changes of the elastic and viscous moduli (respectively G′ and G) with a sinusoidal stress amplitude comprised between 0.1 and 100 Pa, at a frequency of 1 Hz from 0 to 22h after injection of the sample in the rheometer geometry. Figure 1 shows the rheogram for the [Zn(Cy) 2 ] -octylamine (OA) mixture. Up to 3h40 after injection in the rheometer, namely 7h40 min after the preparation, both moduli are still low (viscous modulus G'' ≈ 0.25 Pa; elastic modulus G' ≈ 0.15 Pa) with G'' larger than G', which is characteristic of a liquid state. [2] A sharp increase of the elastic modulus G' (from 0.15 to 12000 Pa, 5 orders of magnitude) and viscous G" (from 0.25 to 1700 Pa, 5 orders of magnitude) moduli is measured between 7h40 min and 15h which quantifies the increase of the viscosity. During this transition, G' becomes higher than G'', the elastic behaviour becomes predominant. This highlights the formation of a network with a cross-linking density increasing with time. [2] After 15h, the moduli start to decrease, most probably indicating that the sample began to break. In this case, either the applied shear stress was too high or slipping or separation from the plates occurred. At the end of the experiment, the gap was still adequately filled with a transparent yellowish vitreous solid allowing us to state that the experiment was carried out under conditions that prevented the hydrolysis of the mixture during the measurement. It broke up into platelets with the opening of the gap. The rheological data thus demonstrates that the mixture initially liquid became more and more viscous and then behaves typically like a gel or a glassy material. These results are similar to the one already described for the [Zn(Cy) 2 ] -dodecylamine mixture. [3] Coherent data are unfortunately not obtained for all the systems, as we will see in the next paragraph.

In the case of the [Zn(Cy) 2 ]-hexylamine system, the mixture has been injected in the rheometer at a time close to the expected transition time (after 7h of maturation in the glove box, thus, much later compared with octylamine (4h) and dodecylamine (1h) systems). A sharp increase of the moduli (see Figure 2) is observed at the very beginning of the measurement which does not correspond to naked eye observations or NMR measurements (see below). The change is expected to occur around 20h (13h after injection in the rheometer). In the rheometer, the nitrogen flow, even if kept very low, probably flushed out the amine, explaining the abrupt increase of the moduli at the beginning. This effect should be more important with the lower boiling point of hexylamine (bp: 131°C) compared with octylamine (bp: 176°C) or dodecylamine (bp: 259°C). The sharp increase of the moduli hinders the observation of the expected gelation transition. However, several events are observed during the measurement but not understood. A peak on the dephasing curve and an inflexion point on G' curve is observed 3h20 after injection, and two other small changes are observed at 16h30 and 23h20 which may reflect an intrinsic change in the system rheology. It corresponds to, respectively, 10h20, 23h30 and 30h20 after preparation of the mixture. At the end of the measurement, 57h after mixing, a sticky orange-brown paste is observed. It does not change when stirred with a spatula and no liquid is exuded. It slowly becomes a white and thin powder. Rheological data for this system are therefore clearly trickier to obtain and analyse. It's why complementary experiments with NMR have been performed.

Kinetic study based on Solid state NMR

Magic Angle Spinning (MAS) NMR measurements has been carried out for characterization of the pristine [Zn(Cy) 2 ]/RNH 2 (1:2) mixture as well as to follow in a molecular level the gelation process. Indeed, 13 C signal intensities obtained using cross-(CP) and INEPT-polarization transfer sequences yield information on the local dynamics of the alkyl chain: the CP and INEPT sequences edit molecular segments being respectively rigid or mobile. [4] [5] Note that unlike rheology measurements, NMR spectroscopy allows sample preparation and measurement in a controlled atmosphere. The sealed rotors can be prepared in a glove box to protect the reaction medium from humidity. Measurements are made therefore easier. This allows the probing of shorter aliphatic chain lengths without changing the stoichiometry of the system being measured. Thus, we not only studied the same mixtures as for the rheology measurements, namely [Zn(Cy) 2 ]/DDA, [Zn(Cy) 2 ]/OA and [Zn(Cy) 2 ]/HA (hexylamine), but we were also able to extend the study to the [Zn(Cy) 2 ]/HPA (heptylamine) system and remarkably also to the system with a chain length as short as pentylamine (PA).

Whatever the length of the alkyl chain, there is always a period of time when no signal is detected in the 13 Additionally, the intensities of the characteristic 13 C resonances of the Zn amido species observed in the 13 C INEPT-MAS spectra at ca. 47.7 and ca 37.3 ppm begin to increase over time until the signals associated to [Zn(Cy) 2 ] disappear, and then slowly decrease up to their total disappearance. Then, signals of some mobile alkylamine groups can still be detected in the 13 C INEPT-MAS. Concomitantly, 13 C signals of Zn amido oligomers start to appear in the CP-MAS spectra with their intensities increasing over time up to a certain level (Figures 67). These results indicate a rigidification of the alkyl chain of Zn amido oligomers over time. Furthermore, we can note that at the end of the oligomerization, the 13 C CP-MAS signal of the carbon close the CH 3 group are weaker than the ones at the center of the alkyl chain or close to the NH group and that the reverse is observed for the 13 C INEPT-MAS. These differences are however getting weaker as alkyl chains become smaller. This indicates an increase of the mobility of the methyl alkyl chain extremity for the longest alkyl chains.

Contrary to the release of the cyclohexane, the rates of disappearance of the 13 C INEPT signals and of growth of the 13 C CP signals of the Zn amido species clearly depend on the alkyl chain length. Regardless of the alkyl chain length, the evolution of the CP signals over time show a sigmoidal growth (Figure 9). [6] To fit these experimental curves, a phenomenological model derived from the Finke-Watzky [6] one but including inhibition phenomena (such as steric hindrance) has been used. Each signal is therefore fitted with the following equation:

where: A 0 is a constant associated to the maximum value of the signal ni ranges between 0 and 1. The lower ni, the higher the inhibition phenomena it is. k 1 and k 2 are two kinetic constants.

Whatever the exact meaning of these constants in the model used in this paper, we used this equation to characterize the experimental sigmoid through the following parameters:

1. t max , time of the inflection point, Figure 10. Position of t max (time of the inflection point), maxSlope (relative rate at the inflection point), t induction (induction period obtained from the third derivative) on the sigmoid. [6] Figure 10 extracted from the reference [6] illustrates some of the previous parameters.

Table 1 summarize the main results including the induction time (t ind ) i.e. the time it takes for the system to start presenting reduced mobility molecules, the time associated to the inflection point (t max ) and the associated relative rate (S stiff ), i.e. the time required for half of the molecules to have reduced mobility and the instantaneous speed associated with the stiffening phenomenon, and the inhibition time (t inhib ) i.e. the time after which the system no longer evolves.

For these data, we extracted the average values of the parameters for each molecular system (see Table 2). As seen in Figure 11, when the number of carbons in the alkyl tail is lower than 8, a linear increase of the logarithm of the time parameters is observed versus the number of carbon. This suggests, for example, that with butylamine (C4) the gelification should theoretically start around 170h and around 400h for the propylamine (C3).

At the molecular level, the values of t max differ from one carbon atom to another (see Table 1) but this variation is similar for the three characteristic time (t max , t ind , and t inhib ). In other words, the characteristic time at which the C atoms associated with a signal begin to decrease in mobility, are 50% frozen or completely rigid depends on the position of the atoms in the chain. For a given chain length, the value of S stiff is similar whatever the position of the carbon atoms in the alkyl chain. In other words, all the carbon atoms in the alkyl chain have an instantaneous speed associated with t max comparable. It means that as soon as the C atoms start to stiffen, they do so at the same rate. A more focused look at these results highlights that the order in which the different carbon atoms become rigid is however surprising. Interestingly, the rigidification starts always first on the center of the alkyl chain while it is a bit delayed for the carbons in alpha-and beta-position of the nitrogen and for the terminal methyl groups. These results suggest that stiffening of the system takes place first from the aliphatic chains before the inorganic Zn-amido backbone. This rigidification may be therefore due to intermolecular van der waals interactions between the alkyl chains of the amines. This remains unexpectedly true up to very short aliphatic chains and makes it possible to distinguish that the driving force of gelation of the system is first the van der waals interactions, before the oligomerization of the inorganic skeleton by the formation of coordination bonds between the Zn atoms and the nitrogen atoms of the amine group.

Conclusion

In this part, we were able, thanks to the coupling between macroscopic rheology measurements and molecular NMR measurements, to show that the gelation mechanism of the [Zn(Cy) 2 ] organometallic precursor and a primary alkyl amine came firstly from the rigidification of the aliphatic chains of the amine, which takes precedence over the oligomerization of the inorganic backbone formed by the acidbase reaction, giving rise to Zn-amido type coordination bonds. This result highlights that the rheological properties of organometallic gels, precursors to the shaping of metal oxide nanomaterials, can be controlled by the length of the aliphatic chain of the amine. The longer the aliphatic chain, the faster the gelation. This is a simple way to tune the rheological properties of these promising systems.

Partie Expérimentale

I. Matériaux, réactifs et équipements

Tous les composés sensibles à l'oxygène et à l'eau ont été manipulés dans une boîte à gants MBraun sous argon. Le précurseur de zinc [Zn(C 6 H 11 ) 2 ] (noté [Zn(Cy) 2 ]) a été acheté chez Nanomeps (http://www.nanomeps.fr). Les amines primaires, à savoir la dodécylamine (DDA), l'octylamine (OA), l'heptylamine (HPA), l'hexylamine (HA), la pentylamine (PA), ont été achetées chez Aldrich, et les amines secondaire (N-Méthyldodécylamine, C 12 NH(CH 3 )) et tertiaire (N, N -Diméthyldodécylamine, C 12 -N(CH 3 ) 2 ) ont été achetées chez Alfa Aesar. Stockées dans une boîte à gants ont été utilisés sans purification supplémentaire. Le THF a été prélevé dans un purificateur MBraun. La teneur en eau résiduelle du solvant a été systématiquement mesurée par titrage coulométrique de type Karl Fischer en utilisant un équipement Metrohm (moins de 10 ppm pour 0,8 ml de solvant). Tous les processus de mélange ont été réalisés dans une boîte à gants. Les étapes d'hydrolyse ont été effectuées à l'extérieur de cette boîte à gants et réalisées avec une ligne de vide standard sous une atmosphère d'argon.

Microscopie électronique à transmission

Les échantillons pour l'analyse MET ont été préparés par évaporation lente de gouttelettes de solutions colloïdales déposées sur des grilles de cuivre avec film de carbone. Les échantillons ont été soigneusement séchés pendant une nuit sous une pression de 5*10 -5 mbar en utilisant une pompe turbo moléculaire BOC Edward. Les expériences de MET ont été réalisées avec un microscope électronique JEOL JEM1011 fonctionnant à 100 kV avec une résolution de 0,45 nm. Le logiciel Image J (https://imagej.nih.gov/ij/index.html) a été utilisé manuellement ou avec une macro afin d'extraire la largeur et la longueur des nano-objets dans les différentes micrographies. La macro est basée sur la macro PSA, disponible sur http://code.-google.com/p/psamacro. Les nanoparticules qui se chevauchent sont automatiquement rejetées pour l'analyse statistique. Les histogrammes de distribution de la taille des nanoparticules ont été déterminés en utilisant des images MET. Pour chaque échantillon, la distribution de la taille des particules a été déterminée en mesurant un minimum de 200 particules. Les histogrammes ont été généralement analysés à l'aide de graphiques 2D. Ces graphiques sont un type de méthodologie qui permet une analyse statistique multivariée et l'extraction des corrélations entre les largeurs et les longueurs d'objets anisotropes. [1] Résonance magnétique nucléaire RMN à l'état liquide : des expériences de RMN 1 H 1D et 2D ont été effectuées sur un spectromètre Bruker Avance 600 NEO équipé d'une sonde à triple résonance à gradient Z inverse de 5 mm. Le solvant utilisé était le toluène-d 8 . Toutes les mesures de diffusion ont été effectuées en utilisant la séquence d'impulsions d'écho stimulé avec des impulsions de gradient bipolaires. Les expériences de RMN 1D 17 O ont été réalisées avec des délais de récupération de 0.2 s. Les mesures de K a ont été effectuées à partir d'un titrage RMN 1 H en suivant l'évolution du déplacement chimique des résonances de [Zn(Cy) 2 ]. La concentration de [Zn(Cy) 2 ] a été maintenue constante en présence de concentrations croissantes d'amine (avec un rapport de concentration de 0 à environ 15 équivalents). Les K a ont été extraits de l'ajustement de l'évolution des déplacements chimiques avec l'équation ci-dessous: [2] ∆𝛿 = 𝛿 ∆𝐻𝐺 ( 0.5 {(

[𝐻] 0 + [𝐺] 0 + 1 𝐾 𝑎 ⁄ ) -√ ([𝐻] 0 + [𝐺] 0 + 1 𝐾 𝑎 ⁄ ) 2 -4[𝐻] 0 [𝐺] 0 } [𝐻] 0 ) où [H] 0 et [G] 0 sont la concentration totale de l'hôte ([Zn(Cy) 2 ]
) et de l'invité (amine) et  HG est la différence de déplacement chimique entre l'hôte libre et le complexe hôteinvité (HG). RMN à l'état solide : les expériences de RMN à l'état solide ont été enregistrées sur un spectromètre Bruker Avance III 400. Les échantillons ont été placés dans des rotors en zircone de 4 mm dans une boîte à gants. Les rotors ont été mis en rotation à 5 kHz à 293K. Les MAS 13 C avec polarisation croisée (CP) ont été enregistrés avec un délai de recyclage de 2 s et un temps de contact de 2 ms. Les MAS 13 C avec Insensitive Nuclei Enhanced by Polarization Transfer (INEPT) ont été enregistrés avec un délai de recyclage de 3 s. Les déplacements chimiques 1 H et 13 C sont analysés par rapport à la référence TMS et les déplacements chimiques 17 O par rapport à l'eau.

Diffraction des rayons X

Les mesures de XRD des rayons X sur poudre (PXRD) ont été réalisées à température ambiante sur un diffractomètre le miniflex 600 (rigaku) fonctionnant sous rayonnement Cu K α , équipé d'un système de détection de compteurs de scintillation à grande surface. Les données ont été recueillies entre 15° et 90° (θ) avec un pas de 0,01 Å et un temps de comptage de 1 s par pas.

Mise en place expérimentale pour la mesure de rhéologie

Le module élastique (G′) et le module visqueux (G′') ont été mesurés avec un rhéomètre AR1000 équipé d'un four (TA Instrument). Un flux d'azote (0,2 bar) était assurée à l'intérieur du four pendant toute la durée de l'expérience. La mesure a été effectuée avec une géométrie à plaque de 25 mm (aluminium), et l'entrefer a été réglé à 500 μm. Un cylindre en plastique supplémentaire a été placé autour de la géométrie pour éviter le séchage de l'échantillon dû au flux de gaz. La température était de 20 °C. Les mesures ont été effectuées en suivant le même protocole que celui décrit pour le mélange [Zn(Cy) 2 ]/DDA. [3] Pour l'octylamine: le mélange a été préparé dans une boîte à gants sous argon et stocké dans une seringue elle-même dans un flacon Schlenk sous argon. Après 4 h de repos dans la seringue, le mélange a été injecté entre les plaques du rhéomètre (380 µL sont injectés, l'espace entre les deux plaques pendant l'injection est réglé à 1500 µm, le four est juste légèrement ouvert pour éviter au maximum l'entrée d'air, le cylindre en plastique est soulevé pendant l'opération). Lorsque l'injection est terminée, l'écart est réglé à 500 µm, le cylindre est placé de manière à ne pas toucher la plaque mobile et le four est fermé. Les valeurs des modules G′ et G′′ ont été mesurées en appliquant une contrainte sinusoïdale à l'échantillon, à une fréquence de 1 Hz, et la déformation sinusoïdale résultante a été enregistrée. En raison de la très grande variation de la viscosité au cours de l'expérience, la contrainte appliquée a dû être adaptée au cours de l'expérience. L'amplitude de la contrainte est multipliée par 10 lorsque la déformation descend en dessous de 0,06 %. L'amplitude de la contrainte a été modifiée de cette manière par petits pas afin d'éviter la rupture de la structure et la séparation de l'échantillon des plaques. Une amplitude de contrainte de 0,1 Pa a été appliquée de 0 à 6 h de mesure ; 1 Pa de 6 à 8,5h ; 10 Pa de 8,5 à 10,75h ; 100 Pa de 10,75 à 22h.

Pour l'hexylamine : les pas d'amplitude de contrainte sur 50h de mesure sont 0,1/0,5/1/2,5/5/10/25/50/75/100/250/500/750/1000/2500/5000/10000 Pa, avec commutation automatique lorsque la déformation est < 0,06%.

II. Préparation, synthèse et les résultats

Chapitre II Préparation et synthèse

Toutes les synthèses ci-dessous ont été réalisées à température ambiante. Etude de la taille des NPs de ZnO en fonction du temps d'hydrolyse. Dans une boîte à gants, 57,9 mg de [Zn(Cy) 2 ] ont été ajoutés dans un flacon en verre de 4 mL à 92,7 mg de DDA. Après mélange complet, le flacon a été retiré de la boîte à gants (le temps de résidence dans la boîte à gants est de 10 minutes) et exposé à l'air. Des analyses MET ont ensuite été réalisées à différents temps de réaction. Influence du temps de gélification sur la taille des NPs de ZnO. 57.9 mg de [Zn(Cy) 2 ] ont été mélangés dans un flacon en verre de 4 mL à 92.7 mg de DDA. Après mélange complet, le mélange a été gardé dans la boîte à gants. Les échantillons ont été retirés de la boîte à gants à différents moments et exposés à l'air pendant 3 jours. Etude de la taille des NPs de ZnO en fonction de la température. Dans la boîte à gants, dans un flacon de 4 mL, 57.9 mg de [Zn(Cy) 2 ] ont été ajoutés à 92.7 mg de DDA. Après mélange complet (le temps de résidence dans la boîte à gants est de 10 minutes), les fioles ont été retirées, maintenues à la température choisie (30 o C, 60 o C, 90 o C, 120 o C en bain d'huile) et exposées à l'air pendant 3 jours. Etude de la taille des NPs de ZnO en fonction de la longueur des tubes. 57.9 mg de [Zn(Cy) 2 ] ont été ajoutés à 92.7 mg de DDA dans un flacon en verre de 4 mL avec des tubes PTFE de différentes longueurs (de 0 à 7 cm). Après mélange complet (le temps de résidence dans la boîte à gants est de 10 minutes), le flacon a été sorti de la boîte à gants et exposé à l'air libre pendant 1 semaine. Etude de la taille des NPs de ZnO en fonction de la teneur en eau. 57,9 mg de [Zn(Cy) 2 ] ont été ajoutés dans un flacon en verre de 4 mL à 92,7 mg de DDA. Après un mélange complet (le temps de résidence dans la boîte à gants est de 10 minutes), le flacon a été placé dans un réacteur maison qui a permis la diffusion lente de l'eau dans l'échantillon. Différentes quantités d'eau dégazée ont été injectées dans le réacteur. Après 3 jours, des poudres luminescentes blanches ont été obtenues et analysées par Figure 1. TEM pictures and 2D size plots of ZnO NPs prepared in the presence of 2 eq. OA for different amount of water. Table 1. Multivariate analysis of the 2D plots corresponding to the TEM images of the Figure 1 (ZnO NPs prepared in the presence of 2 eq. OA for different amount of water) through Rmixmod program [4]- [6] (the dispersion is given as twice the standard deviation obtained from calculations, and number of cluster was set to 1).

Figure 2: Mean width (red), mean length (blue) and corresponding correlation (green) issued from a multivariate analysis (with a single Gaussian) of data corresponding to ZnO NPs versus equivalent of water. The lines are just guides for the eyes. See also Figure 1 and Table 1.

Table 2: Multivariate analysis of the 2D plots corresponding to the TEM images of Figure 1 (ZnO NPs prepared in the presence of 2 eq. OA for different amount of water) through a modified Rmixmod program. [7] Figure 3. Percent of N1 and N2 depending on amount of water. See also the Figure 1 and Table 1. Table 1. Multivariate analysis of the 2D plots corresponding to the TEM images of the Figure 1 (ZnO NPs versus the nature of the amines) through Rmixmod program [4]- [6] (the dispersion is given as twice the standard deviation obtained from calculations).

Résultats et analyses de PXRD:

La phase cristallographique du ZnO obtenu est wurtzite, i. e. hexagonale. Ces résultats ont été obtenus par diffraction des rayons X sur poudre. Les diffractogrammes présentent le même motif dans le domaine de 15° à 90° θ, ce qui correspond à la phase hexagonale de la zincite (groupe d'espace P 63mc ) quelle que soit l'amine (Voir Figure 1). Lorsque la forme des nanoparticules correspond à des nanorods, les diffractogrammes présentent une largeur à mi-hauteur (full width at half maximum, FWHM) étroite de la ligne de diffraction 002 par rapport aux pics de diffraction 100 et 101. En revanche, les nanoparticules isotropes ne présentent pas d'étroitesse particulière de la ligne de diffraction 002 et des largeurs à mi-hauteur similaires sont observées pour les pics de diffraction 002, 100 et 101. La petite largeur à mi-hauteur de la ligne de diffraction 002 observée pour les nanorods est en accord avec l'existence d'un axe privilégié de croissance -l'axe c de la phase zincite pour les nanorods de ZnO. L'estimation de la taille des cristallites à l'aide de l'équation de Debye-Sherrer donne des valeurs en accord avec l'analyse de la taille par MET (Voir Table 2), en accord avec nos résultats précédemment publiés affirmant que les nanoobjets obtenus suite à cette approche organométallique sont bien monocristallins. Cependant, pour comprendre la force motrice de la gélification et étudier la révolution des propriétés rhéologiques avec le temps, d'autres amines primaires avec une longueur de chaîne différente sont utilisées. Les résultats de RMN montrent que la force intermoléculaire (force de Van der Waals, réticulation) contribue à la vitesse de gélification et explique les différents temps de début de gélification. Plus la chaîne est longue, plus la gélification est rapide. La première est déterminée par la force de VdW, et la seconde est déterminée par la réticulation entre les oligomères formés. Les résultats de la mesure rhéologique ont montré que le gel était composé d'une phase organique tridimensionnelle.

Résumé de Chapitre I

Dans ce chapitre, introduisant les éléments nécessaires à la compréhension des travaux de recherche décrits dans les chapitres suivant, nous commençons par présenter brièvement le domaine des nanosciences, puis les avantages exceptionnels des nanomatériaux semi-conducteurs à base d'oxyde métallique et enfin nous présentons les propriétés du ZnO, matériaux sur lequel porte toutes les études décrites dans ce manuscrit. Après une présentation générale des deux structures cristallographiques de ZnO et les conditions spécifiques à l'obtention de l'une ou l'autre phase, nous présentons les propriétés physiques de ZnO avec en particulier ses propriétés optiques et les différentes façons de les modifier, par exemple, par dopage. Dans le travail décrit dans ce chapitre, nous démontrons comment des outils analytiques simples basés sur l'analyse statistique peuvent nous aider à décrypter la croissance anisotrope des NPs et à mieux comprendre et contrôler les paramètres régissant cette croissance anisotrope. Une comparaison fine du protocole de synthèse du rôle du taux d'hydrolyse, du temps de mélange avant hydrolyse, de la longueur de la chaîne aliphatique du ligand et de la quantité d'eau a permis de mettre en évidence l'importance relative de ces paramètres expérimentaux sur la croissance anisotrope des NPs de ZnO. Toutes les données suggèrent que le mécanisme de croissance s'est produit par un processus d'attachement orienté qui est finalement entravé par le processus de gélification induit par l'interaction du précurseur de zinc ou des NPs de ZnO avec les ligands aminés. Ces résultats mettent en lumière l'importance relative

Résumé de Chapter III

En plus de la taille nanométrique, la maîtrise de la morphologie des nano-objets est essentielle puisque leurs propriétés peuvent être drastiquement affectées à la fois par leur forme, leur coeur et leur structure de surface. L'utilisation de tensioactifs est courante pour les synthèses réalisées en solution. Même si leur rôle tout au long de la synthèse est supposé être globalement connu, les voies détaillées et les mécanismes précis contrôlant la morphologie des nanoparticules ne sont pas toujours bien compris et pleinement expliqués. Cette question d'actualité mérite donc une attention particulière pour améliorer les procédures de synthèse actuelles.

Au cours de la synthèse de nano-objets en solution, le tensioactif est généralement supposé jouer différents rôles, et peut principalement agir comme ligand pour les espèces moléculaires présentes en solution. Le précurseur métallique peut ainsi être modifié après son introduction dans le milieu réactionnel avant le processus de nucléation. Le tensioactif est également considéré comme un agent bloquant (ou agent stabilisateur de surface) pendant le processus de croissance des nanocristaux (NC). Dans ce dernier cas, les interactions existantes entre le groupe fonctionnel du tensioactif et la surface de l'objet en croissance sont souvent évoquées pour expliquer la taille, la forme et la structure coeur/surface finales obtenues du NC. Comme la plupart des tensioactifs peuvent agir comme des ligands pour les espèces moléculaires présentes dans le milieu réactionnel, mais aussi se coordonner aux surfaces des NC en croissance, cela complique la compréhension fine de leur rôle dans le système réel. Il est clair que pour une meilleure maîtrise de la croissance et de la structure des nano-objets, toutes les interactions avec les tensioactifs doivent être prises en compte tout au long du processus de formation des NC. Cependant, discerner à chaque étape du processus de formation des NC ce qui est important pour leur morphologie et leur structure et ce qui ne l'est pas, reste délicat, surtout en ce qui concerne les aspects dynamiques.

Dans ce contexte, l'utilisation d'amines à longues chaînes grasses comme surfactants, comme l'archétype de l'oléylamine, est très populaire pour obtenir un bon contrôle de la morphologie des NC. Le point d'ébullition élevé de l'oléylamine, supérieur à 360 °C, a permis de l'utiliser dans des procédés de réduction thermolytique, que ce soit dans une approche "heat up", ou par la technique dite "hot-injection ". L'hexadécylamine, la dodécylamine et l'octylamine sont également largement utilisées dans des conditions plus douces pour la formation de NC métalliques, de semiconducteurs II-VI ou III-V. Les amines primaires semblent être efficaces pour contrôler la morphologie des NC mais les raisons de ce phénomène ne sont pas claires. Classiquement, l'influence de la longueur de la chaîne aliphatique de l'amine sur la morphologie des NC est considérée, mais le rôle de la structure générale de l'amine et en particulier le nombre de substituants autour de l'atome d'azote -c'est-à-dire amine primaire vs secondaire ou tertiaire -n'a pas été étudié en détail.

Dans ce chapitre, nous décrivons nos progrès dans la compréhension et le contrôle à l'échelle moléculaire de la construction de nano-objets fonctionnels. Le présent travail vise à élucider la complexité inhérente à la synthèse organométallique douce en solution de NC de ZnO. Nous nous sommes concentrés sur certains des tensioactifs les plus utilisés pour la croissance des nanoparticules, les alkylamines grasses. En gardant la même longueur de chaîne aliphatique et en variant la structure de l'amine (primaire, secondaire ou tertiaire), les analyses complémentaires RMN et DFT ont permis d'étudier l'interaction de ces tensioactifs avec le précurseur métallique des NC de ZnO tout au long du processus de synthèse. Quelle que soit la structure de l'amine, un adduit 1:1 est initialement formé. Cependant, alors que sa constante d'association est cohérente pour les amines primaires et secondaires apparentées, elle est inférieure d'un ordre de grandeur pour l'amine tertiaire correspondante. La différence entre les tensioactifs à base d'amine primaire et secondaire provient de la propension de l'amine primaire à former des oligomères zinc-amido, une réaction qui est entravée dans le cas de l'amine secondaire en raison d'un encombrement stérique plus important.

Cependant, la vitesse de réaction de cette oligomérisation s'est avérée beaucoup plus lente que la réaction d'hydrolyse générant les NC, et a une influence négligeable sur la structure des NC. Nous avons donc démontré que la différence de morphologie entre les NC de ZnO observée en fonction de la structure des amines provient d'une forte différence dans leur dynamique à la surface des NC en croissance. L'interaction des liaisons H multiples à la surface du ZnO pour les amines primaires, identifiée par 13 C MAS NMR, conduit à une mobilité réduite de ces amines par rapport aux amines secondaires, qui restent mobiles à la surface des NC dans toutes les dimensions de l'espace.

Notre approche pourrait clairement être étendue à un grand nombre de nanoparticules métalliques et semi-conductrices stabilisées en solution par des surfactants tels que des thiols, des acides carboxyliques, des phosphines, des carbènes, etc. Cela permettrait d'acquérir des connaissances fondamentales en vue d'une vision rationalisée de la synthèse douce et contrôlée des NC en solution. Plus important encore, nous avons montré ici que l'utilisation efficace et très répandue des amines primaires dans la synthèse de nanoparticules via des protocoles en solution est attribuable à des liaisons hydrogène, interactions faibles ayant une forte influence sur la surface de la nanoparticule en croissance et sur la morphologie et la structure finales du matériau hybride.

Dans ce chapitre, nous décrivons comment nous avons pu, grâce au couplage entre des mesures de rhéologie macroscopique et des mesures de RMN moléculaire, montrer que le mécanisme de gélification du précurseur organométallique [ZnCy 2 ] et d'une alkylamine primaire provenait d'abord de la rigidification des chaînes aliphatiques de l'amine, qui prime sur l'oligomérisation du squelette inorganique formé par la réaction acide-base, donnant lieu à des liaisons de coordination de type Znamido. Ce résultat met en évidence que les propriétés rhéologiques des gels organométalliques, précurseurs de la mise en forme de nanomatériaux d'oxydes métalliques, peuvent être contrôlées par la longueur de la chaîne aliphatique de l'amine. Plus la chaîne aliphatique est longue, plus la gélification est rapide. Il s'agit d'un moyen simple de régler les propriétés rhéologiques de ces systèmes prometteurs.

Perspectives

Les perspectives de ce travail de thèse peuvent être étendues à l'application des outils d'analyse (2D size plot et traitement statistique) dans le traitement des résultats expérimentaux qui sont obtenus lors de la synthèse de nano-objets, de la chimie des précurseurs, des gels, des matériaux hybrides, de la mise en forme des oxydes métalliques et de leurs propriétés de détection.

Il est clair qu'une croissance contrôlée devrait permettre de contrôler leur taille, leur distribution de taille, leur forme, leur structure cristalline, la distribution des défauts et même la structure de surface (terminaison atomique, polarisation de surface). Par conséquent, une compréhension approfondie du mécanisme de croissance est le point clé. Dans nos cas, les stratégies de diagramme de taille 2D et d'analyse statistique que nous présentons révèlent la fixation orientée du mécanisme de croissance anisotrope des nano-objets. D'une manière générale, cette approche méthodologique peut être utilisée pour tout type de système nanoparticulaire.

En ce qui concerne la chimie des précurseurs, l'étude de l'interaction des tensioactifs avec le précurseur métallique des NCs de ZnO tout au long du processus de synthèse et les interactions multiples de liaison H formées à la surface du ZnO montrent l'importance du choix des complexes organométalliques dans le contrôle de la morphologie finale des nano-objets. Cette approche pourrait également être étendue à un grand nombre de nanoparticules métalliques et semi-conductrices stabilisées en solution par des surfactants tels que des thiols, des acides carboxyliques, des phosphines, des carbènes, etc. Cela permettrait d'acquérir des connaissances fondamentales en vue d'une vision rationalisée de la synthèse douce et contrôlée des NCs en solution.

Les recherches sur la force motrice pour former des gels et leurs propriétés rhéologiques nous inspirent l'idée de changer les types de précurseurs métalliques ou la force motrice pour modifier leurs propriétés rhéologiques. Cela pourrait élargir le champ d'application de la mise en forme des matériaux et obtenir des matériaux d'oxyde métallique à porosité contrôlée. En outre, l'exploration d'oxydes complexes impliquant deux ou plusieurs types de cations est possible pour améliorer leur multifonctionnalité.

Figure 4 .

 4 Figure 4. SEM images of ZnO samples precipitated at different rates of dosing of KOH solution to Zn(CH 3 COO) 2 solution of (a) 1.1 cm 3 /min, (b) 3.0 cm 3 /min, (c) 11 cm 3 /min, (d) 15 cm 3 /min, at 20 o C, at the stoichiometric ratio of the reagents.

Figure 5 .

 5 Figure 5. Schematic illustration for the research strategy in the LCC's group.

Figure 12 :

 12 Figure 12: Two-plates model is used to define various parameters (the upper one is movable; the bottom one is stationary).

Figure 13 .

 13 Figure 13. The corresponding equations, where  = the shear stress, F = the force applied, A = the cross-sectional area of material with area parallel to the applied force vector,  = the shear strain, s = the deflection path, h = the distance between the two parallel plates, ̇ = the shear rate, ʋ = the velocity of the moving plate, η = the viscosity, G = the modulus, G* = the complex shear modulus, A = the shear-stress amplitude, A = the strain amplitude.

Figure 14 .

 14 Figure 14. Vector diagram illustrating the relationship between complex shear modulus G*, storage modulus G' and loss modulus G'' using the phase-shift angle . The elastic

Figure 15 .

 15 Figure 15. The parallel-plate type rotational shearing rheometer

Figure 1 .

 1 Figure 1. 2D size plots and TEM pictures of ZnO NPs versus hydrolysis time (from 1 to 240 hours). During the first hours, these pristine nanoparticles are maturing and their mean size increases.

Figure 3 .

 3 Figure 3. Fitting of the evolution of ZnO NPs average length versus hydrolysis time (from 1 to 240 hours).

Figure 4 :

 4 Figure 4: Instantaneous growth rate (nm.h -1 ) as a function of time of ZnO NPs (from 1 to 240 hours, first derivative of Figure 2 -top).

Figure 5 .

 5 Figure 5. TEM images of the ZnO/2DDA NPs versus waiting time after mixing (or aging time before hydrolysis).

Figure 6 .

 6 Figure 6. 2D size plots corresponding to the TEM images of Figure 5 (ZnO/2DDA NPs versus waiting time after mixing).

Figure 9 .

 9 Figure 9. Schematic illustration for the preparation of ZnO NPs depending on different length of tubes for hydrolysis (vial dimension: height: 3 cm, diameter: 1.5 cm). Water is coming from the top of the tube.

Figure 10 .

 10 Figure 10. TEM images (and corresponding 2D plots) of synthesized ZnO NPs for various PTFE external tube length (L in cm).

Figure 12 .

 12 Figure 12. Schematic illustration for the preparation of ZnO NPs depending on different equivalent of water.

Figure 15 .

 15 Figure 15. Variation in length (left) and width (right) of ZnO nanorods synthesized in

Figure 2 .

 2 Figure 2. H NMR spectra (298 K, toluene-d 8 ) of [Zn(Cy) 2 ] (a), of [Zn(Cy) 2 ] with 2 eq. of C 12 -NH after 1 h of mixing (b) and of C 12 -NH 2 (c).

Figure 3 .

 3 Figure 3. H NMR spectra (298 K, toluene-d 8 ) of [Zn(Cy) 2 ] (a), of [ZnCy 2 ] with 2 eq. of C 12 -NH(CH 3 ) after 1h of mixing (b) and of C 12 -NH(CH 3 ) (c).

Figure 4 . 1 H

 41 Figure 4. 1 H NMR spectra (298 K, toluene-d 8 ) of [Zn(Cy) 2 ] (a), of [Zn(Cy) 2 ] with 2 eq. of C 12 -N(CH 3 ) 2 after 1h of mixing (b) and of C 12 -N(CH 3 ) 2 (c).

Table 1 .

 1 Chemical shift of proton, Spin-Spin Coupling Constants J (Hz) and multiplicity, and self-diffusion coefficient values after 1 hour of mixing, D 1h , of surfactant alone and of the surfactant-zinc precursor mixtures. Sample α-CH 2 chemical shift (ppm) α-CH 2 multiplicity J HH (Hz) self-diffusion coefficient, D 1h, (10 10 m 2 .s -1

Figure 5 . 1 H

 51 Figure 5. 1 H DOSY NMR spectra of [Zn(Cy) 2 ] with 2 eq. of C 12 -NH 2 (top), C 12 -NH(CH 3 ) (middle) or C 12 -N(CH 3 ) 2 (bottom) after 1h of mixing.

Figure 6 .

 6 Figure 6. Geometries of [Zn(Cy) 2 ] and [Zn(Cy) 2 (C 6 H 13 NH x Me 2-x )] complexes (x = 0-2) calculated at the PBE-D3/DGDZVP level.

  in the Experimental Part), for example during the coordination of the amine to [Zn(Cy) 2 ].

Figure 7 . 1 H

 71 Figure 7. 1 H NMR spectra (298 k, Tol-d 8 ) of [Zn(Cy)2 ] mixed with 2 eq. of C 12 -NH 2 (after 190 h at 298K-after this delay, the mixture behaves as a gel[4] ) (a), of C 12 -NH(CH 3 ) (after 380 h at 298K and 70 h at 323K) (b) and of C 12 -N(CH 3 ) 2 (after 380 h at 298K and 70 h at 323K) (c). Right enlargement: cyclohexane signal.

Figure 8 . 1 H

 81 Figure 8. 1 H DOSY NMR spectra of [Zn(Cy) 2 ] mixed with 2 eq. of C 12 -NH(CH 3 ) after 380 h at 298 K and 70 h at 323 K.

  C 12 -NHCH 3 are mixed (Figure 9-11).

Figure 9 .

 9 Figure 9. 13 C INEPT MAS NMR spectra (295 K) of [Zn(Cy) 2 ] with 2 eq. of C 12 -NH(CH 3 ) after mixing of 1 h (a). 55 h (b). 8 days (c) and 28 days (d).

Figure 10 .

 10 Figure 10. Enlargement of 13 C INEPT MAS NMR spectra (295 K) of [Zn(Cy) 2 ] with 2 eq. of C 12 -NH(CH 3 ) after mixing of 1 h (a). 55 h (b). 8 days (c) and 28 days (d).

Figure 11 .

 11 Figure 11. 13 C CPMAS NMR spectrum (295 K) of [Zn(Cy) 2 ] with 2 eq. of C 12 -NH(CH 3 ) after mixing of 28 days.

Figure 12 . 1 H

 121 Figure 12. 1 H NMR spectra (298 K, toluene-d 8 ) of [Zn(Cy) 2 ] mixed with 2 eq. of C 12 -NH 2 after different hydrolysis reaction time.

Figure 13 .

 13 Figure 13. Vertical enhancement of the 1 H NMR spectra (298 K, toluene-d 8 ) of [Zn(Cy) 2 ] mixed with 2 eq. of C 12 -NH 2 after different hydrolysis reaction time presented Figure 12.

Figure 14 . 1 H

 141 Figure 14. 1 H DOSY NMR spectra (298 K, toluene-d 8 ) of [Zn(Cy) 2 ] mixed with 2 eq. of C 12 -NH 2 after different hydrolysis reaction time.

  complexes only. Up to 2 h, characteristic13 C signals of amido -CH 2 and -CH 2 groups are indeed observed at 48.1 and 37.5 ppm only in INEPT spectra (Figure15) but not in the CP MAS ones (Figure16).

Figure 15 .

 15 Figure 15. 13 C INEPT MAS NMR spectra (295 K) of [Zn(Cy) 2 ] with 2 eq. of C 12 -NH 2 under water vapor with mixing time.

Figure 16 .

 16 Figure 16. 13 C CP MAS NMR spectra (295 K) of [Zn(Cy) 2 ] with 2 eq. of C 12 -NH 2 under water vapor with mixing time.

Figure 17 .

 17 Figure 17.17O NMR spectra (298 K, toluene-d 8 ) of [Zn(Cy) 2 ] mixed with 2 eq. of C 12 -NH 2 after different hydrolysis reaction time.

  Figure 17.17O NMR spectra (298 K, toluene-d 8 ) of [Zn(Cy) 2 ] mixed with 2 eq. of C 12 -NH 2 after different hydrolysis reaction time.

  Figure 17.17O NMR spectra (298 K, toluene-d 8 ) of [Zn(Cy) 2 ] mixed with 2 eq. of C 12 -NH 2 after different hydrolysis reaction time.

  compares the 13 C CP, DP and INEPT MAS NMR spectra of ZnO NCs stabilized by either C 12 -NH 2 (ZnO@C 12 -NH 2 , Figure 18 left) or C 12 -NH(CH 3 ) (ZnO@C 12 -NH(CH 3 ), Figure 18 right).

Figure 18 .

 18 Figure 18. 13 C CP, DP and INEPT MAS NMR spectra (295 K) of ZnO stabilized with 0.2 eq. of C 12 -NH 2 (left), and with 0.2 eq. of C 12 -NH(CH 3 ) (right).

Figure 19 . 1 H

 191 Figure 19. 1 H NOESY NMR spectra of ZnO with 1 eq. of C 12 -NH 2 and 10 eq. of C 12 -NH(CH 3 ).

Figure 20 . 1 H

 201 Figure 20. 1 H NOESY NMR spectra of ZnO with x eq. of C 12 -N(CH 3 ) 2

Figure 1 :

 1 Figure 1: Elastic (G', red), viscous (G", blue) modulus and dephasing (delta, black) of [Zn(Cy) 2 ] -octylamine (OA) mixture over time. The monitoring is started 4 hours after mixing (t = 0 h on the rheogram).

Figure 2 :

 2 Figure 2: Elastic (G', red), viscous (G", blue) and dephasing (delta, black) of a [Zn(Cy) 2 ] -hexylamine. The monitoring is started 7 hours after mixing for hexylamine (t = 0 h on the rheogram). Other attempts with slightly different conditions of measurement or waiting time before injection gave similar results.

  C CP-MAS experiments (Figures 3 top and 4-5) while strong 13 C signals are observed in the 13 C INEPT-MAS experiments (Figures 3 bottom and 6-7). These results indicate that at the beginning, the [Zn(Cy) 2 ]/ RNH 2 (1:2) mixture is a liquid with highly mobile molecules. The 13 C INEPT-MAS signals has been previously assigned to amine, [Zn(Cy) 2 ], cyclohexane and a mixture of monomeric and dimeric Zn amido complexes as well as small Zn amido oligomers. The intensity of the13 C resonance of the cyclohexane (δ = 26.2 ppm) observed in the13 C INEPT-MAS spectra increases over time indicating the replacement of the Zn coordinated cyclohexyl groups by amido groups. This replacement rate is very similar regardless of the alkyl chain length and a plateau is reached after about 8 h (Figure8).

Figure 3 :

 3 Figure 3: 13 C CP (top) and INEPT (bottom)-MAS experiments of the [Zn(Cy) 2 ]/OA (C8) (1:2) mixture over time.

Figure 4 :Figure 7 :Figure 8 :

 478 Figure 4: 13 C CP-MAS experiments of the [Zn(Cy) 2 ]/Amine (1:2) mixture over time. Top: DDA amine (C12). Bottom: HPA amine (C7)

Figure 9 .

 9 Figure 9. Example of 13 C CP-MAS experiments for the [Zn(Cy) 2 ]/DDA (1:2) mixture. Evolution of the integrals (a.u.) of various NMR peaks versus time (in hours). Top: structure of the DDA and assignments of the different integrals I n .

2 .

 2 maxSlope or S stiff , relative rate at the inflection point, 3. A(t max )/A 0 , relative intensity at the inflection point, 4. t induction , induction period obtained from the third derivative, 5. t inhibition , inhibition period obtained from the third derivative.

Figure 11 .

 11 Figure 11. Evolution of the time parameters (in logarithm) versus the number of carbon of the amine.

  Préparation des colloïdes de [Zn(Cy) 2 ]/C 12 -NH 2 , [Zn(Cy) 2 ]/2C 12 -NH(CH 3 ), [Zn(Cy) 2 ]/2 C 12 -N(CH 3 ) 2 , dans du toluène-d 8 pour la mesure RMN à l'état liquide : dans la boîte à gants, en mélangeant 1 équivalent de [Zn(Cy) 2 ] (57,9 mg, 0,25 mmol) avec 2 équivalents de C 12 -NH 2 (92,68 mg, 0,5 mmol) dans un flacon de 4 mL, on obtient un liquide transparent après une agitation douce de quelques minutes. Pour la mesure RMN à l'état liquide, environ 0,2 mL de ce liquide transparent et 0,5 mL de toluène-d 8 ont été ajoutés dans un tube RMN. Colloïdes de [Zn(Cy) 2 ]/2C 12 -NH(CH 3 ) ([Zn(Cy) 2 ]: 57,9 mg, 0,25 mmol; C 12 -NH(CH 3 ): 99,69 mg, 0,5 mmol), [Zn(Cy) 2 ] / 2C 12 -N(CH 3 ) 2 ([Zn(Cy) 2 ]: 57. 9 mg, 0,25 mmol; C 12 -N(CH 3 ) 2 : 106,7 mg, 0,5 mmol) dans du toluène-d 8 ont été préparés de la même manière que les colloïdes de [Zn(Cy) 2 ]/C 12 -NH 2 . Préparation de ZnO/C 12 -NH(CH 3 )/air: dans la boîte à gants, C 12 -NH(CH 3 ) (49.85 mg, 0.25 mmol) a été ajouté à [Zn(Cy) 2 ] (57.9 mg, 0.25 mmol) dans une fiole de 4 mL. Après une légère agitation de quelques minutes, un liquide transparent est obtenu. Il a ensuite été transféré hors de la boîte à gants pour subir une hydrolyse au contact de l'air pendant 4 jours. Préparation de ZnO/2C 12 -NH(CH 3 )/air: Le procédé est le même que dans le cas de la préparation de ZnO/C 12 -NH(CH 3 )/air à l'exception de l'équivalent d'amine (99.69 mg, 0.5 mmol). Préparation de ZnO/10C 12 -NH(CH 3 )/air: Le procédé est le même que dans le cas de la préparation de ZnO/2C 12 -NH(CH 3 )/air, à l'exception de l'équivalent d'amine (498,45 mg, 2,5 mmol). Préparation de ZnO/2C 12 -N(CH 3 ) 2 /air: Le procédé est le même que dans le cas de la préparation de ZnO/2 C 12 -N(CH 3 ) 2 /air, à l'exception de l'équivalent d'amine (106,7 mg, 0,5 mmol). Préparation de ZnO/10C 12 -N(CH 3 ) 2 /air: Le procédé est le même que dans le cas de la préparation de ZnO/2C 12 -N(CH 3 ) 2 /air à l'exception de l'équivalent d'amine (706,15 mg, 2,5 mmol).

Figure 1 :

 1 Figure 1: X-ray diffraction pattern recorded at room temperature for ZnO nanoparticles synthesized with C 12 -NH 2 (top), C 12 -NH(CH 3 ) (medium), and C 12 -N(CH 3 ) 2 (bottom).

Table 2 .

 2 Estimation of the crystallite size using Debye-Sherrer equation. Full width at half maximum, FWHM, of ZnO nanoparticles synthesized with C 12 -NH 2 , C 12 -NH(CH 3 ), and C 12 -N(CH 3 ) 2 are reported for 100, 002, and 101 peaks.

Table 4 .Figure 2 .

 42 Figure 2. ELF valence attractors and covariances calculated at the PBE-D3/DGDZVP level.

Figure 3 .

 3 Figure 3. Most representative mesomeric forms of [Zn(Cy) 2 ] from reference 3.

Figure 2 .

 2 Figure 2.illustration des approche top-down et bottom-up.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Table 2 .

 2 Selected geometrical data of [Zn(Cy) 2 ] and the [Zn(Cy) 2 (C 6 H 13 NH x Me 2-x )] complexes (x = 0-2), calculated at the PBE-D3/DGDZVP level. *: PCM calculation in octylamine solvent, ε = 3.1). Distances in Å and angles in degrees.

		Zn-C	C-Zn-C	H axial -C-C-H axial	Zn-N
		distance	angle	dihedral	distance
	[Zn(Cy) 2 ]	1.972 1.972	180	160	-
	[Zn(Cy) 2 ]*	1.986 1.986	179	161	-
	[Zn(Cy) 2 (C 6 H 13 NH 2 )]	1.999 2.002	158	50	2.345
	[Zn(Cy) 2 (C 6 H 13 NH 2 )]*	2.007 2.010	159	50	2.337
	[Zn(Cy) 2 (C 6 H 13 NHMe)]	1.998 2.003	157	84	2.368

  . [Zn(Cy) 2 ] + C 6 H 13 NH x Me 2-x  [Zn(Cy) 2 (C 6 H 13 NH x Me 2-x )]

			(eq. 2)
	ΔG = G([Zn(Cy) 2 (C 6 H 13 NH x Me 2-x )]) -G([Zn(Cy) 2 ]) -G(C 6 H 13 NH x Me 2-x )
	ΔG = -RT log K		
	K = [Zn(Cy) 2 (C 6 H 13 NH x Me 2-x )]/([Zn(Cy) 2 ][C 6 H 13 NH x Me 2-x ])	
	Table 3. Gibbs energies of Zn complexes formation (ΔG in kcal mol -1 ) and association
	constants (K in M -1 ) calculated at 298 K, at the PBE-D3/DGDZVP level *: PCM
	calculation in octylamine solvent, ε= 3.1.			
	[Zn(Cy) 2 (C 6 H 13 NH x Me 2-x )]	x = 2	x = 1	x = 0
	ΔG	-1.36	-0.95	+ 1.52
	ΔG*	+ 1.58	+ 1.21	+ 4.06
	K	9.92	4.97	0.08
	K*	0.07	0.13	0.001

Table 1 .

 1 Full analysis of the data using the previous equation.

	Sample name	Signal	S stiff (h -1 )	t max (h)	t ind (h)	t inhib (h)
	[Zn(Cy) 2 ]/DDA-NH 2	0.17	7.7	6.3	9.0
		-NH 2	0.19	6.9	5.7	8.1
		-CH 3	0.20	6.6	5.5	7.8
	Central-CH 2	0.21	6.5	5.4	7.6
		-NH 2	0.21	6.4	5.3	7.5
		-CH 3	0.19	6.8	5.6	8.0
		CH 3	0.19	7.1	5.9	8.3
	[Zn(Cy) 2 ]/OA	-NH 2	0.18	7.2	5.9	8.5
		-NH 2	0.19	6.7	5.5	7.9
		-CH 3	0.21	6.3	5.2	7.4
	Central-CH 2	0.21	6.2	5.1	7.3
		-NH 2	0.21	6.2	5.1	7.3
		-CH 3	0.20	6.5	5.4	7.7
		CH 3	0.18	6.9	5.7	8.2
	[Zn(Cy) 2 ]/HPA-NH 2	0.01	28.2	17.7	38.7
		-NH 2	0.02	23.0	14.7	31.3
		-CH 3	0.02	19.9	12.9	27.0
	Central-CH 2	0.02	20.4	13.1	27.6
		-NH 2	0.02	19.5	12.6	26.3
		-CH 3	0.02	20.6	13.2	27.9
		CH 3	0.02	20.9	13.4	28.3
	[Zn(Cy) 2 ]/HA-NH 2	0.02	33.8	19.3	48.3
		-NH 2	0.02	28.3	16.7	39.9
		-CH 3	0.02	26.7	15.9	37.5
		-NH 2	0.02	25.3	15.2	35.4
		-CH 3	0.02	28.0	16.6	39.5
		CH 3	0.02	30.2	17.6	42.7
	[Zn(Cy) 2 ]/PA-NH 2	0.01	116	110	123
		-NH 2	0.01	114	108	121
		-NH 2	0.01	113	106	119
		-CH 3	0.01	115	109	122
		CH 3	0.01	112	106	119

Table 2 .

 2 Average values of the parameters for each chemical system: mean (SD).Several important pieces of information can be extracted from Table2. Firstly, we can see that as the length of the aliphatic chain increases, the gelation time decreases. More precisely, three groups appear. The first group contain the longest alkyl chain length, namely [Zn(Cy) 2 ]/DDA and [Zn(Cy) 2 ]/OA for which the gelation time is around 7h (t max ). As the chain length reaches C7 and C6, i.e. for [Zn(Cy) 2 ]/HPA and [Zn(Cy) 2 ]/HA a gelation time between 20 and 30 h is measured. Finally, for the shortest chain length C5, [Zn(Cy) 2 ]/PA system, a significant increase of the gelation time, over 100 hours, is observed.

	Sample name	S stiff (h -1 )	t max (h)	t ind (h)	t inhib (h)
	[Zn(Cy) 2 ]/DDA	0.19 (0.01)	6.9 (0.4)	5.7 (0.3)	8.0 (0.5)
	[Zn(Cy) 2 ]/OA	0.20 (0.01)	6.6 (0.4)	5.4 (0.3)	7.8 (0.5)
	[Zn(Cy) 2 ]/HPA	0.02 (0.004)	21.8 (3.0)	13.9 (1.8)	30.0 (4.3)
	[Zn(Cy) 2 ]/HA	0.02 (0)	28.7 (3.0)	16.9 (1.4)	40.6 (4.5)
	[Zn(Cy) 2 ]/PA	0.01 (0)	114 (1.6)	107.8 (1.8)	120.8 (1.8)

C INEPT and CP MAS experiment confirmed the formation of the Zn-amido
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Résumé de thèse

Aujourd'hui, les nanosciences sont définies comme l'étude des structures (moléculaires) et dispositifs dont au moins une des dimensions caractéristiques se situe 1 -100 nm. Ces nanomatériaux agissant comme de pont entre les matériaux massifs et les structures atomiques et démontrent que de nombreuses modifications dans les propriétés physiques, chimiques ou biologiques en raison de la taille réduite. Les nanomatériaux composés d'oxydes métalliques sont un tel type de matériaux intéressants. Leurs caractéristiques sont très intéressantes pour le développement d'applications électroniques, optiques, de capteurs et autres.

Pour certains des oxydes métalliques, un manque d'oxygène crée des vacances agissant comme donneur d'électrons et induisant des propriétés de semi-conducteurs de type n. ZnO est un exemple typique. Il est caractérisé par une large bande interdite d'environ 3.4 eV, d'une grande exciton l'énergie de 60 meV, d'une grande mobilité électronique et d'une luminescence dans le visible et le proche ultraviolet. Ces caractéristiques électroniques en font un bon candidat pour le développement de sources d'émission lumineuse et de détecteurs. Il a été ainsi montré que ZnO pouvait, selon les conditions de préparations, émettre dans l'ultraviolet, le violet, le vert, le jaune et même le rouge. Ces propriétés optiques de ZnO dependent fortement de la morphologie des matériaux.

Dans le travail précédent, une méthode mature de synthèse des nanomatériaux ZnO a été développée -la méthode organométallique. Les nano ZnO bien définis avec différentes tailles, formes et morphologies (isotrope, anisotrope) peuvent être obtenus en changeant différents paramètres (milieu de réaction, types de ligands ou de surfactants, température, temps d'mélange, etc.). Cependant, lorsque des amines primaires sont utilisées comme ligands, le mécanisme de la croissance anisotrope n'est toujours pas clair. Les influences des amines secondaires et tertiaires sur nano ZnO obtenus ne sont pas encore dévoilées. Ainsi, la thèse s'attache tout d'abord à étudier les deux points ci-dessus.

Premièrement, nous utilisons la méthode d'analyse de tracé 2D et d'analyse statistique pour extraire les informations sur la taille des particules à partir des images TEM. Les données traitées suggèrent que le mécanisme de croissance anisotrope est le processus d'attachement orienté, et finalement entravé par un processus de gélification induit par l'interaction du Zn précurseur avec les aminés. Deuxièmement, nous adoptons une amine de même longueur de chaîne mais de structure différente comme tensioactif (amine primaire, secondaire et tertiaire) pour synthétiser les NCs de ZnO. Les analyses RMN et DFT ont démontré que la différence de morphologie entre les NCs de ZnO viens d'une forte différence dans leur dynamique à la surface des NCs en croissance. L'interaction des liaisons H multiples à la surface du ZnO pour les amines primaires, conduit à une mobilité réduite de ces amines par rapport aux amines secondaires, qui restent mobiles à la surface des NCs dans toutes les dimensions de l'espace.

Ce thèse aussi comprend le sujet du gel qui est trouvé pendant le synthèse du ZnO. Il a été démontré que la gélification était associée à la formation d'oligomères.

Zn-N and both Zn-C bonds are lengthened in the [Zn(Cy) 2 (C 6 H 13 NH x Me 2-x )] complex compared to the complex with the hexylamine. The C-Zn-C angle initially at 180° in [Zn(Cy) 2 ] decreases upon rotation of the cyclohexyl ring to accommodate the steric hindrance provided by the methyl substituent(s) of the amine (Figure 6).

The nature and strengths of the Zn-C and Zn-N bonds can be described from both QTAIM and ELF topological analyses. [12]- [16] Relevant QTAIM and ELF descriptors are given in Table 2 above and Table 3 in Experimental Part, respectively. For the three Zn-amine complexes, the QTAIM description of the Zn-N bonds is in agreement with dative bonding with a weak covalence degree (V/G ≈ 1, DI ≈ 0.3). The bond strength, as indicated by the Espinosa's interaction energy E int , [19]- [21] is of the same order of magnitude regardless of the amine. E int is equal to 14.7, 13.8, and 12.0 kcal mol -1 for primary, secondary, and tertiary amines, respectively. Similarly, the QTAIM description of the Zn-C bond is very close for all three complexes and corresponds to a polar covalent bond (V/G close to 2, DI ≈ 0.8). E int is also comparable for [ZnCy 2 (C 6 H 13 -NH 2 )] (42.0 and 41.5 kcal mol -1 ) and [ZnCy 2 (C 6 H 13 NHMe)] (42.1 and 41.4 kcal mol -1 ) and decreases very slightly for the tertiary amine [ZnCy 2 (C 6 H 13 NMe 2 )] complex (40.9 and 40.8 kcal mol -1 ) possibly because of the steric hindrance. The ELF analysis is in agreement with the above QTAIM description. The ELF descriptors of Zn-N (respectively Zn-C) bonds are almost the same regardless of the amine type. The oxidation state of the zinc atom is +Ⅱ. The weak atomic contribution of Zn to the V(N) ELF basin (lower than 3%) and the weak covariance (|cov. (V(N), C(Zn))| ≤ 0.08) are in favor of a dative Zn-N bond of weak covalence degree, while the large atomic contribution of Zn to V (Zn, C) and the large negative covariance (cov. (V(Zn, C), C(Zn)) ≈ -0.36) are in favor of a polar covalent Zn-C bond comparable to the one of the [Zn(Cy) 2 ] complex (see Table 4 and Figure 2 in the Experimental Part). The Zn-C bonds of the [Zn(Cy) 2 ] fragment are only slightly affected by the amine coordination and may be described by the similar most representative mesomeric forms of about equal weight of the [Zn(Cy) 2 ] complex (see Figure 3 in the Experimental Part). [22] Relevant QTAIM and ELF analysis: Table 3. Relevant QTAIM descriptors (in a.u. except for E int in kcal.mol -1 ) related to Zn-C and Zn-N bonds in [ZnCy 2 (C 6 H 13 NH x Me 2-x )] complexes (x = 0 -2). PBE-D3/DGDZVP level of calculation. Bond critical point number. See above for definition and assignment of QTAIM descriptors.

Chapitre IV Préparation de l'échantillon pour les mesures en RMN à l'état solide:

Dans une boîte à gants, 1 équivalent de [Zn(Cy) 2 ] (115,85 mg, 0,5 mmol) a été ajouté à 2 équivalents de DDA (185,35 mg, 1,0 mmol) dans un vial en verre de 4 mL. Une solution homogène claire a été obtenue après une légère agitation. Ensuite, un rotor de zircone de diamètre interne de 4 mm avec un insert en téflon et une vis ont été utilisés pour sceller le mélange transparent afin d'effectuer l'étude cinétique par caractérisation en RMN de l'état solide. Pour les autres amines, les préparations et les mesures par RMN à l'état solide sont les mêmes que dans le cas du DDA.

Préparation des échantillons pour l'étude des propriétés rhéologiques:

Dans une boîte à gants, 1 équivalent de [Zn(Cy) 2 ] (347.55 mg, 1.5 mmol) a été ajouté à 2 équivalents d'octylamine (387.72 mg, 3.0 mmol) dans un vial en verre de 4 mL. Une solution homogène claire a été obtenue après une légère agitation. Ce liquide transparent et clair est transféré dans une seringue de 1.0 ml et maintenu au repos dans la boîte à gants pendant 4 heures, puis il est injecté dans l'entrefer du rhéomètre pour commencer la mesure des propriétés rhéologiques. Pour l'hexylamine, les préparations et les mesures sont les mêmes que dans le cas du octylamine. Nous enchainons ensuite avec une description des phénomènes de gélification. Quelques généralités sont présentées afin de permettre au lecteur de bien comprendre une partie des travaux décrits dans ce manuscrit. Les propriétés rhéologiques des gels sont également présentées car elles sont un élément important de nos travaux.

Tous ces éléments permettent de définir les objectifs de cette thèse.