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Résumé Les polyoxométallates (POMs) sont des oxydes moléculaires nanométriques aux propriétés redox remarquables qui peuvent être explorées dans le cadre de composants avancés. Nous proposons de développer des fonctionnalités évolutives dans des nanomatériaux 2D à base de POMs (2D POM Network, 2D-PN) "programmables/switchables" à la demande grâce aux propriétés multifonctionnelles de ces molécules (par exemple, états redox multiples). Le premier objectif est de préparer une monocouche compacte et dense de POMs sur un substrat métallique afin d'évaluer leurs propriétés de transport d'électrons (ET). Ici, nous rapportons les propriétés de transport d'électrons de deux POMs dans leurs différents états redox en utilisant des monocouches auto-assemblées (SAM) et le C-AFM. Pour les deux molécules, nous avons clairement observé une augmentation d'un facteur 10 de la conductance pour les états réduits qui est liée à une diminution d'environ 0.3eV de l'énergie de l'orbitale moléculaire impliquée dans le transport à travers le métal/POM/métal. Ensuite, nous avons fabriqué un 2D-PN hybride multi-connecté (6 électrodes) avec deux POMs et des nanoparticules d'or et nous avons mesuré leur ET révélant une grande variabilité dans le 2D-PN. Des mesures de bruit à basse fréquence et de génération de hautes harmoniques sont utilisées pour discuter de l'utilisation possible de ces 2D-PN dans le cadre global de l'implémentation physique d'un système de calcul à réservoir neuromorphique avec des nano-objets (nanotubes de carbone nanoparticules, molécules, commutateurs atomiques). Nous synthétisons également des nanofils de W18O49 (environ quelques μm de long et quelques dizaines de nanomètres de diamètre) et nous mesurons leur conductivité avec un STM UHV 4 probes. Nous démontrons une conductivité très élevée allant jusqu'à 10 3 S/cm le long du nanofil, qui surpasse les données de la littérature et une grande anisotropie de conductivité. Mots clés: polyoxométallates ; jonction moléculaire ; C-AFM ; Reservoir Computing ; Nanofils W18O49 Abstract Polyoxometalates (POMs) are nanometric molecular oxides with remarkable redox properties that can be explored in the context of advanced components. We propose to develop scalable functionalities in 2D nanomaterials based on POMs (2D POM Network, 2D-PN) "programmable/switchable" on demand thanks to the multifunctional properties of these molecules (e.g. multiredox states). The first objective is to prepare compact and dense monolayers of POMs on a metal substrate to assess their electron transport (ET) properties. Here, we report the ET properties of two POMs in their different redox states using selfassembled monolayers (SAM) and conductive-AFM. For both molecules, we clearly observed an increase of the conductance of a factor of 10 for the reduced states which is related to a decrease of the energy of about 0.3eV of the molecular orbital involved in the transport though the metal/POM/metal. Then, we successfully fabricated multi-connected (6 electrodes) hybrid 2D-PN with two POMs and Au nanoparticles and we measured their ET revealing large variability in the 2D-PN. Low-frequency noise and high-harmonic generation measurements will be used to discuss the possible use of these 2D-PN within the global framework of the physical implementation of a neuromorphic reservoir computing system with nano-objects (Carbon nanotubes, nanoparticles, molecules, atomic switches). We also synthesize W18O49 nanowires (about μm long and few tens of nanometers in diameter) and we measure their conductivity with a 4-probe UHV STM. We demonstrate a very high conductivity up to 10 3 S/cm along the nanowire, which outperforms the literature data and a large conductivity anisotropy. 

General introduction

The field of artificial intelligence has developed a lot in the last few years, both in software and hardware. Concerning hardware, a new interest in the design and fabrication of artificial neural networks and synapses with ultra-low power and energy consumption has taken hold. This is mainly referred to as neuromorphic systems. In this project, we propose to include selfassembled functional molecules for a subfield of neuromorphic computing, Reservoir

Computing. These molecules are polyoxometalates, called POMs. They are particularly used in the field of catalysis, for their redox properties. Indeed, up to 24 electrons can reduce some

POMs. The project of this thesis is to study the electron transport properties of different POMs at different redox levels in molecular junctions after optimization of the fabrication process.

This manuscript is organised in four chapters. Chapter 1 will be devoted to a literature review on the scientific context in which the work of this thesis takes place.

One of the best methods to study the electron transport properties of POMs alone is to incorporate them into a molecular junction with a conductive AFM tip as one of the electrodes, this work is presented in chapter 2. A study on the conductance of POM as a function of its oxidation-reduction state will be presented and detailed through complementary machine learning analyses. A similar study will be carried out on another POM leading to the investigation of the influence of counterions on the latter.

Chapter 3 will present work on molecular junctions with a network of self-assembled nanoparticles, called NPSAN. The first part of this chapter will focus on the implementation of this monolayer network of gold nanoparticles and on the substitution of ligands by two POMs.

The second part of this chapter will be a study of electrical measurements, in particular of 1/f noise, to try to answer the question of this thesis: are POMs good candidates for Reservoir

Computing applications?

The last chapter, chapter 4, will not focus on POMs, but on another metal oxide, WO3-x substochiometric nanowires. Their transport properties will also be discussed after having developed their synthesis and characterization. The conductivity will be calculated from single nanowires in "perpendicular" measurement via C-AFM and "longitudinal" measurement using an ultra-high vacuum STM coupled with a SEM. Finally, work on a dense network will be reported.

To end, we close this manuscript with a general conclusion and perspectives. Annexes are also provided for further explanation. 

Contents of chapter 1

Chapter 1 The polyoxometalates at the nanoscale

The aim of this first chapter is to present in a general way the framework in which the work of this thesis is carried out, based on works and results reported in the literature. Some information, more specific to a particular chapter, will be developed in this particular one.

The first part describes an overview of the molecular nanoelectronic field, focused on the device I used during my thesis, mainly the molecular junction. The second one describes the main component of this junction: the polyoxometalate molecules. These molecules correspond to the main subject of this thesis, their electronic properties are presented in detail. The goal is to better understand the fundamental role of polyoxometalates in molecular nanoelectronics. The last part of this chapter is related to possible applications in neuromorphic devices and systems, placing this project at the frontiers of chemistry, physics and neuroscience.

I. The field of molecular nanoelectronics a) Molecular Junctions

Mann and Kuhn measured for the first time the electrical properties of organic monolayers in 1971. [START_REF] Mann | Tunnelling through Fatty Acid Monolayers and Its Relevance to Photographic Sensitization[END_REF] Then, Aviram and Ratner introduced in 1974 the theoretical concept of using a single organic molecule as a molecular rectifier (or molecular diode). 2 In 1977, Heeger, MacDiarmid and Shirakawa demonstrated that conducting polymers are the best conducting molecules (Nobel Prize in 2000). [START_REF] Shirakawa | Synthesis of Electrically Conducting Organic Polymers: Halogen Derivatives of Polyacetylene, (CH)[END_REF] It's the beginning of the molecular electronic field.

With the Moore's Law, research in the field of electronics has taken a new turn. The miniaturisation of technological devices that are more or at least as efficient as their predecessors has become a real international challenge. These devices are mainly composed of inorganic materials such as silicon. Their fabrication at the nanoscale has developed massively but has begun to reach the limits of classical physics with systems of few nanometers. One solution that some scientists have been looking at is the use of molecules to replace these materials and achieve ultimate device dimensions.

However, industrial applications seem unlikely because of the tradeoff between function and the implementation of the junction. Indeed, the fabrication of this molecular structure is sensitive to defects (e.g. problem of metallic filamentary conduction), hard to control and characterize, generating some reproducibility problem. Only OLED (organic light emitting diode) displays are already being commercialised. Still, the field of molecular electronics is very studied in the fundamental research in order to explore more about the electronic properties of molecule-based devices. The objectives are to find other functions or properties that can be difficult to reach with the mainstream technology as for example flexible, low cost or reconfigurable. Especially with the development of Scanning Probe Microscopy (SPM)

techniques, like Scanning Tunneling Microscopy (STM) (Nobel Prize in 1986, invented by Binning, and Rohrer [START_REF] Binnig | Surface Studies by Scanning Tunneling Microscopy[END_REF][START_REF] Binnig | Scanning Tunneling Microscopy---from Birth to Adolescence[END_REF] ) and Atomic Force Microscopy (AFM), it becomes easier to analyse the electric properties of this small element and these techniques are now widely used in lots of areas in nanosciences.

The field of molecular electronic encompasses all technologies using one or several molecules or molecular structures with a nanometric size (molecularly functionalized nanoparticles, molecular nanowires,…) in order to process an electronic function. We can talk about molecular nanoelectronics until the size of the device is less than few tens of nanometers (at larger size, it is referred as organic electronics).

Molecules have been connected between two electrodes forming the so-called molecular junctions (MJ), the main component of molecular nanoelectronics. [START_REF] Chau | Integrated Nanoelectronics for the Future[END_REF] The MJ can be separate in two classes in function of the number of molecules inside:

-One or few molecules : single molecule junction -Lots of molecules (~ >10) : large area junction A junction can be formed by break-junction method, cross wire method, metal nanoparticles method, conductive probe atomic force microscope (C-AFM) and STM, nano-pore method and planar sandwich geometry... During my thesis, I used C-AFM (chapter 2), STM (chapter 4) and metal nanoparticles method (more details in chapter 3). Frequently, in a vertical junction, the first electrode is called the bottom electrode and the second one the top or the counter electrode.

Most of the time, the size of both the electrodes or the top electrode will define the number of molecules involved in the junction. As shown in the figure 1.1, in the break junction or STM, one or a few molecules are connected with the top electrode. Whereas in C-AFM, as the conductive tip has a radius between 20 or 100 nanometers, we estimate the number of molecules between 50 and 1 000. To make these junctions, the bottom electrodes must have a low roughness to avoid spike effects that would generate short circuits. The bottom electrodes are usually made of gold, silver, silicon or carbon and cannot be damaged. The choice of metal electrodes is really important.

The top electrode can be fabricated by metal evaporation. Most of the time, a protective layer, a highly conducting polymer (example PEDOT:PSS) is intercalated between the electrode and the molecules to avoid the formation of metallic filaments [START_REF] Akkerman | Towards Molecular Electronics with Large-Area Molecular Junctions[END_REF] . Another idea is the use of soft metal by transfer techniques [START_REF] Loo | Electrical Contacts to Molecular Layers by Nanotransfer Printing[END_REF][START_REF] Vilan | Soft Contact Deposition onto Molecularly Modified GaAs. Thin Metal Film Flotation: Principles and Electrical Effects[END_REF][START_REF] Jeong | High-Yield Functional Molecular Electronic Devices[END_REF] or by contacts as mercury drops [START_REF] Mann | Tunnelling through Fatty Acid Monolayers and Its Relevance to Photographic Sensitization[END_REF][START_REF] Holmlin | Electron Transport through Thin Organic Films in Metal-Insulator-Metal Junctions Based on Self-Assembled Monolayers[END_REF] or eutectic GaIn drop contacts [START_REF] Chiechi | Eutectic Gallium-Indium (EGaIn): A Moldable Liquid Metal for Electrical Characterization of Self-Assembled Monolayers[END_REF] .

This development is limited by the liquid nature of this electrode, which is not compatible with commercial electronic systems. [START_REF] Mccreery | A Critical Perspective on Molecular Electronic Junctions: There Is Plenty of Room in the Middle[END_REF] The later one is combined with microfluidic systems for a better control and stability. [START_REF] Karuppannan | Ultrasmooth and Photoresist-Free Micropore-Based EGaIn Molecular Junctions: Fabrication and How Roughness Determines Voltage Response[END_REF] Then, the molecules are attached to the bottom electrode. Not all molecules can be candidates to be inserted in such a device. The first important condition is the stability of the molecule in time. If the molecule does not support an electronic current and get damage automatically, it cannot be integrated inside an electronic device that is supposed to have a long lifetime. The molecule must be stable during all the steps of the fabrication process and operation. Like molecular electronic is based on electron exchange, molecules should have a reversible behaviour during the electron transfer in purpose to repeat the function. [START_REF] Rinfray | Greffage de polyoxométallates hybrides sur surfaces planes[END_REF] The molecules are immobilised by a chemical function to form a self-assembled monolayer (SAM)see next section, organic multilayers (Langmuir Blodgett 17 ,[START_REF] Langmuir | The Mechanism of the Surface Phenomena of Flotation[END_REF] ), or layers deposited by electrochemical methods (electrografting of aryl diazonium salt [START_REF] Delamar | Covalent Modification of Carbon Surfaces by Grafting of Functionalized Aryl Radicals Produced from Electrochemical Reduction of Diazonium Salts[END_REF] ). The most widely used method in the literature is assembly by silane [START_REF] Maoz | On the Formation and Structure of Self-Assembling Monolayers. I. A Comparative Atr-Wettability Study of Langmuir-Blodgett and Adsorbed Films on Flat Substrates and Glass Microbeads[END_REF] on oxidized surface and thiols [START_REF] Love | Self-Assembled Monolayers of Thiolates on Metals as a Form of Nanotechnology[END_REF] for gold surface.

It is in 1983, that Allara and Nuzzo produced the first gold-alkylthiolate monolayer at Bell laboratories. [START_REF] Nuzzo | Adsorption of Bifunctional Organic Disulfides on Gold Surfaces[END_REF] b) Self-assembled monolayers According to J.-M. Lenn (Nobel prize in Chemistry, 1987), a definition of self-assembled monolayers is "systems capable of spontaneously generating well-defined supramolecular entities by self-assembly from their components in a given set of conditions". 23 The components are composed of: [START_REF] Love | Self-Assembled Monolayers of Thiolates on Metals as a Form of Nanotechnology[END_REF] -An anchoring function, a reactive group with an important affinity to the surface of the substrate in order to be chemisorbed on it (thiol for gold substrates, carboxylic acid and silane for oxidized silicium surface…).

-A spacer, for example an alkyl chain, with Van der Waals interactions between them.

This allows a compact monolayer. The spacer also brings a specific function, alkyl will be used to insert an insulating molecule whereas an aromatic chain to obtain a more conductive layer.

-A end group or a surface group to add a function to the SAM (amine group, π-conjugated molecule …). As detailed in the review by Aswal et al., [START_REF] Aswal | Self Assembled Monolayers on Silicon for Molecular Electronics[END_REF] the quality of the SAM depends of some focused parameters:

-The thickness of the monolayer. Most of the time, the thickness is between 1 and 3 nm, depending on the size of the molecule. It can be measured by using ellipsometry technique.

-The molecular orientation and ordering. To study these two parameters, the Fouriertransform infrared (FTIR) spectroscopy is the most powerful tool. For example, in the case of alkyl chains, the peak positions of symmetric (νs) and asymmetric (νa) stretching modes of the CH2 groups give the required information about the molecular order in the monolayers. [START_REF] Kluth | Thermal Behavior of Alkylsiloxane Self-Assembled Monolayers on the Oxidized Si(100) Surface[END_REF] -Uniformity and coverage. It is mainly controlled by the Van der Waals interactions between the molecules. Again, in the typical case of SAMs of alkyl chains, it may be assessed by ellispometry. The topography of the SAM (presence of pinholes, aggregates, uncovered areas….) can also be checked by AFM, and the SAM roughness can be estimated. We can also observe their organization phases by STM. [START_REF] Poirier | The Self-Assembly Mechanism of Alkanethiols on Au(111)[END_REF] With the case of alkylsilane, even with AFM we can see in some case the molecules on the surface. [START_REF] Kojio | Molecular Aggregation State of N-Octadecyltrichlorosilane Monolayer Prepared at an Air/Water Interface[END_REF] -Chemical composition. X-ray photoelectron spectroscopy (XPS) is widely used to determine the elemental composition of the molecules inside the SAM. In other words, it helps us to know the stoichiometry and the correct bonding to the surface. Moreover, in case of redox molecules, this spectroscopy gives us access to their oxidation degree. [START_REF] Oelhafen | Practical Surface Analysis by Auger and X-Ray Photoelectron Spectroscopy[END_REF] -Thermal and chemical stability. Some SAMs (e.g. alkylthiol on Au, alkyl chains on Si and SiO2) are very stable, they show no signature of degradation when stored in an airtight container for 18 months [START_REF] Wasserman | Structure and Reactivity of Alkylsiloxane Monolayers Formed by Reaction of Alkyltrichlorosilanes on Silicon Substrates[END_REF] . In a process, it is possible to heat the SAMs up to a certain limit (e.g. silane resist until 350°C). [START_REF] Fontaine | Octadecyltrichlorosilane Monolayers as Ultrathin Gate Insulating Films in Metal-insulatorsemiconductor Devices[END_REF] 

c) Electron transport in molecular junctions

In molecular junctions (MJs), when we apply a voltage between the electrodes, electrons are firstly injected into the molecules from one electrode and then collected at the second electrode.

The basic measured characteristic is the current vs. voltage (I-V) curve.

An energy diagram of a MJ is illustrated in figure 1.3. 7 The electrodes are modelled by their

Fermi energy εF and the molecule by their quantized energy levels. They are defined by their molecular orbitals (MO), mainly the highest occupied molecular orbital (HOMO, εH) and the lowest unoccupied molecular orbital (LUMO, εL). These two orbitals are playing the most important role in the charge transport and all energies are referred to the vacuum energy level.

The interactions between the electron cloud in the electrodes and the electrons in the molecules also have some importance in the charge transport. It is called the coupling strength, i.e. the coupling parameters between the molecular orbitals and the density of states in the electrodes (Γ1,2 or ΓL,R). It has already been shown that the stability of molecular devices, the coupling strength, and the charge transport mechanism can be directly controlled by the nature of the contact between the molecules and the electrodes. [START_REF] Karthäuser | Control of Molecule-Based Transport for Future Molecular Devices[END_REF][START_REF] Moth-Poulsen | Molecular Electronics with Single Molecules in Solid-State Devices[END_REF] For the coupling strength, the nature of the interaction at the end of the molecules and the electrode plays an important role. We can talk about physisorption when the binding energy ranges from 10-100 meV (Van der Waals interactions). While, in chemisorption, it ranges from 1-10 eV (hydrogen, covalent and ionic bonds). [START_REF] Barth | Molecular Architectonic on Metal Surfaces[END_REF] Most of the time, a weak electronic coupling corresponds to a physisorption of the molecules on the surface of the electrodes due to weak Van der Waals interactions. On the opposite, in the case of chemisorption, strong covalent bonds between the molecule and the electrodes trend to a medium-strong electronic coupling. In some cases, molecules have intrinsic dipole. The interface formation can be modified because of interactions such as partial charge transfer, rearrangement of electron density or attraction through image forces.

That is why in electronic devices, the coupling between the electrode and the molecule must be clarified. In case of a weak coupling, there is no strong perturbation of the electronic structure of the molecules in the solid-state molecular junction compared to the molecule in vacuum or gas phase. Furthermore, the electron transport properties in the junctions is mainly governed by the properties of the molecules and is described by a sequential transport electrode →molecule→electrode.

For the strong coupling, the electrodes and the electronic states of molecules are considerably overlapped and a charge transfer occurs at the interface. It leads to a large broadening of the energy levels of molecules. In this case, the electrons are efficiently transported from one electrode to the second one via an one-step coherent process (very rare phenomenon).

Finally, in the intermediate coupling regime, the molecular energy levels are partially broadened. The electrons on the molecule can affect the injected electrons during electron transport. The transport is usually coherent and is classified as off-resonant or resonant transport (see Fig. 1. 3).

Some models are used to interpret the electronic properties of the junction and to describe the electronic conduction.

At low bias, the tunnelling mechanism is presented by a current of electrons who encounters a finite potential barrier (φ) at the metal molecule interface. Even though the energy of this barrier is higher than the one of the electrons, their wavefunctions do not disappear at the interface but fall off exponentially into the barrier. [START_REF] Davies | Quantum Mechanics; Physics and Its Applications[END_REF] This allows us to say that there is a finite probability that electrons from either of the electrodes are transferred through a small distance into the molecule despite the lack of allowed energy levels there.

In the direct tunnelling mechanism, Simmons 37 has shown that the theoretical relationship between direct tunneling current (I) and the applied voltage (V) for a trapezoidal energy barrier (figure 1.5a) is given by: -The single-energy level (SEL) model [START_REF] Grüter | Resonant Tunnelling through a C 60 Molecular Junction in a Liquid Environment[END_REF][START_REF] Zotti | Revealing the Role of Anchoring Groups in the Electrical Conduction Through Single-Molecule Junctions[END_REF] -the transition voltage spectroscopy (TVS) method [START_REF] Beebe | Measuring Relative Barrier Heights in Molecular Electronic Junctions with Transition Voltage Spectroscopy[END_REF][START_REF] Beebe | Transition from Direct Tunneling to Field Emission in Metal-Molecule-Metal Junctions[END_REF][START_REF] Ricoeur | Molecule/Electrode Interface Energetics in Molecular Junction: A "Transition Voltage Spectroscopy[END_REF][START_REF] Huisman | Interpretation of Transition Voltage Spectroscopy[END_REF][START_REF] Bâldea | Ambipolar Transition Voltage Spectroscopy: Analytical Results and Experimental Agreement[END_REF] The I-V curves are fitted with the SEL model as illustrated in the figure 1.6, given by the equation:

𝐼(𝑉) = 𝑆
𝐼 (𝑉) = 𝑁 * 8𝑒 ℎ * 𝛤 1 𝛤 2 𝛤 1 + 𝛤 2 [𝑎𝑟𝑐𝑡𝑎𝑛 ( 𝜀 0-𝑆𝐸𝐿 + 𝛤 1 𝛤 1 + 𝛤 2 𝑒𝑉 𝛤 1 + 𝛤 2 ) -𝑎𝑟𝑐𝑡𝑎𝑛 ( 𝜀 0-𝑆𝐸𝐿 - 𝛤 1 𝛤 1 + 𝛤 2 𝑒𝑉 𝛤 1 + 𝛤 2 )] (1.3)
with ε0-SEL the energy of the MO involved in the transport (with respect to the Fermi energy of the electrodes), Γ1 and Γ2 the electronic coupling energy between the MO and the electron clouds in the two electrodes, e the elementary electron charge, h the Planck constant and N the number of molecules contributing to the ET in the molecular junction (assuming independent molecules conducting in parallel, i.e. no intermolecular interaction [START_REF] Magoga | Conductance of Molecular Wires Connected or Bonded in Parallel[END_REF][START_REF] Reuter | Signatures of Cooperative Effects and Transport Mechanisms in Conductance Histograms[END_REF][START_REF] Trasobares | Estimation of π-π Electronic Couplings from Current Measurements[END_REF] ). by MCBJ (mechanically controlled break junction). After (Brunner, 2013). [START_REF] Brunner | Gaining Microscopic Insight into Molecular Junctions by Transport Experiments[END_REF] For the TVS method, we plot |V²/I| = f(V). [START_REF] Bâldea | Important Issues Facing Model-Based Approaches to Tunneling Transport in Molecular Junctions[END_REF] We note the transition voltages VT+ and VT-for both voltage polarities at which the bell-shaped curve is maximum. This threshold voltage indicates the transition between off-resonant (below VT) and resonant (above VT) transport regime in the molecular junctions and can therefore be used to estimate the location of the energy level. The value of ε0-TVS is given by the equation: (1.4)

The electrode coupling energy ΓTVS can also be determined by this relationship: [START_REF] Bâldea | Transition Voltage Spectroscopy Reveals Significant Solvent Effects on Molecular Transport and Settles an Important Issue in Bipyridine -Based Junctions[END_REF][START_REF] Xie | Energy Level Alignment in Molecular Tunnel Junctions by Transport and Spectroscopy: Self-Consistency for the Case of Alkyl Thiols and Dithiols on Ag, Au, and Pt Electrodes[END_REF] 𝐺(0) = 𝑁 * 𝐺 0 * 𝛤 𝑇𝑉𝑆 ² 𝜀 0-𝑇𝑉𝑆 2 (1.5)

with G(0) the zero-bias conductance (value obtained by the 1 st derivative of IV at V ~ 0V), G0

the conductance quantum (2e 2 /h=7.75x10 -5 S, e the electron charge, h the Planck's constant)

and N the number of molecules in the junction. ΓTVS is equivalent to the geometrical average of the SEL values (Γ1Γ2) 1/2 . [START_REF] Bâldea | Transition Voltage Spectroscopy Reveals Significant Solvent Effects on Molecular Transport and Settles an Important Issue in Bipyridine -Based Junctions[END_REF][START_REF] Xie | Energy Level Alignment in Molecular Tunnel Junctions by Transport and Spectroscopy: Self-Consistency for the Case of Alkyl Thiols and Dithiols on Ag, Au, and Pt Electrodes[END_REF] II. Generalities about polyoxometalates a) Chemistry of POMs

The story of the polyoxometalates (POMs) begins with the discovery of the elements molybdenum (Mo) and tungsten (W) by C.W. Scheele in 1742-1786. Around one hundred years later, in 1862, Marignac discovered and characterized the first heteropolytungstates. The polyoxometalates have aroused great interest and, in 1930, hundreds of these compounds were described in the Gmelin volumes. [START_REF] Mt Pope | Polyoxometalate Chemistry : An Old Field with New Dimensions in Several Disciplines[END_REF][START_REF] Moeller | Handbuch Der Anorganischen Chemie[END_REF]55 It is in 1933, with the achievement of X-ray analysis that Keggin defines precisely the structure of the heteropoly acid [H3PW12O40].6H2O with the arrangement of edge-shared polyhedra. [START_REF] Keggin | Structure of the Molecule of 12-Phosphotungstic Acid[END_REF] Then, in 1987 for example, 66 structures were published. [START_REF] Mt Pope | Polyoxometalate Chemistry : An Old Field with New Dimensions in Several Disciplines[END_REF] POMs are anionic clusters of metal oxides. They are written in the form XxMyOz n-with X a heteroatom and M a transition metal. Counter cations accompany the POM to make the total charge neutral. The counter cation can be a proton, an (organo)-ammonium cation, an alkaline or an organometallic complex. By consequence, the nature of this cation determines the solubility and acidity properties of the POM. POM clusters are soluble in many solvents, which makes them very popular. Like some reducing agents are soluble in only one kind of solvent, the counter cations can facilitate the capability of the POM to change its oxidation degrees. The use of alkylammonium cations allows to perform chemical reductions in non-aqueous solvents, while the presence of protons (or lithium ion Li + ) facilitate the reduction processes by protoncoupled electron transfers (PCET).

There are two main families of POMs, the isopolyoxometalates with the general formula Image from the reference. [START_REF] Bijelic | Polyoxometalates as Potential Next-Generation Metallodrugs in the Combat Against Cancer[END_REF] The Keggin structure [XM12O40] n-is an assembly of one tetrahedral XO4 (X = P, As, Si, B….)

and twelve octahedral MO6 {XM12}. Four triads M3O13 are built on edge-sharing octahedra. In the -isomer, the four triads, assembled around the central heteroatom, are further linked through corners. This gives a Td symmetry (tetrahedral group).

The Dawson structure [X2W18O62] n-{X2M18} can be viewed as resulting of the fusion of two trivacant Keggin structures [XW9O34] p-, one on top of the other.

Meanwhile, the Anderson [XMo6O24] n-, {XM6}, displays a central XO6 template (X being a metallic cation in that case Al(III), Cr(III), Mn(III), Ni(II), Zn(II), Te(VI) …). In this thesis we will also use the Preyssler anion [NaP5W30O110] 14-, which has the form of an ellipsoid. It is constituted of five PW6 units, arranged in a crown and encapsulating a sodium cation or a lanthanide. That is why the whole anion has an internal fivefold symmetry axis. A PW6 unit consists of two groups of three corner-shared WO6 octahedra. Each one shares a vertex with the central PO4 tetrahedron. [START_REF] Alizadeh | A Heteropolyanion with Fivefold Molecular Symmetry That Contains a Nonlabile Encapsulated Sodium Ion. The Structure and Chemistry of [NaP5W30O110]14[END_REF] The synthesis of the POMs starts by using a precursor of low nuclearity like [MO4] 2-(M = Mo, W) and a source of the heteroatom and by adding an acid for condensation. The synthesis conditions (pH, temperature, concentration, addition of another salt) of the reaction will allow us to obtain the POM type we want. Hereunder, the reaction (a) of [PMo12O40] 3-condensation is given:

59 12 [MoO4] 2-+ HPO4 2-+ 23 H +  [PMo12O40] 3-+ 12H2O
In the formation of POMs, the more acidic the solution, the more the POM will be condensed.

Conversely at higher pH or by adding a base to a complete POM, (multi)-vacant POMs, formally lacking one or several octahedra, are obtained, like [PW11O39] 7-(mono-vacant) or

[PW9O34] 9-(tri-vacant). The charge is centralised on the phosphate PO4 12-and (c) the pentagonal based {Mo8} motif to get the {Mo154} blue wheel. Images from the references. [START_REF] Yaqub | Electron Transfer to Covalently Immobilized Keggin Polyoxotungstates on Gold[END_REF][START_REF] Godin | Coordination Chemistry of the Hexavacant Tungstophosphate [H 2 P 2 W 12 O 48 ] 12- : Synthesis and Characterization of Iron( Iii ) Complexes Derived from the Unprecedented {P 2 W 14 O 54 } Fragment[END_REF][START_REF] Müller | Molybdenum Blue: A 200 Year Old Mystery Unveiled[END_REF] With simple POMs or bigger POMs, we can obtain an incredible number of POMs types. Those bulky anions have different sizes, shapes and charges. They induce different electronic and physical properties.

b) Electro-active molecules

An electro-active molecule is a molecule capable of accepting or giving one or several electrons by electron transfer during a chemical reaction called a redox reaction. POMs possess outstanding redox properties: most of them can successively and reversibly accept several electrons with minor structural rearrangement. [START_REF] Pope | Heteropoly and Isopoly Oxometalates[END_REF][START_REF] Mt Pope | Polyoxometalate Chemistry : An Old Field with New Dimensions in Several Disciplines[END_REF][START_REF] Sadakane | Electrochemical Properties of Polyoxometalates as Electrocatalysts[END_REF] Only the counter-ions reorganize themselves around the polyanions when there is a supplementary charge. The POMs are called "electron reservoir". The Keggin one can accept up to 32 electrons. It is because the LUMO is predominantly composed of non-bonding metallic d-orbitals, with a very small antibonding participation of oxygens p orbitals, as shown by some DFT calculations (Figure 1.9). 64 All these redox properties make the POM really interesting to catalysis applications. It is in this field that we find the most publications about POMs. [START_REF] Hill | Progress and Challenges in Polyoxometalate-Based Catalysis and Catalytic Materials Chemistry[END_REF] They have also applications in magnetic, photochemistry or biological field. [START_REF] Katsoulis | A Survey of Applications of Polyoxometalates[END_REF] But POMs also have a great time and thermal stability and they are studied for possible applications in nanoelectronic devices.

c) Polyoxometalates in molecular devices

To be used in molecular devices, the POMs have three important advantages compared to other molecules. They have a highly defined morphology, a good solubility in aqueous and nonaqueous solvents and most of all, a rich redox activity. Thanks to these properties, many studies have been done with POMs combined with other electrically active materials for electronic devices. As enumerated in the recent review by Le Yang et al. [START_REF] Yang | The Intrinsic Charge Carrier Behaviors and Applications of Polyoxometalate Clusters Based Materials[END_REF] , the charge transfer behaviors of POMs has been explored in POM-based devices. Indeed, several studies focussed on redox memory devices with the POMs embedded in a dielectric (insulating) layer, such as PMMA (poly(methyl methacrylate)) [START_REF] Velessiotis | Tungstate Polyoxometalates as Active Components of Molecular Devices[END_REF][START_REF] Coronado | Hybrid Organic/Inorganic Langmuir-Blodgett Films. A Supramolecular Approach to Ultrathin Magnetic Films[END_REF] or stacked with other insulating materials like SiO2, Ta2O5, reduced graphene oxides in the gate dielectric of a silicon transistor or capacitance. [START_REF] Oh | Formation of a Self-Assembled Monolayer of Diaminododecane and a Heteropolyacid Monolayer on the ITO Surface[END_REF][START_REF] Balliou | Molecular/Nanostructured Functional Metal Oxide Stacks for Nanoscale Nanosecond Information Storage[END_REF][START_REF] Busche | Design and Fabrication of Memory Devices Based on Nanoscale Polyoxometalate Clusters[END_REF] In these cases, it is difficult to establish a direct relationship between the redox state of the POMs and their electrical conductance.

In the other hand, it only exists few papers who studied/characterized the electronic transport properties of the POM alone inside a molecular junction. In another study, the same group has reported how the in-plane electron transport is related to the POM (H3PW12O40) density. [START_REF] Douvas | Polyoxometalate-Based Layered Structures for Charge Transport Control in Molecular Devices[END_REF] Monolayers are formed by electrostatic deposition and multilayers by LbL. As shown in Figure 1.12, different transport mechanisms were identified at sufficient applied bias (i.e. typically electric field > 10 4 V/cm). In (a), in the case of the short electrode gap (< 50 nm) gap and the high density of the monolayer, the electrons can tunnel to the other electrode. By increasing the size of the electrode gap, 150 nm (b), electron tunnelling is no longer possible, and electron transport via percolation pathways dominates. By decreasing the density (c), electrons can tunnel between adjacent aggregates (variable range hopping transport). Finally, with more layers (d), electron transport is systematically observed even with the wide electrode gaps, due to multiple percolated electronic pathways.

The NCM team at IEMN and the e-POM group at IPCM have also studied the electronic properties of SAMs of various POMs deposited on Au or Si substrates (Figure 1.13). The electronic properties of these junctions were characterised by measuring the current-voltage curves, I-V, at several scales (large area junction with Hg electrodes and at the nanoscale by C-AFM). [START_REF] Dalla Francesca | Charge Transport through Redox Active[END_REF][START_REF] Laurans | Molecular Signature of Polyoxometalates in Electron Transport of Silicon-Based Molecular Junctions[END_REF] Figure 1.13. Scheme of the molecular junctions (a) Si-POM//Hg (b)Au-C8--POM//C-AFM tip. [START_REF] Dalla Francesca | Charge Transport through Redox Active[END_REF][START_REF] Laurans | Molecular Signature of Polyoxometalates in Electron Transport of Silicon-Based Molecular Junctions[END_REF] In one case, POMs (TBA3[PM11O39{Sn(C6H4)C≡C(C6H4)N2}], M=W or Mo), which differ only by the transition metal, were covalently grafted onto a hydrogenated silicon (Si-H) surface via a diazonium salt reaction (Figure 1.13a). [START_REF] Vilan | Analyzing Molecular Current-Voltage Characteristics with the Simmons Tunneling Model: Scaling and Linearization[END_REF] The top electrode was a mercury drop. The main result was that the electronic structure of POMs in solution (i. The electronic transport properties of POMs at different redox states have not been widely explored in the literature. Turo et al. [START_REF] Turo | Co 2+ -Linked[END_REF] showed that the conductivity of single crystal, a metaloxide-framework (MOF), of [NaP5W30O110] ). [START_REF] Linnenberg | Addressing Multiple Resistive States of Polyoxovanadates: Conductivity as a Function of Individual Molecular Redox States[END_REF][START_REF] Notario-Estévez | Computational Study of the Staircase Molecular Conductivity of Polyoxovanadates Adsorbed on Au(111)[END_REF] In that case, DFT calculations 80 explained this behavior by the gradual filling of the vanadium d-levels in the projected density of states (PDOS). 

III. The development of reconfigurable and unconventional computing devices

Neurons are the main components of the nervous system. When there is a stimulation of sufficient intensity, an electrical signal in the form of an action potential passes through the neuron, this is the nerve signal. Once in the synapse area, this signal is chemically transmitted from one neuron to the next one by neurotransmitters. The nerve signal is therefore an electrochemical signal and it is on this model that artificial neuromorphic systems are based.

The two main approaches to realise these systems are software and hardware, they are called "Artificial Neural Network" (ANN). In hardware, the ANN nanoarchitecture is built in the classical way using top-down or bottom-up methods. [START_REF] Demis | Atomic Switch Networks-Nanoarchitectonic Design of a Complex System for Natural Computing[END_REF] Top down approach is based on the physics of silicon devices in order to reproduce the biophysics of nervous tissue 82 i.e. Si-CMOS (complementary metal oxide semiconductor) and trend to reach physical limitations. Emerging technologies using bottom-up approach with non-volatile memory (examples detailed in the review by Burr et al. 83 ) become a good perspective to this field. [START_REF] Pecqueur | Perspective: Organic Electronic Materials and Devices for Neuromorphic Engineering[END_REF] A network of neuron-like processing units interconnected via synapse-like weighted links represents this approach. However, the limitations of these architectures prevent a good distinction of signals and a good adaptation to noise levels in the environment. [START_REF] Jaeger | Tutorial on Training Recurrent Neural Networks[END_REF] To best mimic the function of the brain, and to overcome these difficulties [START_REF] Verstraeten | An Experimental Unification of Reservoir Computing Methods[END_REF] Reservoir Computing (RC) has been proposed.

a) Introduction to Reservoir Computing

The In the RC approach, the input signals excite a reservoir with complex dynamics and highly nonlinear properties composed of nodes and links. The signals propagate between nodes that are interconnected by links with random "weights" (high variability) (Figure 1.17). In the reservoir, the input signals are projected into a higher-dimensional representation space. The signals of some output nodes are read by an output layer, a simple algorithm for supervised learning of binary classifiers called a perceptron [START_REF] Rosenblatt | The Perceptron: A Probabilistic Model for Information Storage and Organization in the Brain[END_REF] , which is trained to perform a given information processing task. That is to say, only the readout weights are trained with a learning algorithm and not the input weight and the weight of the recurrent connections in the reservoir.

RC systems could be seen as attractive learning machine. They are easy to construct and optimize (few parameters, less computational requirements). When the perceptron is trained properly, they are efficiently robust to input and state noise. They are not sensible to some variations in their internal parameters, due to random fabrication of reservoirs. Moreover, it is possible to use the same reservoir for different tasks simultaneously. Finally, RC shows competitive performances in a variety of temporal signal processing tasks. [START_REF] Verstraeten | Reservoir Computing : Computation with Dynamical Systems[END_REF] All these elements make RC a really low-cost approach compared to a standard RNN.

Of course, these advantages must be tempered by the all-important criterion of technological maturity, which will enable the transfer of neuromorphic technologies to the industrial level.

The physical implementations can be dynamic system models, such as electronic, photonic, spintronic, mechanical, biological and more recently molecular (cf. review by Tanaka 90 ). In electronics, CMOS components were used in these systems but their identical electronic character does not satisfy the wide variability conditions. The wide dispersion of transport properties in molecular electronics could lead to a more efficient RC.

b) At the molecular scale

Components based on polyelectrolyte, notably Organic Electrochemical Transistors (OECT), have been implanted in these RCs, allowing new advances in bioelectronics. [START_REF] Pecqueur | Neuromorphic Time-Dependent Pattern Classification with Organic Electrochemical Transistor Arrays[END_REF][START_REF] Van De Burgt | Organic Electronics for Neuromorphic Computing[END_REF][START_REF] Gkoupidenis | Neuromorphic Functions in PEDOT:PSS Organic Electrochemical Transistors[END_REF][START_REF] Van De Burgt | A Non-Volatile Organic Electrochemical Device as a Low-Voltage Artificial Synapse for Neuromorphic Computing[END_REF] In a wider approach, systems based on nano-objects (nanoparticles, nanowires, nanotubes, molecules,…) are also prone to be used to implement unconventional computing devices. They represent an example of the so-called research field "evolution-in-materio (EIM)". Briefly, EIM deals with the manipulation of physical systems by computer-controlled evolution, exploitable at the molecular level. [START_REF] Miller | Evolution-in-Materio: Evolving Computation in Materials[END_REF][START_REF] Miller | Evolution in Materio: Looking beyond the Silicon Box[END_REF] For example, Bose et al., [START_REF] Bose | Evolution of a Designless Nanoparticle Network into Reconfigurable Boolean Logic[END_REF] proposed a system with nanoparticles (NP) surrounded by octanethiol, connected between several electrodes (Fig. 1.18). Each NP act as a nonlinear single-electron transistor and electron transport is dominated by Coulomb blockade. The disordered network, combined with a genetic algorithm (GA), is prone to various logic gates reconfigured and some Boolean functions as AND, OR, XOR were demonstrated.

All this work has been done at 5K. 1.18. Schematic of the device layout of reconfigurable logic. [START_REF] Bose | Evolution of a Designless Nanoparticle Network into Reconfigurable Boolean Logic[END_REF] Bose with the team of Simon A. Brown have also done similar work with atomic switch network (ASN) using simulations and experiments. [START_REF] Miller | Evolution in Materio: Looking beyond the Silicon Box[END_REF][START_REF] Bose | Evolution of a Designless Nanoparticle Network into Reconfigurable Boolean Logic[END_REF][100] ASN has been proven to generate network level dynamics that resemble those observed in biological neural networks. Indeed, atomic switches induce high non-linear and variable electronic switching behaviours. They have optimised a self-assembled ASN with Sn NP and succeeded to fabricate tunnelling-percolating devices.

This process facilitates critical avalanches of signals (quantitatively the same as the one in cortical tissue), promising good advanced in brain-like networks. [100][101][102] The teams of Gimzewski and Aono has also use ASN, this time with disordered sulfurized silver (Ag2S) nanowires to introduce a RC. [START_REF] Linnenberg | Addressing Multiple Resistive States of Polyoxovanadates: Conductivity as a Function of Individual Molecular Redox States[END_REF][101][102][103] The fabrication of such component creates some hazardous/random interconnections between these nanowires who act as the links and the interconnections between them are the nodes. The input signal can follow different pathways through the network and the output electrodes and the perceptron is trained to reconstruct three signals with well defined waveforms (sinus, square and triangle). [START_REF] Demis | Atomic Switch Networks-Nanoarchitectonic Design of a Complex System for Natural Computing[END_REF][103][104][105] Another example included POM at room temperature. Indeed, molecular neuromorphic devices, composed of a dynamic dense network of single-walled carbon nanotubes (SWNTs) complexed with POMs, generates spontaneous spikes and noise. Simulation has been done to know if this organic material can be inserted into the reservoir of the RC by pushing the redox properties of the POMs. It turned out that we can pass progressively from a charging and discharging, respectively due to reduction and oxidation reactions (figure 1.19a). This arises the advantage of inherent non-linear dynamics. 106 Banerjee et al. 107,108 extended this simulation to experiment by adding porphyrins to the complex. They success to reconstruct six Boolean functions via supervised training of linear voltage readouts at room temperature. Finally, they demonstrated the implementation and integration of this RC at the hardware level (Figure 1.19b). These results show promising role of porphyrin-[SW10V2O40] 4-in RC and in our work, we will explore this capability using the POM alone. 

IV. Conclusion of chapter 1

To conclude, in this chapter, the basic concepts were introduced and the key words of the work were discussed. The chapter 2 will be focused on vertical molecular junctions with the C-AFM tip as the top electrode. They are made of two polyoxometalates, [PMo12O40] 3-and

[NaP5W30O110] 14-, monolayers self-assembled on ultra-flat Au electrodes. The electron transport properties at different redox states and the influence of the counter-cations will be detailed. The chapter 3 will present the study of some planar molecular junctions made of a two-dimensional network of Au nanoparticles (NPs) and POMs. They are called 2D-PNs: 2D POM networks. Several assembly processes were studied and optimized, they will be described and some electronic properties will be explored. Finally, the last chapter will not be based on POMs but a material close to, the metal oxide nanowires W18O49. The choice of this type of nanowires will be explained later in the chapter 4 as well as their synthesis, the electronic properties of a single nanowire and 2D networks of them. 

Contents of chapter 2

Chapter 2 Vertical nano-molecular junction

The goal of this chapter is to discuss the electronic properties of polyoxometalate-based molecular junctions with an ultra-flat gold surface as the bottom electrode and the conductive -AFM tip as the top one. The structure of the molecular junction is the same during this entire chapter.

I. Fabrication of the molecular junctions and methods of electrical measurements

The detailed protocol is explained in annexe A2.1.

 Bottom electrode

To obtain a flat surface of the electrode, we used template-stripped gold surfaces ( TS Au). 111,112 The gold thickness is around 400 nm and the Ti around 40nm. Briefly, an Au film is evaporated by sputtering on a flat silicon wafer, transferred to a glued clean glass piece, mechanically stripped with the gold film attached on the glass piece (figure 2.1 (a)).

 Monolayer

The POMs are inserted in the MJ by electrostatic interaction using SAMs. The first step consists of adding some charge to the surface of the electrode by using an aminoalkylthiol SAM. The electrode is dipped in a solution at 10 -3 M of aminoalkylthiol in ethanol overnight, then immersed in Phosphate Buffered Saline (PBS) to obtain a SAM surface with a low roughness.

Indeed, it has been proven that this PBS treatment optimizes the of NH3 + /NH2 ratio on the surface and consequently removes the formation of aggregates on the aminoalkylthiol SAMs and avoids clustering of POMs during the electrostatic deposition. [START_REF] Dalla Francesca | Charge Transport through Redox Active[END_REF] For the following, we will write CX with X the number of CH2 in the alkyl chain. In this work, we used C2 and C6 SAMs. Once at the surface, there will be some positive charges due to the partial protonation of the terminal group: NH3 + (~ 30 -50%) [113][114][115][116] . By immersion of the functionalized substrate in a solution at 10 -3 M of POMs in solvent (H2O or acetonitrile) during few hours, one monolayer of POMs is electrostatically deposited (whatever the immersion time). To be sure that the monolayer is grafted, at each step, ellipsometry measurements were done (annexe A2.1). Moreover, the roughness of the modified substrate has been also determined by using the tapping mode of AFM (annexe A2.1). 

 Top electrode

The top electrode is a C-AFM tip in full metal, the platinum (purchased from Rocky Mountain Nanotechnology, model 12PT400B, k=0.3N/m). This tip is chosen because of the good aptitude to contact the surface and to use a low loading force. The loading force is around 6 -11 nN. By fixing the force, we also control the number of molecules connected in the MJ (larger the loading force, larger the tip contact area and the number of molecules).

We will note TS Au-Cx/POM//Pt the short name of the MJ with "-" a chemical bond, "/" an electrostatic bond and "//" a mechanical contact.

 Electrical measurements

The current-voltage (IV) curves of the MJs were acquired by C-AFM (ICON, Bruker) operated in ambient conditions in an air-conditioned laboratory (at room temperature RT=22°C and 35-40% of relative humidity), the C-AFM tip is grounded, and the voltage is applied to the substrate from -1.5V to +1.5V (typically). Once the loading force is calibrated, 100 current-voltage (IV) traces are recorded with back and forth voltage sweeps and at three different zones (Figure 2.1b), thus given a dataset of 600 I-Vs for each sample (see details in annexe A2.2). After cleaning the dataset (see details in annexe A2.2), these IVs are plotted as a 2D histogram (or heat map) in a semi-log scale to obtain an overview of the current, and dispersion, involved during the measurement. 1D histogram of log(|current|) at a known voltage are also given to further analysis. Then, the electronic structure (e.g. energy position of the MOs, electronic coupling to electrodes,…) is estimated with the SEL model and TVS method (see Section Ic in Chap. 1). The fit of the SEL model is combined with the TVS method and we limited the fits of the SEL model to an optimized voltage window to obtain the best determination of ε0 (see details in annexe A2.2). Sometimes, the number of molecules contributing to the electron transport (ET) in the MJ can be estimated using mechanical models of the tip/SAM interface when the Young modulus of the SAM is reasonably known. [117][118][119][120][121] This is not the case here for the POM/alkyl SAM system, the Young modulus has not been determined. That is why we use N=1 all along this chapter. The exact value of N does not change significantly the fitted parameter ε0.

II. Redox-controlled conductance of PMo 12 molecular junctions

The main objective is to examine the repercussion of adding one electron (i. PMo12(0) and PMo12(I) have been synthesized according to previously published procedures. 122,123 To synthesize the PMo12(0), 60 mL of a 1M solution of sodium molybdate dihydrate Na2[MoO4].2H2O was added to 9 mL of nitric acid HNO3 and 50 mL of 1,4-dioxane. Then, 5 mL of a 1 M solution of orthophosphoric acid H3PO4 and 5g of tetrabutylammonium bromide NBu4Br (TBABr) are added under stirring. After filtration, the yellow heavy solid is immersed in 50 mL of boiling water and stirred, filtered again and washed with 50 mL of water, 100 mL of ethanol and diethyl ether until obtaining of a yellow powder. It is finally recrystallized in hot acetone (30 mL of hot acetone for 1 g of powder). After three days in the refrigerator, the mixture is filtered and yellow crystals are collected, dried under vacuum several days at 60°C.

Note that during the experiment, the POM was handled with glass spatula/material to avoid its reduction.

The redox properties of the POM were checked by cyclic voltammetry (CV). Here, we process to one mono-electronic reduction by reaction with phenyllithium in acetonitrile:

(TBA)3[PMo VI 12O40] + LiC6H5 + TBABr → (TBA)4[PMo VI 11Mo V 1O40] + LiBr + 1 2 ⁄ C12H10
Precisely, 100 mg of (TBA) 3[PMo12O40] is dissolved in a minimum volume of dry acetonitrile (∼6 mL) in a dry Schlenk tube containing a magnetic stir bar, under argon. Under stirring, few drops of phenyllithium are added to the PMo12(0) solution until the solution displays a blue color. 15 mg of NBu4Br is added to the solution followed by the addition of ∼ 15 mL of diethylether, leading to the formation of a blue precipitate. The suspension is filtered on a cellulose membrane. The blue solid is subsequently washed with 10 mL of tetrahydrofuran and 10 mL of methanol. It is finally dried under vacuum, in the dark.

The first indication of the oxidation degree change is that the POM powder passes from yellow to a blue color. Then, we have successively characterized the composition of the product by 31 P NMR, solution UV-vis spectra and XPS on powder (technical details in annexe A2.3). (APTES) that give a better uniform deposition of the powder than on Au functionalized with aminoalkylthiol. Figure 2.4 (c and d) shows the Mo3d spectra. The energy splitting between the 3d3/2 and 3d5/2 peaks is fixed to 3.15 eV with an amplitude ratio of 0.67. From the peak areas, we calculate the Mo(VI)/Mo(V) ratios of 12.1 for PMo12(0) and 3.9 for PMo12(I).

The PMo12(0) and the PMo12(I) (respectively short name for the pristine and reduced to one electron POM) have been inserted in the MJ with short alkyl chain (C2) and long alkyl chain (C6) aminoalkylthiol SAM as described in the previous part (Chapter 2_I).

 Ellipsometry and topography

The thickness and the roughness of the layer have been checked after the deposit of the alkyl chain alone and with the POM (Table 2.1) by ellipsometry and TM-AFM (technical details in annexe A2.1). Figure 2.5 shows the TM-AFM image of the layers. As expected, the thickness of the C2 SAM is almost twice thinner than with the C6 molecules.

The thickness of the PMo12 alone is around 8 Å in the four configurations. Concerning the rms roughness, the reference of TS Au is 0.3-0.4nm. 111,112 On the TM-AFM images (Figure 2.5), we can see some dark spots due to pinholes in the underlying Au substrate. They are masked for the analysis. With a short or long aminoalkylthiol SAMs, we notice that the deposition of the POM does not have an important impact on the roughness and the surface is still featureless.

With the short SAM, the roughness is a bit larger, in agreement with the known feature that shorter alkyl chains lead to more disordered SAMs. [START_REF] Ulman | An Introduction to Ultrathin Organic Films: From Langmuir--Blodgett to Self--Assembly[END_REF] In theory, the PMo12 size (diameter) is supposed to be 10 Å. Here, the thickness of the POM SAM can be a little smaller due to the voids in a close-packed monolayer of spheres. 125 Still, in the four monolayers, we can conclude that the POM coverage is almost complete.

b) Electron transport properties of C2 and C6 MJs

Firstly, the electronic properties of the SAM C2 ( These datasets are the reference for the ET properties of SAM/POMs MJs.

c) Electron transport properties of C2/PMo12 MJs

We first present the electron transport properties of the PMo12 deposited on a C2 SAM. All these parameters are summarized in the Table 2.2 below: The coupling values are around few meV and again no significant difference is observed between the two states of the PMo12 junctions.

The same experiment has been done with a longer aminoalkylthiol SAM: the C6. 94 IV curves have been selected for the MJ with the PMo12(0) and 356 IV curves for the MJ with the PMo12(I) (see methodology in annexe A2.3). There is less curves with the PMo12(0) because current is lower and a high transimpedance gain (100 pA/V) is used on the C-AFM equipment, and many IVs are really noisy and are removed to avoid distorting of the statistic (see annexe A2.3). Indeed, by comparing the 2D histograms of both the junctions, we can clearly see a difference of level of the currents. Looking in more details, the mean current at -1.5V is a factor ∼10 lower for the PMo12(0) than for PMo12(I). With the PMo12(0), no current asymmetry ratio is observed, contrary to the MJs with the PMo12(I) for which R -is around 5.5

d) Electron transport properties of C6/PMo12 MJs

(Fig. 2.12(d)).

To compare the difference of the current with the long and short SAMs, we notice that with a longer SAM, the oxidation state of the POM has an influence on the current: adding one electron to the structure gives a factor 10 increase of the current. In addition, the asymmetry behavior of the IVs for the PMo12(I) is clearly more important with the C6 SAM.

 In-situ UV irradiation

As it implies that we can electronically recognize a TS Au-C6/PMo12(0)//Pt to a TS Au-C6/PMo12(I)//Pt, we then follow in-situ the reversible reduction/re-oxidation of the POMs in the SAMs by C-AFM. This is possible because excitation of a POM in the UV-range indeed results in oxygen-to-metal charge transfer transitions, increasing its oxidising character. 127,128 The reducer can be less powerful than in a classical chemistry reaction and we suppose here the sacrificial reducer is the amine function of the SAM (see also discussion section below).

Previous examples, as mentioned in Chapter 1_IIc with Preyssler crystal, exist but have never been observed at the molecular level in MJs.

Starting from a TS Au-C6/PMo12(0)//Pt, we measure a dataset of I-Vs (Figure 2.13). Secondly, the POM layer is irradiated under UV light at 302 nm (analytikjena lamp, power ~ 0.5mW/cm², details annexe A2.4). The kinetic of reduction is slow in this way (for example, 2 hours in solution) so we irradiated the MJs during few hours. As soon as we turn off the UV light, we process of the second measure of the IVs. The kinetic of the re-oxidation state of the POM is also slow, letting the time to do the second round of C-AFM measurements. Then, we let the POM layer in ambient air either at room temperature (overnight) or under a moderate heating (2h at 80°C on a hotplate in air). A third time of IV measurement is done and all this process is repeated twice. The figure 2.14 shows the evolution of the mean current recorded at -1V during this 3 irradiation/relaxation cycles. We observe a clear increase in the conductance upon UV irradiation, followed by a return to a state of lower conductance after stopping the irradiation.

From the previous experiments of the MJs directly prepared with the POMs in their PMo12(0)

and PMo12(I) states, we can deduce that the PMo12(0) monolayer is in-situ photo-reduced at one electron and subsequently air re-oxidized. This is coherent with photochromic materials applications due to their photochemical reduction. 129 This behaviour was also verified on a drop cast film of PMo12(0) on a glass substrate in reproducible condition (more important thickness but visual change of colour, see annexe A2.5). Thus, we demonstrate that it is possible to change the redox state of PMo12 in-situ at the monolayer scale.

 Electronic structure of the molecular junctions

To push the analysis further and to understand better the difference of electron transport between the two oxidation states, the determination of the energy position of the MOs has also been studied with the average curves (Figure 2.15) and in a statistical way (Figure 2.16) as explain previously. This time, TVS is applied to the two oxidation/reduction states but the SEL model is only applied to the C6-PMo12(0) (in the range ± 1.0V). Indeed, the SEL model is valid as long as the applied voltage does not drive the MO near the Fermi energy of the electrodes (i.e. ET in the off-resonance situation). When it is not the case, the model is not well fitted (Figure 2.15c) so it cannot be used and the analysis is only done by TVS method. For the TS Au-C6/PMo12(0)//Pt, the average ε0 values are 0.69 and 0.70 eV with SEL model and TVS respectively. For the TS Au-C6/PMo12(I)//Pt, the average ε0 value is lower, 0.33 eV. From the statistical distributions of the TS Au-C6/PMo12(0)//Pt, the ε0 values given by the two approaches are quite close with an average value around 0.7 eV. This energy value is relatively much higher than for the TS Au-C6/PMo12(I)//Pt of 0.41 eV. This difference is in a good agreement with the clear difference of current between both the junctions (higher the energy position of the MOs with respect of the electrode Fermi energy, lower the current in the MJ).

Again, the electronic coupling energies, Γ1 and Γ2, to the electrodes have been also determined from the mean Ī-V curves (Figure 2.15) of both junctions and in a statistic way for the PMo12(0)

with SEL model (Figure 2.17). The values are dispersed in the range 0.05-0.15 meV for Γ1 and 0.08-1 meV for Γ2. All these parameters are summarized in the Table 2.3 below: 

 Machine Learning and clustering

Since the datasets are largely dispersed, we also used a clustering method to separate the data in different clusters. This analysis has been done in collaboration with M.L. Perrin and M.

Calame (Transport at nanoscale interfaces laboratory, EMPA, Dübendorf, Switzerland). We applied machine learning (ML) and classified all the individual I-V curves according to common characteristic parameters (pattern recognition), e.g. shape of the I-V (linear, sigmoidal, presence of negative-differential resistance peaks, current level, etc…). [130][131][132][133] More precisely, we used an unsupervised, reference-free tool developed by the team of M.L Perrin. 130,131 Following the benchmark reported in ref.

131, we used:

-UMAP(cos.) (uniform manifold approximation and projection with a cosine distance metric) for feature space construction -GAL (graph average linkage) for the clustering algorithm with an optimal number of 5 clusters (the choice of 5 clusters is justified in annexe A2.6).

For this study, the whole dataset of the I-Vs is used. 2.4) (same behavior for the data obtained by SEL, Table 2.4). This results counterbalance each other. Indeed, a larger ε0, i.e. a MO far away from the Fermi energy of the electrodes tends to decrease the current, while a better electrode coupling energy tends to increase the current. We also observe that clusters 2, 4 and 5 display almost symmetric mean Ī-Vs (with R -= Ī(-1.5 V)/(1.5 V) < 2), while a slight negative asymmetry is noticed for cluster 3 with R -≈ 2.8 (Table 2.4). This trend is confirmed by a statistical analysis on all the I-Vs belonging to each cluster as shown above (Figures 2.21 The same methodology is applied with this MJ. For the TS Au-C6-PMo12(I)//Pt junctions, ε0-TVS value around 0.4 eV and ΓTVS 0.35 -1.1 meV (Figure 2.25, Table 2.4), characterize the clusters 2 and 3. Whereas clusters 4 and 5 have a lower ε0-TVS around 0.3 eV (Fig. 2.25) but also a lower ΓTVS (0.068-0.094 meV). With the reduced POM, we notice again that all the mean Ī-Vs traces are asymmetric with the clusters 4 and 5 displaying the highest R -values (5-8, Table 2.4). Again, this trend is confirmed by a statistical analysis on all the I-Vs belonging to each cluster (Figures 2.26, 2.27 and 2.28). Thanks to the global analysis including the mean Ī-V and statistical analysis, we suggest the energy scheme shown in Figure 2.29 for the TS Au-C6-PMo12(0)//Pt and the TS Au-C6-PMo12(I)//Pt junctions. 2.

3).

For the C6-PMo12(0), the electron transport occurs through the LUMO, that is at about 0.7eV above the Fermi level (ε0-SEL= 0.67 ± 0.15 eV, ε0-TVS = 0.73 ± 0.37 eV, Table 2.3), as determined by the SEL and TVS analysis of the I-V measurements (Fig. 2.10). This value is in a good agreement with a LUMO at -4.5 eV (vs. vacuum energy, theory) 134 and work functions (WF)

of Au (≈4.8-5.2 eV) and Pt (≈5.6 eV). The interface dipole and the details of the molecule/metal contact dictate the exact alignment of the MOs with the Fermi energy of the electrodes. [135][136][137] Here, some ab-initio calculations are in progress 138 and cannot be unveiled at the time of writing this PhD thesis (collaboration with L. Vila-Nadal and V.P. Georgiev, Glasgow University).

This LUMO energy level is also consistent with the cyclic voltammetry measurements (LUMO at -4.9 eV, Figure 2.2). According to previous reports, the HOMO-LUMO gap is around 1.9-2.2eV 134,138,139 and the HOMO is not involved in the ET property of the MJ.

For the C6-PMo12(I), the additional electron involves a new MO, the SOMO (Single Occupied Molecular Orbital). This SOMO is located near to the electrode Fermi level, as also noticed when open-shell radicals are implemented in MJ. [140][141][142][143][144][145] The calculated SOMO-SUMO gap is reduced to around 0.4eV 138 and both orbitals can now contribute to ET in the junctions. This leads to the experimentally observed increase in current.

The experimental value of ε0-TVS = 0.41 ± 0.14 eV (Table 2.3) is attributed to the SUMO level, in accordance with preliminary calculations. 138 The SOMO stay close to the Fermi energy. This result highlights the good stability of the open-shell structure of the C6-PMo12(I) molecules at room temperature when inserted in the MJ. Indeed, the SOMO is localized on the Mo atoms and therefore it is integrated into the molecule. Like this, it is partly protected from a too strong interaction with the electrodes that can result in a rapid return to the PMo12(0) state. A similar result has been recently demonstrated using a verdazyl radical, stable in the same conditions (stable in its open-shell configuration at RT in a MJ). 143 We obtain a higher value ε0 ≈ 0.9 eV for the reference sample without the POMs, so TS Au-C6//Pt junctions (vide supra). This value is consistent with what we can find in the literature about the LUMO position of alkyl chains SAMs on Au. [START_REF] Ricoeur | Molecule/Electrode Interface Energetics in Molecular Junction: A "Transition Voltage Spectroscopy[END_REF]146 Consequently, the C6 playing the role of a thin tunnel barrier between the bottom electrode and the POM and so, the determined values of ε0 discussed above can be entirely attributed to the POM MOs.

Moreover, the different shape of the I-Vs can also be related to the difference of the electron transport through C6/PMo12(0) and C6/PMo12(I). For a reminder, we observed almost symmetric IVs for the pristine POM and asymmetric IVs for the reduced one.

On closer inspection of the energy diagram (Fig. 2.29), the TS Au-C6/PMo12(0)//Pt, we see that the LUMO is near the grounded Pt electrode and can induce an asymmetry. Indeed, when we applied a negative voltage, the Fermi level of the TS Au electrode is moved upward and so the LUMO of the POM is between the Fermi levels of the two electrodes. In contrast, by applying a positive voltage, the LUMO level stay higher than the levels of the two electrodes. [147][148][149][150] In this case, this MO cannot be involved in the ET. We conclude that at negative bias, we have a On the opposite, we notice an asymmetric IV shape for all the dataset for the TS Au-C6/PMo12(I)//Pt junctions. The SOMO and SUMO are closer to the Fermi energy of the electrodes than in the previous case (HOMO-LUMO for the C6-PMo12(0)). Consequently, we hypothesize that when we applied a negative bias, the two MOs are between the Fermi level of the two electrodes (Fig. 2.9(b) and so, the two MOs can be involved in the ET. At positive bias, the Au Fermi level is lowered and only the SOMO is involved (like almost aligned with Pt Fermi level). Finally, since the current of PMo12(I) MJs is larger than for the C6 SAM alone, the direct tunnelling current mentioned before is negligible. To conclude, the asymmetric behaviour derives from the fact that two MOs are involved at negative voltage instead of one for positive voltage.

These hypotheses must be confirmed by ab-initio calculations. The IV behaviour is dependent on the shift of the MOs (Stark effect) and likely on the dipoles (e.g. between (PMo12) 4-and NH3 + , (PMo12) 4-and TBA + , charge transfer at the electrodes) who can change the junction energy landscape. 151 Finally, the change of the shape of the IV curves (symmetric vs. asymmetric) has also been recently illustrated when switching a molecule between closed-shell and open-shell (radical) configurations. 143,145 The above discussion is the result of the global overview of the dataset. Now, the ML and clustering methods help us to distinguish different behaviours inside the large dispersion of the IV dataset.

For the TS Au-C6/PMo12(0)//Pt, we notice two clusters with high current level (#2 and #3, 0.1 - 2.20). However, the current level is near the sensitivity limit of the current-voltage preamplifier so the I-V curves are really noisy. What is important to notice is that the cluster 3 is the only one to display a slight asymmetric shape of the I-V curves (Table 2.3).

1 nA at +/-1.5V).
For the TS Au-C6/PMo12(I)//Pt, we can also determine two series of two clusters each. As previously, the first one includes the clusters with the highest currents (≈ 10 nA at +/-1.5 V).

They are characterized by a MO level around 0.4 eV, as also found in the Figure 2.8, with the largest electronic coupling to the electrodes (0.35-1.1 meV). Unlike in a second series, the energy level is slightly lower (≈ 0.3 eV), as well as the electrode coupling (0.07-0.1 meV).

These elements lead to the lowest current level (≈ 10-100 pA et +/-1.5 V). The distinction of the two series may be due to different configurations of the PMo12(I) between the C6 SAM and the C-AFM tip, as well as fluctuations of the SAM/Pt tip contact. Here, compared to the PMo12(0) case, all the clusters display asymmetric shape (with the largest one for clusters 4 and 5, Table 2.3).

To summarise, the ML and clustering methods show us that asymmetric feature can be considered as a fingerprint of the reduced POM and so the PMo12(0) cluster 3 would correspond to the fact that a small fraction of reduced Mo (≈ 19%) in the pristine PMo12 product as observed from XPS (Figure 2.4).

 C2/PMo12 MJs

The analysis of the TS Au-C2/PMo12//Pt has not been pushed further since we observed the same behaviour with the pristine and reduced POM.

First, this time, we have more current with the C2 SAM alone than for the C2-PMo12 (Figure 2.6 and 2.8). The coupling energy with a C2 is 10 times bigger than with a C6, probably due to the better insulating character of C6. As C2 is very thin, this alkyl chain could be not efficient enough to isolate the reduced POM from the electrode. During the deposition, the added electron can spontaneously and rapidly go back to the bottom electrode and maybe we observe each time an oxidized POM. To conclude, a hypothesis could be the possibility of a "spontaneous" back to the pristine form.

f) Summary and outlook

To summarise, in this part, we have shown that the monolayer PMo12 is stable enough to do some electronic measurements at room temperature condition with the molecule in the pristine (oxidized) or one-electron reduced state. If the PMo12 molecules are "decoupled" from the underlying metal electrode by an alkyl chain of a sufficient length (6 carbon atoms), we have demonstrated several results by combining: i) electron transport measurements at the nanoscale (C-AFM on self-assembled monolayers), ii) analytical models statistically applied on large current-voltage datasets and iii) unsupervised machine learning and clustering algorithms.

1.We demonstrated a reversible redox switching triggered in-situ by UV photoreduction.

2. The one-electron reduced PMo12 (open-shell state) is stable in the molecular junctions in air and at room temperature, the spontaneous return to its oxidized state laps for several hours to days.

3. The reduced PMo12 molecular junctions are characterized by an increase of the conductance (a factor ∼ 10) and asymmetric current-voltage curves.

4. The electron transport in the pristine PMo12 junctions is controlled by the LUMO located at ∼ 0.6-0.7 eV above the Fermi energy of the electrodes, with 25% of the junction dataset characterized by a better electronic coupling to the electrodes.

5. The electron transport in the reduced PMo12 junctions and the asymmetric current-voltage behavior is ascribed to a combined electron transmission through energetically closed (0.3-0.4

eV) SOMO and SUMO levels near resonance with the Fermi energy of the electrodes.

These results have been published in the journal Nanoscale. 152 We were wondering if we can obtain similar results with another POM or if it is proper at this one.

III. Study of a second POM: P 5 W 30

We have chosen to work with the Preyssler anion, [Na⊂P5W30O110] 14-(Figure 2.30) because it can be easily reduced at several electrons. [START_REF] Alizadeh | A Heteropolyanion with Fivefold Molecular Symmetry That Contains a Nonlabile Encapsulated Sodium Ion. The Structure and Chemistry of [NaP5W30O110]14[END_REF][START_REF] Turo | Co 2+ -Linked[END_REF]153 In this report, we will call it P5W30. We started by a study of the in-situ reduction of this POM. We proceed to the irradiation of ((NH4) + K13 + ) [Na⊂P5W VI 30O110]

14-, for short KP5W30. This POM has been synthetized and characterized by the ePOM team and its synthesis is not developed here. The molecular junctions have been fabricated as indicated above (Chapter2_I)

with a C6 SAM. The measured size of the POM layer is 9Å by ellipsometry. The KP5W30 POM has a crown shape molecular structure with a 5-fold symmetry, an external diameter of about 18 Å and a height of about 13 Å. Probably, in this configuration, the POM is deposited with the long axis parallel to the C6 SAM surface. First, we measured by C-AFM the I-Vs with the KP5W30 at the oxidized state. Then, the sample is irradiated under UV-light at 302 nm (analytikjena lamp, power ~ 0.5mW/cm²) in a solution of methanol during few hours. Methanol plays the role of the sacrificial reducer by following this reaction: 128

((NH4) + K13 + ) [Na⊂P5W VI 30O110] 14-+ 𝑥 2 ⁄ CH3OH  ((NH4) + K13 + Hx + ) [Na⊂P5W VI (30- x)W V xO110] (14+x)-+ 𝑥 2 ⁄ HC(O)H
By trying to reduce this way, we cannot know how many electrons this POM is reduced so we call it KP5W30(x). We obtain the 2D histograms shown in Figure 2.31 below. In both junctions, there are 444 curves. It seems that in the 2D histograms there is a trend to an increase of the current upon reduction. Comparing the evolution of the current histograms after irradiation at -1V, we notice that we pass from a log-mean(I) value at -9.73 (Ī = 1.9x10 -10 A) to -8.91 (Ī = 1.2x10 -9 A), which represent an increase factor around 8. At +1V, we obtain a mean value -9.98 (Ī = 1.0x10 -10 A) for the pristine POM and -9.69 (Ī = 2.0x10 -10 A) for the irradiated one, which corresponds to a slight increase (factor ~ 2), negligible compared to the large current dispersion.

This preliminary result seems less relevant than with the PMo12 but still showing the same trend. Note: This shoulder let us think that maybe two channels of conduction co-exist. During some measurements, electrons can pass by one of these two channels. One is predominating before the shoulder and the second one after. The two channels can be two MO of the P5W30, the LUMO and the LUMO +1. Another hypothesis is as at small voltage, the IV looks similar to the IV of the SAM C6, dominated by tunnel transport. Maybe in this case, tunnel transport coexist with a MO channel. SEL do not fit well because IV could be a mix of two SEL. This supposition must be confirmed with theory. 

b) Electron transport properties of C6/TBAP5W30 MJs

Since we observe only a weak effect by UV photoreduction, we decided to start with a strongly reduced P5W30 (3 electrons) and measure the ET properties to establish a "reference".

To process to the reduction of this POM, we use a (TBA)10H4P5W30 (synthesis detailed in IIIc)

with a short name TBAP5W30. The reduction was made by Maxime Decker during his Bachelor L3 internship in the ePOM team.

 Synthesis and titration of TBANaP5W30(III)

The o

Determination of the reduction degree

As sodium dithionite is instable in H2O, 11 equivalents do not mean the POM is reduced to 22 electrons. To know to how many electrons the POM is reduced, 25.9 mg of this powder is dissolved in 5 mL of degassed acetonitrile and titrated with cerium (IV) in degassed ACN (5x10 -3 M for (NH4)4Ce(SO4)4.2H2O). The colorimetric equivalence (from blue to yellow solution) is obtained after addition of Veq=1.6 mL of the Ce(IV) solution.

To go further and determine the reduction degree of the POM, we need its molecular weight (MW), which depends on the nature and number of the counter-cations, also related to the reduction degree. It is thus quite intricate. The experimental observations are:

-max = 26 000 cm -1 . M -1 : according to Pope and coll. [START_REF] Alizadeh | A Heteropolyanion with Fivefold Molecular Symmetry That Contains a Nonlabile Encapsulated Sodium Ion. The Structure and Chemistry of [NaP5W30O110]14[END_REF] , this could correspond to a POM reduced with 3 electrons (reported value max = 24 700 cm -1 . M -1 )

-Observation of a rather sharp signal in the [START_REF] Fontaine | Octadecyltrichlorosilane Monolayers as Ultrathin Gate Insulating Films in Metal-insulatorsemiconductor Devices[END_REF] P NMR spectrum: it goes in the direction of a diamagnetic species rather than a paramagnetic, so a POM reduced to 4 electrons -ATD/ATG analysis give a loss of water molecules corresponding to 9.15% of the total mass -The elemental analysis (C 7.01 %, H 1.91 % and N 0.64%) reveals that the number of TBA cations is lower than expected and probably replaced by Na + (introduced with the dithionite). This explains the limited solubility of the reduced POM in CH3CN. There is no elemental analysis of Na due to the low quantity of isolated compound.

We made two simulations considering only TBA + and Na + as possible counterions and with a number of added electrons n (reduction degree) equal 3 or 4.

 First hypothesis, n= 4:

-An agreement with the elemental analysis and without considering the number of water -Under this hypothesis, a volume Veq= 1.66 mL of the Ce(IV) solution would be expected.

We obtained a better agreement of the equivalent volume with the second hypothesis; it lets us suppose that the POM is reduced to 3 electrons and the isolated compound labelled 

 Discussion

The ePOM team succeeded in reducing this POM at 3 electrons as described. This new POM is really air sensitive and all the preparation of functionalisation of surfaces have been done in glovebox. Nevertheless, the electronic measurements have been done with the same AFM at RT and we did not observe a large current increase compared to the oxidized POM but some changes in the I-V shape that translate into changes in the electronic structure. However, we cannot exclude that the POMs get re-oxidized between the exit of the glovebox and the end of the measurement. The perspective of this investigation is to realise the study of the electron transport properties with an ultra-high vacuum C-AFM.

As two pristine P5W30 with two different counterions have been already presented, we will continue to analyse this POM by doing a second study: the influence of the counterion on the ET properties of the POM.

c) Exchange of the counterion  Introduction

It has already been proved that we cannot ignore the influence of the counter anion on the electron transport inside a molecular junction. For example, it has been experimentally demonstrated that the position of the ions in the MJs (i.e. close to the bottom or top electrode) can reversibly switch the IV behaviour from a symmetric to an asymmetric shape. 154 In the case of [W18O54(SO3)2] 4--based MJs, DFT-NEGF calculations showed that the presence of the counterion (whatever its nature, here tetramethylamonium (TMA) vs. Cs + ) moves the LUMO closer to the Fermi energy of the electrodes (∼0.08 eV above EF in both the cases). Albeit this position of the LUMO, the computed I-V curves showed slight differences of the shape (more asymmetric I-V for Cs + ). 155 The authors suggested that this feature might be due to small differences in the amplitude of calculated transmission coefficient T(E), clearly calling to more joint experimental and theoretical works. They also noted that the presence of the counterions does not create additional new conduction channels in the MJs, but rather that they modify the potential landscape "viewed" by the POMs that transmit the electrons through the junction.

Thus, we synthesised a series of P5W30 based MJs with different counterions to study this issue in more details.

When we have proceeded to the reduction of the Preyssler anion chemically, i.e. to reduce some W(VI) centers to W(V), we decided to switch to a tetrabutylammonium salt (TBA + ) to make the POM soluble in acetonitrile. The first intention was indeed to use organic reducing agents.

The Preyssler anion is usually accompanied by K + and Na + cations, so the main goal was to exchange these cations with TBA + . When it appeared that the cation exchange was incomplete and that we got a mixed TBA + /H + salt, we came back to the reduction in an aqueous medium.

 Synthesis of K12,5Na1,5[Na⊂P5W30O110]

The POM we used was a by-product of the synthesis of K6[-P2W18O62] prepared in the e-POM team. In that case, contamination with NH4 + cation is possible, as revealed by IR spectroscopy and elemental analysis. It can also be directly prepared under hydrothermal conditions. 156 To 33g of Na2WO4.2H2O dissolved in 30mL of water are added 26.5mL of H3PO4 (85%). This mixture is placed in a solvothermal synthesis bomb (Parr Model 4748), heated to 120°C overnight. Once the yellow solution has cooled to room temperature, 15mL of H2O is added followed by 10g of KCl. The precipitate was membrane filtered and washed with 2M potassium acetate and methanol. Recrystallization in hot water is necessary to purify the product (with a pause time < 2h to avoid the formation of crystals of [P2W18O62] 6-). About 8g of crystals are then collected. A second recrystallization can be performed if the product still contains impurities.

For each step, the compound is characterised by phosphorus-31 NMR (annexe A2.3), which indicates the type of POM and its purity. The NMR of this POM is shown below (Figure 2.36).

Note that all the NMR spectra have been recorded by dissolving a small amount of product with a solvent in a NMR tube. IR spectra were recorded from KBr pellets. The three bands between 1000 and 1150 cm -1 (blue circled) are specific to P-O vibrations and related to the local Cs symmetry (no axis of symmetry but a plane) for the PO4 groups due to the internal Na + . [START_REF] Alizadeh | A Heteropolyanion with Fivefold Molecular Symmetry That Contains a Nonlabile Encapsulated Sodium Ion. The Structure and Chemistry of [NaP5W30O110]14[END_REF] Complementary elemental analysis has been investigated to know the exact nomenclature of the POM. Inductively coupled plasma optical atomic emission spectrometry (ICP-OES) at Crealins (Lyon) and Synapse (Versailles) (results in annexe A2.8) have been used to know the composition of the counter ions. Thermogravimetric analysis (ATD/ADTG) has been done at ePOM to assess the quantity of water molecules and the exact molar mass of the POM.

Here, we have obtained a POM with formula: K13,3Na0,7[Na⊂P5W30O110].27H2O (MW = 8475.07 g mol -1 ).

We have tried to directly pass from the potassium counter anion to the TBA one but we figure First, we prepare the Dowex column 50W-X8. This resin is charged with excess protons, where the hydronium ion is the counterion to the functional groups.

In a beaker, the very fine particles of the resin were separated from the mass by successive sedimentations and decantations in distilled water. Then, on the sintered material, an acid wash (1M HCl) was used to remove any residual metal traces. The resin was washed with distilled water until the orange coloration resulting from the degradation of the polymer disappeared.

Finally, this resin was placed in a column (diameter 1.5 cm, length 40 cm), washed three times with the dead volume of the resin (̴ 20 mL) and rinsed with water until a pH for the eluent identical to that of the water was obtained. 158 The pH increased very slowly to 4.8 (addition of 1L of H2O) and finally water was left overnight in the column, the next day until to obtain pH 5.4.

On a second time, we pass the POM on the resin:

In a beaker, 8.2g of K13,3Na0,7[Na⊂P5W30O110].27H2O is dissolved in 160 mL of H2O. The solution is transferred to the column and passed through the resin at a rate of one drop per second, all the eluent is collected. Water is then passed through to ensure that all the products are collected. As long as the pH is acidic, some Preyssler anion remains (an addition of 40mL of H2O is sufficient to collect all the product).

The eluent is evaporated at a temperature of around 60-65°C. The recovered product (mass The peak observed in this NMR spectrum did not move compared to the one shown in Figure 2.36. This NMR spectrum confirms that the product is still pure and the polyanion is intact.

To complete these studies, the electrochemical signature of these POMs was studied.

 Electrochemistry of H14[Na⊂P5W30O110]

In a 10mL electrochemical cell, 1mM H14[Na⊂P5W30O110].44H2O (m=75mg) is added with 0.1M tetrabutylammonium hexafluorophosphate (TBAPF6) electrolyte in acetonitrile. The solution was mixed and degassed for about 20 minutes. After total solubilisation, the electrochemical parameters give the cyclic voltammetry (CV) below (Figure 2.39): The equivalent volume is 4.8 mL + 0.1 mL of TBAOH 0.308 M, the solution becomes slightly pinkish, the solution is evaporated under vacuum. During the evaporation, a discoloration of the solution is observed which shows that the pH decreases, the evaporation is stopped and an addition of TBAOH is made. The phenomenon was repeated 3 times bringing the equivalent volume to Veq = 5 mL. The product was dried with 2x10 mL absolute ethanol and 10 mL ether.

The experimental equivalent volume is lower than the theoretical volume (0.76 eq), if we assume that all the TBA introduced at equivalence were exchanged with the protons of the POM, then we have a mixed salt with 10 TBA per POM i.e. (TBA)10H4[NaP5W30O110]. The TBAOH could be a base that is not strong enough to pull out these last protons.

According to ATD/ATG, 24 water molecules are present leading to the general formula The IR spectrum has also been done to characterize the product (Figure 2.40). A similar KP5W30 has already been studied (III_a) and the results on TBAP5W30 were presented in III_b. For the influence of counterion, we will use these previous results, and, on the next part, we will focussed on HP5W30 and another POM, NH4P5W30, not linked to this multi-step process but prepared directly. 159 Note that the HP5W30 used for the electric measurement is derived from the first synthesis of this multi-process and the general formula was H13Na1[Na⊂P5W30O110].54H2O (MW = 8 461.07g.mol -1 ).

d) Influence of the counterion in the electron transport properties of C6/P5W30

MJs

The results for the MJs with the potassium counterion (KP5W30) and the tetrabutylammonium counterion (TBAP5W30) were already presented in section IIIa and IIIb respectively. The study of the influence of the counterion of the POM Preyssler has been continued with cations H described above (section III_c) and also NH4 (synthesis done by ePOM and only use for this study, not detailed here). These POMs have been inserted inside a molecular junction as described in the chapter 2-I: the NH4P5W30 POM from solution with H2O and the HP5W30 POM from solutions with ACN/ISO. The thicknesses of the POM monolayers measured by ellipsometry are 9Å and 10Å (±2Å) respectively.

It could mean that these POMs have the same orientation on the C6 SAM: NH4P5W30 and HP5W30 can be parallel along the C6 SAM (TBAP5W30 thickness is 14Å, could be standing upright, or the size of the cations influence the total thickness of the layer). Figure 2.41 shows the IV curves obtained with these C6/NH4P5W30 and C6/HP5W30 junctions: 

 Discussion

The electronic structure of these junctions have been studied only by TVS method using the mean Ī-V curve (Figure 2.42) and the statistical analysis (Figure 2.43). From the mean Ī-V curves, we have calculated ε0-TVS values of 0.50 eV for the C6/NH4P5W30 MJ and 0.57 eV with the HP5W30 (Figure 2.42). For the statistics, we also replot (Figure 2.43) The position of the MO involved in the ET is different for all the POMs. We observed a gradual increase of LUMO position (w. /EF) from K<NH4<H<TBA, passing from 0.46 eV with K to 0.85 eV with TBA. This increase is counterbalanced by an increase of the electronic coupling (from 0.14 meV to 3.68 meV) (Table 2.6).

Another important point is the structural detail of the POM/electrode interface and how the molecule is connected to the electrode. P5W30, unlike PMo12, is an ellipsoid and anisotropic molecule. In Ref. 155, the electronic properties of another ellipsoidal POM have been calculated. It was shown that positioned in a "vertical" orientation (w. /electrode substrate) it leads to a higher conductance than a "horizontal" orientation (if the same number/nature of chemical bonds are considered). With less "chemical contact bonds", the LUMO shifted higher compared to Fermi level. According to ellipsometry, K, NH4 and H could have likely "horizontal" orientation whereas TBA could have a "vertical" one, which may be consistent with the larger measured value of ε0. Thus, the POM orientation could also play a role.

However, at this stage of our work, it stays difficult to conclude and a comparison with simulations are required.

e) Summary and outlook

To summarize this section III, we have started by doing a similar study than the one with PMo12 (section II). We proceed to the reduction of P5W30, first in-situ by UV irradiation and then, with the POM directly chemically reduced. We succeed in passing from TBAP5W30(0) probably to TBANaP5W30(III), so a P5W30 reduced to 3 electrons. Unlike in the C6/PMo12 MJs, we observed a weak effect of reduction in the C6/P5W30 MJs. Interestingly, we found almost the same level of current but with different parameters of the electronic structure (MO energy levels and electronic coupling to the electrodes). The kinetic of oxidation/reduction is much faster with this last POM and probably we were confronted to stability issues. A perspective of this work is to use UHV C-AFM.

Then, we have worked on the effect of the counterions on the electron transport properties. No clear significant difference on the IVs appears, we found more or less same current amplitude and same statistics. But, using TVS method to analysis the electronic structure, we figure out that MJ parameters (LUMO/Ef and electrode coupling) increase from 0.46 to 0.85 eV and from 0.14 to 3.7 meV, respectively, in the order K, NH4, H, TBA.

Whether for the electronic transport properties with reduction or with counterion, we notice no relevant difference in the value of currents but a more important one for the electronic structure.

These results call for more joint experiment and theory works.

Chapter 3 Gold Nanoparticles -POMs network

In this chapter, we report on the fabrication and study of two-dimensional (2D) networks of molecular junctions. This device is constituted of a 2D POM network where the POMs surround gold nanoparticles (NPs). This network is deposited under the form of a monolayer at the surface of SiO2 on which some motifs are lithographed and consisted of six concentric electrodes (Figure 3. and our goal is to study if similar results can be obtained with POMs. We will first present the synthesis and characterization of these networks and in a second time, we will discuss their electronic properties, in particular focusing on noise measurements, as a tool to reveal ET dynamics.

I. Implementation of the Au NP-POM network

This implementation contains two fabrication steps. The first step consists to obtain a homogeneous and monolayer compact film of gold nanoparticles and the second one is to exchange the ligands passivating the NPs by the POMs.

a) Homogeneous film of gold nanoparticles

To synthesize gold nanoparticles, two methods in the literature are well known. The Turkevich method 161,162 gives the advantage to obtain gold nanoparticles with a controlled and In a flask, 1 mL of trihydrated tetrachloroauric acid (HAuCl4.3H2O, 1%) is added to 79 mL of H2O. We add quickly 20 mL of a reducer solution (4 mL of the trisodium salt of citric acid (1%) with 80 µL of tannic acid 1% in 16 mL of H2O) under stirring at 60 °C. After boiling for 10 minutes and cooling down to room temperature, we obtained a solution containing citrate-AuNPs. 167 Then, this 100 mL of citrate-AuNPs solution is extracted with 20 mL of hexane containing 0.2 mL of oleylamine. After vigorous stirring, in a separatory funnel, the organic phase is isolated and washed twice with electrodeionized water (EDI). The dark red suspension is distributed in centrifuge tubes and then added with 50 to 70% ethanol until agglomeration begins (shift into purple). After centrifugation at 7000 rpm for 5 min, the precipitate was washed with absolute ethanol and then redispersed in hexane. The washing of the NPs by precipitation with ethanol then redispersion in hexane was repeated twice in order to eliminate the traces of excess oleylamine and citrate. The NPs suspension is stable in hexane or toluene. It is stored in the refrigerator.

 Langmuir film

In order to obtain a film of NPs, we must form a network of this solution at the surface of a solvent, non-miscible and non-volatile and with a higher density than the solution of the NPs.

H2O and ethylene glycol meet these criteria but we have obtained better quality films with ethylene glycol. We use the Santhanam method 168 to form a Langmuir film. In a crystallizer, we put a pierced Teflon petri dish (hole diameter: 2 cm) upside down. We add ethylene glycol (EG) until we form a meniscus on the hole and then we spread some drops of the solution of NPs. We protect the assembly by covering with a crystallizer and wait around 10 minutes that the solvent evaporates and the film is self-organized on the EG surface (Figure 3.3). Once the film is formed, we use a polydimethylsiloxane (PDMS) stamp to collect it and print it on the surface of the SiO2/electrode substrate, following the Langmuir-Schaefer technique. 169 We delicately put the PDMS stamp at the surface of the meniscus, dry the stamp under nitrogen flow and we recover the SiO2/electrode substrate with this modified stamp. We take it out after a few seconds to be sure it is well printed and we rinsed quickly with ethanol the new functionalized substrate. The film peels off easily from the PDMS tab. Then, we check the homogeneity and organization of the film by scanning electron microscopy (SEM, Figure 3.4, annexe A3.2). nm as expected due to the initial condition. 161,165 The spacing between two neighbour NPs, i.e.

the nearest neighbour distance is around 19 Å. The length of the oleylamine is ~20 Å. 171 It means the ligands are strongly interdigitated. These parameters will help us to know if the exchange of ligands went well.

b) Exchange of ligands

We process to the exchange of ligands by POMs using (H + )3 [PMo12O40] 3-(Figure 3.6a), short name HPMo12 and (TBA + )3[PW11O40(SiC3H6SH)2] 3-(Figure 3.6b), short name TBAPW11SH. These two POMs have been synthesized and characterized by the ePOM team and will not be developed here. [START_REF] Pope | Heteropoly and Isopoly Oxometalates[END_REF]172 The processes of POM-decorated nanoparticles are already known in the literature. 173 We choose HPMo12 because of its affinity with gold surface 174 and TBAPW11SH because the thiolate group forms covalent bond with Au, destabilizes the amine and avoids reduction of the POM. 175,176 

 Exchange with HPMo12

We optimized the condition of exchange by immersing the predeposited film on the substrate (SiO2/electrode for SEM images and Ge crystal for infrared analysis) for one hour in a solution of 10 -3 M HPMo12 in a mixture of EtOH/H2O 50-50%. We rinse delicately with ethanol. Then, we characterized the film by FTIR in the attenuated total reflection (ATR) configuration (Annexe A3.2). 50 scans were accumulated from 700 to 3500 cm -1 using a crystal of germanium. We use a germanium crystal because its limit of detection is around 700 cm -1 instead of 1500 cm -1 for the silicon one. To obtain a reference spectrum, we have directly deposited the HPMo12 powder on the crystal (using ethanol to stick it) and also the NPSAN using the same protocol as the deposition on SiO2. Another advantage of this Ge ATR crystal is its large dimension (few cm), so that we can deposit all along the NPSANs and increase the signal due to multi-reflexion without deposit multilayers due to a large number of internal reflections. Figure 3.7a shows the spectra for NPSANs deposited on the ATR Ge crystal for the oleylamine NPSAN before and after exchange with HPMo12, as well as a reference spectrum for the HPMo12 powder. Figure 3.7b puts in evidence the peak of oleylamines, with the signal of the C-H stretching vibrations from 2850-3000 cm -1 . 177 The intensity of the signal clearly decreases after the POM exchange indicating a partial exchange of the oleylamines by the POMs. From the reference spectrum, the POM is characterized by four peaks (black curve, Figure 3.7c). At 1059 cm -1 , the band is related to the stretching of the P-Oa bonds and the bands at 961, 884 and 788 cm -1 , respectively assigned to the Mo=Od, Mo-Ob-Mo and Mo-Oc-Mo stretching modes (Oa is the central oxygen;

Od is the terminal oxygen of the POM Keggin; Ob is the bridging oxygen that links two cornersharing octahedra; Oc is the bridging oxygen that links two edge-sharing octahedra). 122 Detecting a signal from a monolayer is not simple because the quantity of matter is low compared to the powder. We just see the apparition of one of these four peaks for the NPs Au-HPMo12, the more intense one at 961 cm -1 , which is not present in the oleylamine NPSAN.

These three spectra let us suppose that there is a partial exchange between the two ligands. The size of the NP did not change (~ 8 nm, Figure 3.9a) and the NND is a little bit higher, from 19 to 27 Å (Figure 3.9b). The size of HPMo12 (ca. 1 nm in diameter) is smaller than the size of oleylamines (2 nm in length), but unlike oleylamine, HPMo12 molecules cannot be interdigitated. The NND is close to the size of two-three POMs in average.

 Exchange with TBAPW11SH

To exchange the oleylamine ligands with this thiolate POM (thiol-ligand exchange already demonstrated elsewhere 178,179 ), we immerse the functionalized substrate (SiO2/electrode for SEM images and Au for infrared) in a 10 -3 M solution of TBAPW11SH in acetonitrile during 5-10 minutes. Then, we rinse quickly with acetonitrile. We have first characterized the film by FTIR in specular reflexion (Annexe A3.2). Here, we use specular reflexion mode because we have succeeded in having enough IR signal with the monolayer and to avoid the use of germanium crystal, hard to clean and expensive.

The FTIR spectrum of TBAPW11SH powder (stick with ACN on Au surface) has many peaks with one signal at 2564 cm -1 , due to the S-H bond (Figure 3.10a). We see that the signals of the C-H stretching vibrations of the TBA are mixed with the ones of oleylamine from 2850 to 3000 cm -1 (Figure 3.10b). By consequence, we cannot use these signals to detect if the exchange of ligand has been successful. From 850 to 1150 cm -1 , we see six bands on the reference spectrum for TBAPW11SH, assigned to the P-Oa, W=Od, W-Ob-Wand W-Oc-W vibrations and two related to the Si-O bonds (Figure 3.10c). 180 New peaks appear after the exchange of ligands around 1000 cm -1 , at the same wavenumbers as some bands of the POM (~ 999 and 1116 cm -1 , blue line Figure 3.10c). We can do the hypothesis that there is a partial exchange. From the SEM images (Figure 3.11), the organization of the NPs looks stable after the exchange as well; we still see some hexagonal arrangement. Figure 3.11b was analysed by ImageJ: 170 From the image analysis (Figure 3.12), the mean diameter is still around 8 nm and the distances between two NPs slightly decrease (from 19 to 14 Å). This POM is covalently bonded to the Au NP thanks to the thiol group and no interdigitation is possible. Its diameter is ~ 1nm, the NND is close to the size of one POM. From the Figure 3.13, we see that the organization of NPs in the network was modified after irradiation, with areas where the NPs are closer to each other, leaving some holes on the surface.

On the zoom image (Figure 3.13d), we notice that the NPs arrangement is no longer hexagonal.

Nevertheless, no agglomerates seem to be appearing, individual NPs are still clearly distinguishable. We confirm these suppositions by the analysis with ImageJ. We also see a bigger dispersion with distance between two NPs reaching 14 nm. We can conclude that the surface has been modified, maybe due to a side effect of the solvent, but we still observe some NPs surrounded by the reduced POMs. The comparison of the SEM images (Figure 3. 15) shows that the network looks to be intact after reduction of the POMs. We still have a film with one monolayer. On the zoomed image (Figure 3.15d), we still see some hexagonal arrangements. After analysing the image in Figure 3.15d, we obtain a diameter ~ 8 nm with no important dispersion (Figure 3.16a), the NPs are intact. Concerning the distance between two neighbour particles, it passes from 14 to 17 Å after irradiation (Figure 3.16b). This slight increase is negligible (compared to the data dispersion); the manipulation did not modify the organization of the network.

 TBAPW11SH reduction

To conclude, we have fabricated NPSANs with oleylamine, POMs and reduced POMs. We did not observe the same NND or modification of the network with the two POMs probably because HPMo12 is electrostatically inserted between the NPs whereas TBAPW11SH is covalently bonded to Au. At this monolayer scale, it is not obvious to surely conclude that there is an exchange and reduction of the ligands. However, the FTIR spectra and the change of the distance between two nearest neighbour AuNP let us suppose that a partial exchange happened.

The reduction of a POM by in situ irradiation has already been demonstrated in Chapter2-IId and will be strengthened by the electrical measurement in the next part. Indeed, all these samples have been studied and electronically characterized. The goal is to study the dynamic behaviours of ET in these NPSANs.

II. Electron transport dynamics of the NPSANs a) IV measurements

We first evaluate the static ET behaviour of the NPSANs, recording the classic dc current versus voltage, IV measurements (Keysight B2901A SMU source/measure unit device, Annexe A3.3).

The sample is placed in a glovebox, connected with a probe station and around 10 IVs from 0 to 1 V are acquired by randomly selecting 2 electrodes out of the six electrodes in the pattern.

We have decided to stay at low voltages because of the instability of the NPSANs with the POMs when submitted to higher voltages (annexe A3.4).

 NPSAN with HPMo12 the substitution of the oleylamine ligands by the POMs. This information also reinforces the previous conclusion that the substitution went well, since the conductance of PMo12 is larger than long alkyl chains (see Ch. 2-II). When the POM is reduced, the mean current increases by about 10, as also observed in SAM junctions (Ch. 2-IIc). Figure 3.17b shows the dispersion of the 10 measured IV curves for the HPMo12 NPSANs, the currents vary from 1x10 -7 A to 4x10 - 7 A at 1V approximately. This variability is sought after in the field of reservoir computing (Chapter 1-III). After UV irradiation, where the POMs are supposed to be reduced, the currents vary from 5x10 -7 A to 3x10 -6 A at 1V approximately (Figure 3.17c). Nevertheless, after measurement, a control SEM image was done, revealing that the network was strongly damaged (inset Figure 3.17c), so these NPSANs with reduced HPMo12 POM were no longer electrically characterized.

 NPSAN with TBAPW11SH 

b) Noise measurements

Recently, origins of the current fluctuations in molecular junctions have started to be studied.

More precisely, several studies on electronic noise spectroscopy have been reported in the last decade (see review in Ref. 181). They can provide important information about hidden dynamic electronic phenomena, which are undetectable in conventional DC current-voltage measurements. 181 The charge transport properties in molecular junctions can be perturbed by noise from many external and internal interference sources. For the internal noise, the current in electronic devices can be written as I(t) = <I> + δI(t), where <I> is the mean current and δI(t)

is the current fluctuation. Typically, the noise is characterized in the frequency domain, which is converted from the time domain measurements via Fourier transformation. 182 The power spectral density (PSD) of the current fluctuation is given by: 𝑃𝑆𝐷(𝑓) = 〈𝛿𝐼 𝑓,∆𝑓 (𝑡)²〉/∆𝑓 (3.1) where 〈𝛿𝐼 𝑓,∆𝑓 (𝑡)²〉 is the variance of a band-pass filtered time-dependent noise in a bandwidth

(∆𝑓) at frequency (f). 183 Here, we will focus on one type of internal noise: the flicker noise or 1/f noise (Figure 3.19b). In this case, PSD is proportional to 1/f n , with n close to 1, but possibly between 0.5 and 2 depending on the details of the physical origins of the current fluctuations.

In materials and macroscopic solid-state devices, the number fluctuation (i.e. fluctuations of the number of charges carrying the electrical current) and the mobility fluctuation models are the main explanation of this noise. Briefly, number fluctuation is due to trapping/detrapping processes in materials and devices (e.g. by traps and defects) 182 and the mobility fluctuation is related to charge scattering by phonons, impurities for example. 184,185 In a molecular-scale junction, these phenomena translate into, respectively:

-Two-level conductance fluctuations (also known as RTS, random telegraph noise, Figure 3.19c) as observed by several groups in single molecule junctions [186][187][188][189] and attributed to dynamic rearrangements of the molecule-electrode bonds. In large area molecular junctions (i.e. SAMs), the coexistence of a large number of RTS events leads to 1/f noise as experimentally observed. 190,191 -Fluctuations of the transit time through the molecular junctions, albeit in this latter case, this noise is likely to occur at high frequency given the short transit time in molecular junctions (< ns). 192 In this part, we study the flicker noise in the NPSANs with oleylamine and with the two POMs.

The objective is to observe any change in the dynamic ET behaviours (i.e. change in the value of the frequency exponent n) with the nature of the molecules and also if there is a difference before and after irradiation of TBAPW11SH.

The noise measurements were performed on the same NPSAN for all the configurations (oleylamine, POMs and reduced POMs). To process to the PSD measurements, we apply a DC voltage (from 0 to 1V) on one electrode and we measure the current on two others in parallel (electrodes #2 and #3) and we accumulate 50 scans from 1 to 100 Hz (Figure 3.20, more detailed annexe A3.3). We plot PSD vs. f in a log-log scale and we determined the slope that represents n (from f n ). At a given frequency, we also plot PSD vs. DC current I in a log-log scale to check if the PSD is proportional to I² as expected from the number fluctuation and mobility fluctuation models (vide supra), albeit proportionality to (dI/dV) and (dI/dV) 2 was sometime also observed in molecular junctions. 188,190  Au-HPMo12 NPs 

 Summary

In summary, we observe a usual 1/f behaviour for NPSANs with alkyl chains i.e. the octanethiol and oleylamine ligands. For the HPMo12 NPSANs, we also observe a n value constant around Here, the purpose is to observe if the complex nonlinearities and dynamics electron transport occurring inside the POM and NP network itself are modified when we pass from the pristine to reduced state. This phenomenon has already been seen by the team, using NPSAN with azobenzene derivatives when switched from cis to trans state, 109 as presented in Chapter1-IIIc.

As the NPSAN with HPMo12 is not stable when this one is reduced, we will present here the study of NPSAN with TBAPW11SH only (see Annexe A3.6 for the HHG of HPMo12). We apply two frequencies at 8.5 Hz and 18.5 Hz (Figure 3.25a and annexe A3.3) on two randomly selected electrodes and we compare the harmonic spectra on the four other electrodes of the NPSAN pattern (Figure 3.25b-e). On the HHG spectra, we have labelled some of the main harmonics (integer multiple of the input signal). We do not observe difference between the two states of the POM in the four configurations (except A3 in Figure 3.25c) but we notice different numbers of harmonic signals for the four electrodes (Figure 3.25b-e). The peaks in between can be attributed to either interharmonic or IMD, they were not identified at this stage of the work (time constraint). We only note that the presence of these peaks reveals a complex dynamic behaviour, beyond simple non-linearity effects. By looking at the signals from the four electrodes in their entirety, we note that:

-We see heterogeneous harmonic responses. They give us a large variability of signals, due to different topology of the conduction pathways into the NPSANs and the variability of the non-linear IV of the NP-molecule-NP building blocks.

-There is no large difference between pristine and irradiated POM. Only few more peaks appear/disappear (red circles). This is not surprising because the current-voltage curves are similar before and after irradiation (Figure 3.18). The complex nonlinearities and dynamics electron transport occurring inside the POM and NP network itself does not switch when we pass from the pristine to irradiated POM.

d) Are polyoxometalates prone for Reservoir Computing?

A molecule is prone for RC if the final dynamic reservoir include variability, complex dynamics and non-linearity.

For both the NPSAN with pristine POMs, HPMo12 and TBAPW11SH, we observe large variability with the DC IVs and HHG measurement. We also note the rich complex dynamics with the rich harmonic response (many peaks from harmonic, interharmonic and intermodulation distortion). In addition, we observe an unusual 1/f n with n a function of V as for AzBT NPSAN with TBAPW11SH NPSAN only.

The NPSAN prepared with HPMo12 are only stable with the POM at the pristine state. We cannot discuss about reconfigurable RC in this case because we cannot switch the molecule from oxidized to reduced state. However, when we irradiated the NPSAN with TBAPW11SH, we do not observe a large difference of noise and HHG compared to the pristine NPSAN. The molecular junction conductance switching is too low (about a factor 1.1) compared to about 10 3 for AzBT molecular junctions.

To conclude, these two POMs are not prone for reconfigurable RC but they are prone for classical Reservoir Computing.

Conclusion and outlook

In this chapter, we have presented results of NPSANs with POMs. We have optimized the protocols to fabricate NPSAN with two different POMs in their oxidized and reduced states.

Despite the easy damage of the NPSAN pattern, we have succeeded in doing some electronic measurements to assess whether these NPSANs are reliable to implement reservoir computing.

A large ET variability in the NPSANs has been demonstrated both from DC current-voltage and HHG measurements, while low-frequency noise and HHG measurements on TBAPW11SH

NPSANs demonstrate a rich ET dynamics in these devices, albeit without significant difference between the oxidized and irradiated states of the POMs in the NPSANs.

Chapter 4 Another metal oxide structure: W 18 O 49 nanowires

I. Introduction

Nanowires (NWs) are wires with a diameter between 1 and 100 nm. The formation of this nanostructure relies on crystallization, involving two fundamental steps, nucleation and growth.

For this purpose, gas phase and solution phase methods can be used to synthesize NWs in large quantities. Nowadays, the semiconductor nanowire field of research has become one of the most active research areas within the community of nanoscience. These NWs have found applications in biology, energy conversion and storage, photonics or electronics. Indeed, they are used a lot in nanoelectronic because with their small dimension, they can be easily integrated in devices such as field-effect transistors as a channel between the source and drain terminals, for example. Some material compositions include nitrides (InGaN), phosphides (GaP), chalcogenides (CdSe), silicon or metal oxides (TiO2, WO3). [196][197][198] Tungsten oxides (WO3) are considered as one of the key materials for electrochromic (EC) Under electric stimulus, the apparitions of V0 + and V0 2+ induce a new optical transition at lower energy, modifying the coloration.

Another application of WO3 is the Reservoir Computing. WO3 is based-memristor and can propose a dynamic reservoir with internal and short-term memory effects. Indeed, this oxide is used as active material for memory applications because it offers a high degree of compatibility and ease of processing within the overall integrated circuit. The implementation of this oxidememristor has already been validated and demonstrated for use as handwritten digit recognition or to solve a second-order nonlinear task. 200,201 It exists many suboxides of WO3, labelled WO3-x as W19O55 (WO2.89) or W18O49 (WO2.72) for example. 202 Nanowires W18O49 that are composed of 18 WO3 bonded together (W-O-W) with five oxygen vacancies have aroused particular interest. These nanowires are substochiometric tungsten oxide semiconductors (bandgap < 3.0 eV). 203,204 One approach to synthesize these nanowires is done at high temperature. On a quartz tube in a furnace is posed an alumina boat loaded with tungsten (W) powder. Some H2O vapour flows on the tube while the furnace is heated up to 600°C for 30 minutes. After cooling, nanocrystals are obtained under the form of nanowires with several micrometers lengths ( A second approach is the solvothermal synthesis at high pressure. A tungsten precursor is mixed with a solvent during days in an autoclave. With this method, temperature does not reach 200°C

and smaller nanowires are obtained with diameter less than 100 nm as well as length inferior or close to one micrometer ( As no electrical measurements have been reported from this kind of synthesis, we will focus on this protocol and develop it in the next session to probe their electrical behavior. As the polyoxometalates, W18O49 nanowires possess a metal oxide structure but the density of one nanowire is higher than POMs grafted next to each other on surfaces. With the new interest of 2D network of conductor/semi-conductor NWs for the Reservoir Computing, 103 we figure out that it can be interesting to investigate the conductance of this NW oxide.

To characterize the nanowires, the product (trial #4) has been analysed by RAMAN spectroscopy, X-ray Diffraction (XRD) (see details in annexe A4.1) and XPS (details and methods in annexe A2.3) (Figure 4.4). The Raman spectrum (Figure 4.4a) displays the characteristic peaks of tungsten suboxide. Three bands are observable at 73 and 122 cm -1 (W-O-W bending modes), 218 and 345 cm -1 (O-W-O bending modes), 674 and 803 cm -1 (W-O stretching modes). [206][207][208]210 On the XRD pattern (Figure 4.4b) is represented the measured (Yobs, red line) and calculated ((Ycalc, fit with the reference JCPDS712450, black line) X-Ray diffraction data, their difference (Yobs -Ycalc, blue line), as well as the expected Bragg reflection positions for a perfect W18O49 lattice (Bragg_position, green line) following the Le Bail method. 211 These data show the expected large peaks of the monoclinic phase (010) in good agreement with the previous reports on the structural characterization of W18O49 NWs. [206][207][208] The large peak defines nano-object structure, in good agreement with our nanowires. Nevertheless, this peak of monoclinic phase and the other peaks with less intensity are also observed on other tungsten suboxide, like W19O55 (WO2.89) or WO2. 90. 202 This spectrum just tell us that we have a monoclinic phase with a lattice parameter b = 0.382 nm, consistent with the literature, but it is not enough to know which suboxide we have synthesized. Finally, the XPS spectrum can be decomposed into two W 4f5/2-4f7/2 doublets (Figure 4.4c), one for the W 6+ oxidation state (38.2 and 36.1 eV) and the other one for the W 5+ oxidation state (36.7 and 34.5 eV). Unlike previously reported results for W18O49, 206-208 here we do not observe any weak signal for W 4+ . The O1s photopeak (Figure 4.4d) shows a broad main peak (at 530.6 eV) associated to W-O bonds with additional weak peaks at higher binding energies, likely associated to two residual types of contamination (C-O bonds in contaminants…). 207 From the integrated peak areas, we deduced the stoichiometry of our final compound. The ratio of W6+:W5+ is 1:0.23 and the deduced chemical formula is W0.814 6+ W0.186 5+ O2.91. The ideal W18O49 phase is equivalent to WO2.72, some slight difference indicating superficial oxygen enrichment on the nanowire surfaces has also been reported. 208 Here, the difference is a little bit more important and let us conclude that we have synthesized another tungsten suboxide: W18O52.4. However, by sake of simplicity, for the rest of this chapter, we will still labelled our nanowires W18O49.

Then, we have imaged by Transmission Electron Microscopy (TEM, annexe A4.1) the NWs obtained in all the trials (Figure 4.5). In Figure 4.5a and b, the synthesis has been done with 13.1 mM of the precursor in 20 mL of propanol (trial #1). We see some dispersed and isolated nanowires with a diameter between 5

and 100 nm and lengths between 100 nm and 1 µm. In Figures 4.3c-d, even if this synthesis differs only by the total volume of the solution (10mL), trial #2, we see a completely different morphology. It looks like "nanopin". All of these nanostructures possess homogeneous form and size, with a width around 200 nm and a length around 360 nm. The two syntheses were done in different size of Teflon box, the pressure inside the autoclave was probably different and explain the difference of morphology. In Figures4.3e-d and Figures4.3g-h, we have used Teflon box with the same size but we have varied the concentration from 10.5 mM (trial #3) to 11.6 mM (trial #4). In Figures4.3e-f, we observe various sizes of nanowires with lengths from 100 nm to 1 µm, similar to the trial #1. In Figures 4.3g-h, we obtain longer nanowires (between 1 and 1.5 µm) with diameters smaller than 100 nm (40-110 nm in the centre and 25-50 nm on the ends) (Figures 4.3g-h). It looks easier to obtain long homogeneous nanowires when the concentration is not too low. These four synthesis show us that the morphology of this tungsten oxide is very sensitive to the protocol. We have also done synthesis with ethanol where we have obtained very small isolated nano-objects because the bigger ones are entangled (Annexe A4.1).

We took a closer look at their structure by looking at their extremities (Figure 4.6a-b) by TEM at a higher magnification and on the crystal structure with a High Resolution -TEM (Figure 4.6c, see details in annexe A4.1). The first information is that a single NW is a bundle of nanofibers. By looking carefully some small nanofibers (Figure 4.6a-b), we notice that they appear as two parallel dark-grey lines at a constant distance, separated by a lighter-grey zone. These features are the TEM fingerprint of nanotubes (NTs) with the two dark-grey lines representing the walls of the nanotubes. From a statistical analysis of these TEM images (Annexe A4.1), we deduced that the external diameter (dnt) of the nanotubes is 2-3 nm and the internal one (δnt) is around 1 nm. The HRTEM image (Figure 4.6c) reinforces the nanotube morphology by showing the perpendicular lines and the good crystallinity with the lattice parameter of 0.38 nm. We can thus conclude that the NWs are made of bundles of nanotubes.

 Why hollow nanofibers and not filled?

Formation of nanotubes has never been reported on previously works discussing the synthesis and TEM images of tungsten suboxides. To try to propose a growth mechanism, we have transposed the explanation of two main mechanisms about the formation of tellurium nanotubes from solvothermal synthesis reported in the review of Liu et al.: 212 -Nucleation-Dissolution-Recrystallization Growth (NRDG) (Figure 4.7a). 213 In this case sphere-like seeds are formed. Then, some of the seeds gradually redissolve and get recrystallize under the form of nanorods or nanotubes on undissolved spheres.

-Seed-Induced Growth (SIG) (Figure 4.7b). 214 At the first stage of the reaction, a large number of seeds are formed with an anisotropic cylindrical form. Then the growth occurs along the circumferential edges of the seeds due to their higher free energy than other sites of the surface, forming nanotubes. As we have observed nanotubes along a seed, we do the hypothesis than the SIG mechanism happened in our case. Considering this mechanism, it means that the bundle entity is composed of several nanotubes and seeds stick together.

To complete the observation of the NWs morphology, one sample (trial #4) was dissolved in ethanol and deposited by drop casting on Si/SiO2 (200 nm thick) and imaged with AFM in tapping mode (Figure 4.8). Two different hypotheses can be proposed to explain this bulging bundle form. Either single nanotubes are formed at the very first stage of the reaction and then, they get stick together, or the seeds first stick together then the growth of nanotubes start (Figure 4.9).

In the following, we will use the term nanowire when we talk about the bundle entity, and nanotube by talking about a single nanotube inside the bundle.

III. Conductance of single nanowires a) Electronic behaviour

To proceed to the electronic measurement, we first prepared the sample in a glovebox. The TS Au substrate was immersed in a solution of W18O49 at 10 -3 M in ethanol, and then very lightly rinsed with ethanol. The modified surface was directly observed by TM-AFM.

The study has been done using an AFM at RT with an electrostatic force microscopy (EFM)

tip. This probe has the particularity of being efficient in the tapping and contact modes. The thickness of each nanowire has been checked using the tapping mode and then, we switched to the TM deflection in order to do electronic measurements in the contact mode. Approximately 10 I-Vs back and forth have been realized on a zoom part of the nanowire (details in annexe A4.2).

Here, we report on the perpendicular conductance for three nanowires synthesized from 12.3 mM/ethanol/10mL (trial #6, annexe A4.1), with a small thickness around 15, 22 and 30 nm respectively (Figure 4.10). The measurements have been done with a loading force ~ 20-25 nN. Here, R is the resistance of the nanowire. IR is its associated linear current, with two branches of low resistances and a much higher R at low voltages. C represents the NW capacitance and IP its associated current of charge/discharge under an applied varying voltage at a scan rate dV/dt (Figure 4.11 a and b), which is equal to:

𝐼 𝑝 = 𝐶 𝜕𝑉 𝜕𝑡 (4.1) 
At low voltages, IR is masked by IP because a thin object possesses a bigger capacitance (per surface unit) than a thick one (typically C scales as 1/thickness). This simple model explains why we have I-V curves with two "branches" at high voltages and plateaus at low voltages (Figure 4.11c). In theory, the two plateaux at positive and negative currents (Fig. 4.10c) are supposed to have the same absolute value. In our experience, we obtained two plateaux (Figure 4.10), likely due to the offset of the AFM (not subtracted here).

To verify this hypothesis, we did some I-Vs at different scan rates, 1.2, 6, 24 and 120 V.s -1 (Figure 4.12) selecting a NW with the smallest thickness as possible to maximize the capacitance effect (trial #3, 10.5 mM/propanol/60 mL (Table 4.1)). Here the thickness of the NW is ~ 12 nm. As previously, we observe two plateaux. The current of these plateaux increases with the scan rate. Passing from an average log value around -10.5 at a scan rate of 1.2 V/s to -9 at 120 V/s. We have repeated this experience on five nanowires and plotted the mean curve Iup and Idown as a function of the scan rate dV/dt (with Iup the value of current for the upper plateau, Idown the inferior plateau -Figure 4.13). These curves confirm the expected linear dependence (Equation 4.1) for a capacitance effect and we can deduce a capacitance of 5-6x10 -12 F for these NWs.

It is difficult to trace back to a dielectric constant due to the non-conventional geometry of the nanowire (spindle shape). Nevertheless, we can simplify the calculation using the geometry of a cylinder:

𝐶 ≈ 𝑟𝜀 0 𝜀 𝑟 (4.1( 𝐿 𝑟 ⁄ ) 0.76 + 8) (4.2)
With C the self-capacitance (6x10 -12 F), r the radius (6 nm), L the length (1 µm), 𝜀 0 the vacuum permittivity (8.85×10 -12 F⋅m -1 ), we obtained a value of 𝜀 𝑟 the dielectric constant of our NW about 5x10 5 F⋅m -1 . This value is high but already measured for films of nanocrystalline WO3 particles (size of 100-200 nm) prepared by the team of K. Ivanov. 215 They have also observed that 𝜀 𝑟 value decreases when the size of nanostructures increases. We note that the selfcapacitance (i.e. C related to the amount of electric charge Q (Q=CV) that must be added to an isolated conductor to raise its electric potential by one unit) is not exactly what has been measured. Indeed, the NW is connected between two asymmetric electrodes, a tiny one (C-AFM tip and a large one (Au surface). Nevertheless, this crude approach allows us to give a consistent order of magnitude for εr.

b) Perpendicular conductance

As we wanted to compare the perpendicular and longitudinal conductances (see IIIc), and to avoid the capacitance effect we did a last measurement by C-AFM with the thickest and longest obtained nanowire (trial #4, 11.6 mM/propanol/60 mL (Table 4.1). From this synthesis, the nanowires are bigger (diameters 50-60 nm). We used a higher loading force to reduce the IV dispersion (60 nN). Figure 4.14a represents the 2D histograms of 41 IVs measured on four different nanowires. In this case, the radius of the NW is five times higher than for the NWs presented in Figure 4.12. We can do the hypothesis (from Eq. 4.2) that the capacitance and current Ip decreases by 5. Log(Ip) becomes -11.5 (Ip ~ 3.2x10 -12 A) and this current is not measurable. By consequences, no plateau is observed here.

Then, we estimate the conductivity perpendicular to the long axis (σp) of the NW thanks to this formula:

𝜎 𝑝 = 𝐺 𝑃 * ℎ 𝑆 𝐶 (4.3)
With GP the zero-bias conductance (determined from the slope of the I-V curves around 0 V), h the height of the nanowire (~ 50 -60 nm) and SC the C-AFM tip surface contact (~ 39 nm²see annexe A4.2). The advantage of this equipment is that we can precisely position the tips on a single nanowire thanks to the SEM. Four tips are connected on the NW, two at the extremity (from which we inject a known current) and two inside (where we measure the voltage). In this configuration, we trace V-I curves. By using four probes, the contact resistances (e.g. at the tip/NW interface)

are cancelled and we are sure to measure the intrinsic electronic properties of the NW. On each NW, three V-I curves were acquired. During the measurement, the e-beam of the SEM is turned off (see details in annexe A4.3).

 At 300K

We did several experiences at 300K. In total, 52 V-I curves on 29 NWs were acquired. in the 4P-STM). In this case, we hypothesis that the NWs are homogeneously filled with W18O49, and not a bundle of NTs, neglecting voids inside the nanotube and between adjacent NTs, thus these conductivity values can be considered as "effective".

Moreover, we calculated the longitudinal conductivity of a single NT inside the NW, σL,nt with this equation:

𝜎 𝐿,𝑛𝑡 = 𝐺 𝐿 * 𝐿 𝑆 𝑛𝑡 * 1 𝑁 (4.4)
With Snt the cross-section surface of the NT with an external diameter dnt (~2.7nm) and an internal one δnt (~1 nm), Snt = π(dnt 2 -δnt 2 )/4 and N the number of single NT in the bundle. N is estimated for each bundle from the NW diameter (dnw) and the NT diameter dnt by N≈ (dnw/dnt) 2

(assuming a cylindrical NW). We get values of σLnt of the same order of magnitude, but 15-20% larger than above (on average). At 300K, we observed a distribution of single NT conductivity values σLnt between ≈ 10 2 and 10 3 S/cm with a majority of values (>95%) above 100 S/cm. We obtained (log-normal fits) mean value 𝜎 𝐿𝑛𝑡 ≈ 510 S/cm, 𝜎 𝐿𝑛𝑤 ≈ 440 S/cm (Figure 4.17).

These values are really high compared to previous reports in the literature for tungsten oxide NWs (WO3) yet obtained by different fabrication processes (CVD growth, pyrolysis-reduction process, thermal evaporation,…), 103,[202][203][204] with values of electrical conductivity at RT between ∼2 and ∼15 S/cm, the highest value reported in the paper of Ji Zhang 206 on nanorod crystal. As the synthesis and so the morphologies of our nanowires/nanotubes are different, it is difficult to rationalise these differences, we just mention that our results out-perform the previously reported results for this class of tungsten suboxide nanostructures. Our results are on the part with those of NWs of the archetype conducting polymers. The RT conductivity of organic NWs based on conducting polymers (e.g. poly (3,4-ethylene dioxythiophene) (PEDOT), polyaniline (PANI), polypyrrole (PPY)) were reported between 10 -1 and 10 3 S/cm depending on doping level, polymer structure, presence of disorder and defects, diameter. 2,[START_REF] Shirakawa | Synthesis of Electrically Conducting Organic Polymers: Halogen Derivatives of Polyacetylene, (CH)[END_REF] We compare the longitudinal and the perpendicular conductivities. As the measurements in both configuration have not been done in the same condition (UHV and e-beam exposure for the longitudinal conductivity and classical RT for the perpendicular one), we try to adjust the longitudinal values by considering the effect of the e-beam exposure. By doing an electrical measurement of a planar network of NWs before and after SEM exposure, we estimated that the longitudinal conductivity after SEM exposure is over-evaluated by a factor ~ 1.5 (annexe A4.4). The mean anisotropy factor is then given by (𝜎 𝐿𝑛 /1.5)/𝜎 𝑃 and we obtained ~ 10 5 .

This corresponds to a large expected anisotropy. Indeed, in the C-AFM configuration, the electron transport across the NWs is hopping between neighbouring NTs. In this case, the large dispersion (Figure 4.17) seems to be caused by a large sensitivity of the electron transport to the precise organization of adjacent NTs. Whereas in the longitudinal transport, electrons are transported along individual NTs in parallel, probably without the needs of strong interaction between them.

 Semi-conductor or metal-like behaviour?

To examine whether the NWs have a metallic behaviour or a semiconducting one, we proceed to two experiments, still using the 4-probe STM. Firstly, we did the same experiment as before but at lower temperatures (Figure 4.18). Secondly, we use this time only two probes and put the NW in a transistor configuration by applying different gate voltages on the underlying Si substrate (Figure 4.20).

We did measurements at 120, 170, 210 and 250K. We cooled the sample holder stage with liquid nitrogen and we wait around one hour that the temperature is stabilized. By cooling the sample, we observed some drifts of the sample holder, thus the probes are far away of the surface until the complete stabilization of the system (see annexe A4.3). with TM the Mott temperature (fitted value ~ 8.5x10 5 K). This model characterizes ET in disordered semiconductors and amorphous solids. 216,217 We conclude that a small part of the NTs have a semiconductor behaviour. Other temperature-dependent mechanisms, e.g.

thermally activated (Arrhenius) or polaron hopping transport as suggested for W18O49 nanowires synthesized by a high temperature (600°C) furnace process, [START_REF] Vuillaume | Molecular Electronics: Electron, Spin and Thermal Transport through Molecules[END_REF] were discarded because they gave a poor fit of the data (see annexe A4.3).

Then, we have measured a NW in a field-effect transistor configuration (Figure 4.20). We connected a nanowire with two probes (as source and drain electrodes) and then, we applied a gate voltage (Vg) on the underlying highly doped Si and we measured the drain current between the two probes as function of the drain voltage (source grounded). No significant variation is observed on the Id-Vd curves when Vg varies from -20V to +20V. It means there is no field effect on the electron transport in the NW. It confirms the metallic like behaviour of our W18O49 NW.

It is known (DFT) that a semiconducting-to-metal transition exits when increasing the oxygen vacancy (VO) in WO3-x from 2 to 4% (i.e. 0.06 < x <0.12). 218 Thus, the observed coexistence of metallic-like and semiconducting-like W18O49 NWs can be rationalized assuming a dispersion of the concentration of VO in the synthesized NWs. Here, from the stoichiometry determined by XPS (see section II), we deduce a VO concentration of about 3%, thus consistent with the experimental observation of a large fraction of metallic-like NTs.

IV. Conductance of a two-dimensional network of nanowires

As we noticed a large dispersion of V-I curves by connecting the four probes in one single nanowire and it is not possible to stay connected on the same NW during the temperature scan, we have tried to reproduce this temperature-dependent experiment with a dense 2D network of nanowires, connected by lithographed electrodes, which make the contact easier. Here (Fig. 4.21), the inner-probe distance Lp is 5 µm, Wp = 10 µm, and we consider the thickness of the network close to the thickness of one nanowire i.e. 60 nm. We used the same configuration as for the 4-probe STM, applying a known current on the outer electrodes (the range of current is limited by the compliance of the set-up) and measuring the voltage between the inner electrodes.

At the same time, we also have measured the network conductivity with the TLM pattern, the inter-electrode distances ranging between 5 and 30µm (Fig. 4.22). In this configuration, the current is very sensitive to the exposure to air (Figure 4.23). After only 20 minutes, the current decreases considerably by a factor 2, and a factor around 100 after 370 minutes (Fig. 4.23, Table 4.4 recapitulates the current at -3V). Thus, all the following measurements have been done in vacuum to avoid the fast kinetics of oxidation. All the measures were done from 120 to 300 K in a cryogenic probe station (Lakeshore) with a pressure of around 10 -6 mbar in the sample chamber with the help of Sylvie Lépilliet and Etienne Okada (IEMN). With the TLM motif, standard I-V measurements have been done between 120 and 300 K at six different distances between two electrodes. As expected, the current decreases when the distance between the two electrodes increases.

Moreover, we still clearly see the decrease of the current when the temperature decreases (Figure 4.25 a and b). For example, at -4V, for a 5 µm length, we are around -3.5x10 -6 A at 300 K and -5.0x10 -9 A at 120 K, which correspond to 7x10² factor (coherent with the one observed in the 4-probe configuration). These values of resistance also increase when temperature decrease (Figure 4.25c and d).

The dependence of the measured resistance RM versus the length L can be written according to this equation: 4.5 below: From the temperature-dependent conductivity, the activation energy Ea has been calculated as previously (Arrhenius law) and we obtained 0.12 ± 0.01 eV (annexe A4.5), close to the value deduced from the 4-probe configuration measurements. In addition, RC also decreases with the temperature with Ea about 0.16 ± 0.02 eV (annexe A4.5).

𝑅 𝑀 = 𝑅 𝐶1 + 𝜌𝐿 𝑆 + 𝑅 𝐶2 ( 
With a dense network of NWs, we observe a temperature activated electron transport with an activation energy of the order of 0.12-0.15 eV, in contrast to the behaviour with a single nanowire. As this network is very dense and disordered, there are lots of intersection between the nanowires, generating lots of mechanical junction resistance. We do the hypothesis that these junction resistance values are larger than the resistance of one single NW and electrons hopping across these NW-NW contacts dominate the behaviour of the whole network. By consequences, we cannot use this study to confirm the metal-like behaviour of one single nanowire.

Conclusion

To conclude this chapter, we have synthesized nanowires with less oxygen vacancies than expected. The W18O49 nanowires synthesis is very sensitive to the precursor concentration, the solvent or to the air. The composition of the final product is not obvious and, as it exits lots of suboxide of WO3, we can easily synthesize another one. However, all the characterizations show us that we have one phase with a non-conventional structure of a bundle of nanotubes with a seed inside.

Concerning the perpendicular electronic measurement of one single nanowire, the measured current is dominated by a capacitance effect when the thickness of a NW is weak (<30 nm) and

we do not observe it anymore when the thickness increases (e.g. 50-60 nm). For the longitudinal measurement, we notice a high conductance (up to 10 3 S/cm), not reported for other tungsten suboxide NWs in the literature. We have obtained a large anisotropy factor ~ 10 5 between the longitudinal and perpendicular conductivities, likely explained by different electron transport mechanisms: hopping mechanism between adjacent nanotubes in the bundle for the perpendicular conductivity and a dominant metal-like behaviour for the longitudinal conductivity.

General Conclusion and outlook

General Conclusion

The use of conductive-AFM and polyoxometalates are technique and molecules that have been extensively investigated in different research areas. This thesis works brought these elements together to focus on polyoxometalates in the field of molecular nanoelectronics. We worked on several POMs grouped in two structures Keggin and Preyssler.

The chapter 1 was resituated the context of the thesis in three parts, the field of molecular nanoelectronics, some generalities about polyoxometalates and the development of reconfigurable and unconventional computing devices.

In the chapter 2, we have started by presenting a study of molecular junctions with a monolayer of TBAPMo12 in the pristine or reduced to one electron state, stable enough in both states to do measurements. In the first case, when the MJ is composed of a SAM with a short alkyl chain (2 carbon atoms), no relevant difference was observed with the oxidized POM or the reduced one. The second part of the chapter 2 was about another POM, P5W30. In order to do similar study with P5W30, we proceed to the reduction of this one, first in-situ by UV irradiation. After the in-situ reduction of KP5W30, a weak effect was observed on the level of current. We have investigated further by proceeding to the chemistry reduction of TBAP5W30(0). We have reduced this POM in an aqueous media with sodium dithionite. After elementary analysis, we have figured out we reduced this POM to TBANaP5W30(III), so a P5W30 reduced to 3 electrons.

Interestingly, we have found almost the same level of current but with different parameters of the electronic structure (MO energy levels and electronic coupling to the electrodes defined by TVS method) for the molecular junction with these oxidized and reduced POMs. Unlike PMo12, the kinetic of oxidation/reduction is fast with P5W30 and despite the precautions taken to measure their electrical properties, we were probably confronted to stability issues.

To synthetize TBAP5W30(0), we have proceeded to an exchange of counterions, passing to K, then H and finally TBA. The ePOM team has already synthesized another P5W30 with NH4. At this point, we had four different P5W30 so we did a study of the effect of the counterions on the electron transport properties. Approximately same level of currents are observed with the four molecular junctions. As with the redox conductance, using TVS method, we have distinguished these POMs by different LUMO level from 0.46 to 0.85 eV and different electrode couplings from 0.14 to 3.7 meV, respectively, in the order K, NH4, H, TBA.

To conclude this chapter, whether for the electronic transport properties with reduction or with counterion, we notice no relevant difference in the value of currents but a more important one for the electronic structure.

Concerning the chapter 3, we have presented results of 2D POM network. The first part was about the implementation of this network called NPSAN inside a lithographed pattern with six electrodes. After the deposition of a homogeneous film of gold nanoparticles with hexagonal arrangement surrounded by oleylamine, we proceed to an exchange of ligands by POMs.

HPMo12 was physisorbed around the NPs while TBAPW11SH was chemisorbed. We have succeeded in reducing HPMo12 NPSAN by UV irradiation and obtained the same factor (~ 10) of increase of current observed with the TBAPMo12 MJ described in chapter 2. Nevertheless, this current increase has disrupted the NPSAN and we could not do other measurements.

Reducing TBAPW11SH is harder and despite the precaution, we have observed only a slight increase factor (~ 1.1). As the NPSANs were stable after irradiation, we have still tried to continue the electronic measurement to see if there is an effect before and after irradiation.

Low-frequency noise and HHG measurements were done before (on the two POMs) and after irradiation (only with TBAPW11SH). The variability and rich ET dynamic in these devices observed from DC current-voltage, low-frequency noise and HHG measurements let us think these POMs are not prone for reconfigurable Reservoir Computing (no effect of irradiation) but for classical RC.

To conclude on the chapter 4, we have synthesized another metal oxide, some suboxide of WO3 following solvothermal protocol to obtain W18O49 nanowires. Thanks to the characterization of these nanomaterials, we concluded to a W18O52.4 structure, so a W18O49 with less oxygen vacancies, probably due to slight differences during the whole synthesis. We have done several trials and obtained different morphologies in function of concentration, solvent or size of precursor but all the characterizations show us that we have one monoclinic phase with a non-conventional structure of a bundle of hundreds of nanotubes that we called nanowires, with a seed inside. We did perpendicular electronic measurement using RT-AFM in conducting mode and observed a capacitance on small nanowires (diameter < 30 nm) and no effect on bigger one (diameter ~ 60nm). Longitudinal electronic measurements have been done with a UHV STM, where four probes were contacted one nanowire. Comparing perpendicular and longitudinal conductances, we have obtained a large anisotropy factor ~ 10 5 (taking in account the difference of the two methods). It was likely explained by a hopping mechanism between adjacent nanotubes in the bundle for the perpendicular conductivity whereas electrons are transported along individual NTs in parallel for the longitudinal one. We have noticed a high conductance (up to 10 3 S/cm), not reported for other tungsten suboxide NWs in the literature and a dominant metal-like behaviour. In dense networks of nanowires, the opposite behaviour was dominated, i.e. semi-conductor like behaviour, because of the contact resistance between two nanowires.

Outlook

The work on redox-controlled conductance of TBAPMo12 molecular junctions is the work the most accomplished among those of my thesis. There is no need to do supplementary experimentations but we are waiting for the results of the density functional theory (DFT) calculations to reinforce our study. After taking into account the organic linker, the difficulties are i) two different metals for the two electrodes, ii) many configurations possible to contact the layer with the tip: is it with PMo12 or TBA, where are the counterions inside the junction?

iii) how many molecules contact the surface of the tip?

Concerning the similar study with P5W30, we have results with the RT-AFM. However, due to its fast kinetic of oxidation/reduction in ambient air, it is preferable to use an UHV-AFM.

Indeed, this new experiment will allow us to measure the electronic transport of the reduced POM. Electric measurements should be done with both samples (in pristine and reduced state).

The second study about the influence of counterions in the electron transport properties does not need UHV condition. More theory works are needed to understand our results.

With the elements of response for the use of POMs in RC, we have finished this experiment with NPSANs with HPMo12. Indeed, they are not stable once the POM is reduced. Concerning those with TBAPW11SH, they are too hard to reduce and we can find a new protocol to do it.

Nevertheless, we have succeeded to synthetize TBAPW11SH Au-NPs directly without the step of ligand exchanges but for the moment, we could not find a subphase to deposit some drops and form a film. A simple drop casting is not working. A perspective of this work is to find out how to do a homogeneous with hexagonal arrangements of Au-POM without exchange method, to facilitate the protocol and be sure of the presence of the POM all along the gold nanoparticles.

As we also demonstrated that all the POMs can react differently after irradiation, we can extend these electric measurements to another POM susceptible to reduce after UV exposure and find another one prone for reconfigurable Reservoir Computing.

Regarding the tungsten suboxide nanowires, we have done a study about their conductance. We can prepare a nano-component with a 2D network of nanowires, a film as presented in the chapter 3. The link can be the nanowires and the nodes the contact between two of them. i.e 15 min in 7:3 H2SO4/H2O2 (v/v). Caution: Piranha solution is a strong oxidizer and reacts exothermically with organics. The wafer is rinsed with deionized (DI) water, and dried under a stream of nitrogen. Then, the wafer is exposed few minutes under UV-ozone to oxidize the surface of Ti. Clean 10x10 mm pieces of glass slide (ultrasonicated in acetone for 5 min, ultrasonicated in 2-propanol for 5 min, and UV irradiated in ozone for 10 min) were glued on the evaporated Au/Ti/TiO2 film (UV-polymerizable glue, NOA61 from Epotecny), then mechanically peeled off providing the TS Au film attached on the glass side (Au film is cut with a razor blade around the glass piece).

 Monolayers

The self-assembled monolayers (SAMs) of 2-aminoethane-1-thiol (HS-(CH2)2-NH2) and 6aminohexane-1-thiol (HS-(CH2)6-NH2) were prepared following a protocol optimized and described in a previous work for the electrostatic immobilization of POMs on amine-terminated SAMs. [START_REF] Dalla Francesca | Charge Transport through Redox Active[END_REF] The freshly prepared TS Au substrates were dipped in a solution of 2-aminoethane-1thiol hydrochloride or 6-aminohexane-1-thiol hydrochloride (Sigma-Aldrich) at a concentration of 10 -3 M in ethanol overnight in the dark. The samples were rinsed in ethanol for 5 min and then ultrasonically cleaned 5 min in deionized (DI) water. These SAMs were treated by a PBS (phosphate-buffered saline, pH=7.4) solution for 2 hours, followed by ultra-sonication in DI water for 5 minutes. The substrates were finally washed with ethanol and dried under nitrogen flow. It was found that the PBS treatment removes the formation of aggregates on the aminoalkylthiol SAMs as well as avoids clustering of POMs during the electrostatic deposition, likely because this treatment optimizes the ratio of NH3 + /NH2 on the surface. [START_REF] Vuillaume | Molecular Electronics: Electron, Spin and Thermal Transport through Molecules[END_REF] The electrostatic deposition of POM was done by immersion of these SAMs in a solution of POM at a concentration of 10 -3 M in acetonitrile or H2O for one to few hours. We checked by ellipsometry that the thickness of the POM layer was independent of the immersion time when the immersion time is longer than 1h.

o Spectroscopic ellipsometry

We recorded spectroscopic ellipsometry data (on ca. 1 cm 2 samples) in the visible range using a UVISEL (Horiba Jobin Yvon) spectroscopic ellipsometer equipped with DeltaPsi 2 data analysis software. The system acquired a spectrum ranging from 2 to 4.5 eV (corresponding to 300-750 nm) with intervals of 0.1 eV (or 15 nm). The data were taken at an angle of incidence of 70°, and the compensator was set at 45°. We fit the data by a regression analysis to a filmon-substrate model as described by their thickness and their complex refractive indexes. First, a background for the substrate before monolayer deposition was recorded. We acquired three reference spectra at three different places of the surface spaced of few mm. Secondly, after the monolayer deposition, we acquired once again three spectra at three different places of the surface and we used a 2-layer model (substrate/SAM) to fit the measured data and to determine the SAM thickness. We employed the previously measured optical properties of the substrate (background), and we fixed the refractive index of the organic monolayer at 1.50. [START_REF] Ulman | An Introduction to Ultrathin Organic Films: From Langmuir--Blodgett to Self--Assembly[END_REF] We note that a change from 1.50 to 1.55 would result in less than a 1 Å error for a thickness less than 30 Å. The three spectra measured on the sample were fitted separately using each of the three reference spectra, giving nine values for the SAM thickness. We calculated the mean value from this nine thickness values and the thickness incertitude corresponding to the standard deviation. Overall, we estimated the accuracy of the SAM thickness measurements at ± 2 Å. 219

o TM-AFM.

Topographic images were acquired in tapping mode (TM) on an ICON (Bruker) microscope and Γ2 the electronic coupling energy between the molecules and the two electrodes. The fits were done with the routine included in ORIGIN software, using the method of least squares and the Levenberg Marquardt iteration algorithm for the mean Ī-V curve and using Python algorithm for the complete dataset.

The SEL model is a low temperature approximation albeit it can be used at room temperature for voltages below the resonant transport conditions [START_REF] Grüter | Resonant Tunnelling through a C 60 Molecular Junction in a Liquid Environment[END_REF][START_REF] Brunner | Gaining Microscopic Insight into Molecular Junctions by Transport Experiments[END_REF] since the temperature broadening of the Fermi function is not taken into account. Moreover, a possible voltage dependence of ε0-SEL is also neglected. 221 It is known that the value of ε0-SEL given by the fit of the SEL model depends on the voltage window used for the fit. [START_REF] Grüter | Resonant Tunnelling through a C 60 Molecular Junction in a Liquid Environment[END_REF][START_REF] Brunner | Gaining Microscopic Insight into Molecular Junctions by Transport Experiments[END_REF]221 This feature is confirmed (Fig. A2. 2) showing that unreliable values are obtained with a too low voltage range (i.e. the SEL model is not reliable in the linear regime of the I-V curves) and not applicable when the voltage is high enough to bring the electrode Fermi energy close to molecular orbital (near resonant transport), here for a voltage window larger than -1.2 V /1.2 V where the fits are bad and the values of ε0-SEL collapse. For voltage windows below -1V/1V we clearly see the lowering of ε0-SEL by about 0.15-0.2 eV after reduction of the POMs. For comparison, the same mean Ī-V curves are also analyzed by TVS (Fig. 2.15, main text). For example, we obtain a good agreement with the SEL model limiting the fit in the voltage window -1V/1V with the C6-PMo12 MJs. For these reasons, we limited the fits to a voltage window -1 V to 1 V to analyze the complete datasets shown in Fig. 2.15 (Chapter2_IId). To construct the histograms of the values of ε0-SEL, Γ1 and Γ2 (Fig. 2.16 and 2.17 in Chapter2_IId, we discarded the cases for which the fits were not  Ultraviolet-visible (UV/VIS) Spectrometer UV-VIS absorption spectra were recorded using Perkin Elmer -Lambda800 spectrometer. The solutions are placed in a quartz tube and one scan is done from 800 to 200 nm.

 X-ray photoelectron spectroscopy (XPS)

High resolution XPS spectra were recorded with a monochromatic AlKα X-ray source (hυ = 1486.6 eV), a detection angle of 45° as referenced to the sample surface, an analyzer entrance slit width of 400 µm and with an analyzer pass energy of 12 eV. In these conditions, the overall resolution as measured from the full-width half-maximum (FWHM) of the Ag 3d5/2 line is 0.55 eV. Background was subtracted by the Shirley method. 222 The peaks were decomposed using Voigt functions and a least squares minimization procedure. Binding energies (BE) were referenced to the C 1s BE, set at 284.8 eV.

 Infrared (IR)

Some grains of POM were mixed within a KBR tablet and IR spectra were then recorded in transmission from 250 to 4000 cm -1 on a Jasco FT/IR 4100 spectrometer (Resolution 4 cm -1 ) in ePOM laboratory.

 Rationalized choice of the number of clusters

To set the optimised number of clusters, we analysed the same dataset with different numbers of clusters from 2 to 6. Figure A2.4 shows the average Ī-Vs obtained for the TS Au-C6/PMo12(0)//Pt junction dataset for 4, 5 and 6 clusters (clusters are labelled cN/M, with N the cluster number in decreasing order of current amplitude and M the total number of clusters). In all cases, cluster 1 corresponds to saturating I-Vs (current-voltage preamplifier compliance)

during the measurements and this cluster is not considered further in the analysis. The average Ī-V curve of each cluster was analysed with the SEL model and the TVS method and the obtained MO energy levels are given in Table A2. A2.1 and Table A2.2), as well as the electronic coupling to the electrodes (Γ values, see Table 3 in A2.1: c3/5 ≡ c4/6, c4/5 ≡ c5/6 and c5/5 ≡ c6/6). Thus, using 6 clusters does not add more relevant information and we conclude that the analysis with 5 clusters is the optimised approach. The same analysis conducted with the TS Au-C6/PMo12(I)//Pt junction dataset (Fig. A2.5and

Table A2.2) leads to the same conclusion. The c2/M and c3/M clusters are identical regardless of the total number M of clusters (Fig. A2.5 and Table A2.2) and the c3/6 and c4/6 clusters (analysis with 6 clusters) are identical and therefore this division is not useful. Comparing the analysis with 4 and 5 clusters, the cluster c4/4 can be decomposed into two clusters c4/5 and c5/5 (Fig. A2.5) with slightly different parameters (Table A2.2 and Table 2.3 in Ch.2, section IId). Thus, we also keep an optimised number of 5 clusters for the analysis of the TS Au-C6/PMo12(I)//Pt junction data set. This is also consistent for the comparison with the analysis of the TSAu-C6-PMo12(0)//Pt junction data set.  Infrared IR spectra were done with a Perkin Elmerspectrum 2000 instrument, 50 scans are accumulated from 700 to 3500 cm -1 to improve the signal/noise ratio with a resolution of 4 cm - 1 . For the HPMo12 NPSANs, the exchange of ligands was directly done on the crystal of germanium instead of a silicon wafer (Figure A3.1) in ATR mode. The same protocol on Ge as SiO2 was used. For the TBAPW11SH NPSANs, specular reflection mode (using 80Spec accessory from Pike technologies, fixed at 80-degree angle of incidence) was used, doing the exchange of ligands on a gold wafer following the same protocol as with SiO2. This difference is mainly due to the difficulty to clean the Ge crystal. A/V) -DL instruments model 1211). The FFT was performed with a two-channel dynamic signal analyzer Agilent 35670A. An average was done on 50 scans from 1 to 100 Hz.

 HHG: high harmonic generation

For HHG measurement, a rather similar equipment was used ( To check the stability of the network, SEM images were done before and after the measurements. Sometimes, we figure out that after the measurements, the pattern (the electrodes or the NPSAN or both) has been damaged (Figure A3.3). It happened randomly but to limit the risk we first optimize the quality of the NPSAN and then, we did only 10 IVs from 0 to 1V (no return) with glovebox connected to a grounded outlet. With this precaution, the damages happened less frequently and we have succeeded in doing all the electronic measurements at each step, except with HPMo12, where the patterns were automatically damaged after irradiation. This phenomenon can be caused by the electromigration for the destruction of electrodes and the disorganization and fusion of NPs, as already seen by the team for NPSANs with other ligands. 110,223 In Figure A3.4, we have estimated at 1 V a density of current ~ 8.3x10 6 A.cm -2 once the POM is reduced while the limit of electromigration of gold electrode is about 10 5 A.cm -2 . Annexe A3.6. High harmonic generation of HPMo12 A small amount of powder was diluted in purged ethanol and then deposited in a carbon grid by drop casting. Then, the acquisition of the images is done thanks to a Gatan Orius camera.  Statistical analysis to extract mean diameters 28 NWs were analysed using ImageJ to extract mean values of external diameter (dnt) and internal one (δnt). All the measured values are presented in the dataset below (Table A4.2): using a rule of mixture with the known material data. [START_REF] Chiechi | Eutectic Gallium-Indium (EGaIn): A Moldable Liquid Metal for Electrical Characterization of Self-Assembled Monolayers[END_REF] For the W18O49 nanostructures, we consider a mean value of an effective Young modulus E*nw = Enw = 28 GPa from a series of mechanical measurements (3 points contact on suspended NWs using contact mode AFM) on tungsten oxide nanowires with a diameter of ∼ 100 nm (the Poisson ratio is not known). 230 With these parameters, we estimate rc ≈ 3.6 nm (contact area ≈ 40 nm 2 ) and δ ≈ 0.5 nm.

Annexe A4.3. Longitudinal conductance  4-probe STM instrument

The electrical resistance of the NWs was measured in an ultrahigh vacuum (UHV) system that can be described in three parts: i) a SEM (UHV-Carl Zeiss Gemini) with a resolution of the order of 5 nm to view and precisely position the STM tips on the sample. The SEM images are acquired from the top of the sample and probes; ii) a multiple-probe STM (Nanoprobe, Scienta-Omicron) with four independent STM scanners for imaging and contacting nanostructures under SEM monitoring; iii) the third part is the control system which is the key component required to operate the system. It combines SPECS-Zürich Nanonis STM controllers to operate the STM probes at the nanoscale with Keithley Source-Measure Units (SMU) to perform the electrical measurements.

As the use of good electrical contacts is essential to inject and extract charge carriers into the NWs, tungsten tips were prepared by an electrochemical etching in NaOH and thoroughly annealed in the UHV preparation chamber to remove the thin oxide layer covering the tips.

The NWs were lying flat on the 200 nm SiO2/Si sample and the STM tips were approached under the supervision of the SEM. As the SiO2 surface is insulating, the distance regulation of the STM control system could not be used for the approach of the first tip. A high bias was applied on this tip (typically -8 V) and it was manually approached close to a NW until a charging hollow effect was visible on the SEM image around the NW. After setting the bias back to 0V on the first tip kept in contact with the NW, the approach of the three other STM tips was controlled by monitoring the tunneling current between the tip and the NW. The contact is detected at the crossover of the exponential distance-dependent tunnel current and the weak distance-dependent contact regime. Stable electrical contacts were obtained by further pushing each tip with feedback regulation off until saturating the preamplifiers. However, great care must be taken to avoid any significant deformation of the NW, as a mechanical stress applied to a NW can degrade its properties.

The tips were positioned with an in-line four-point geometry along the NW and the electrical measurements were always performed with the electron beam of the SEM turned off. Injection of the current I through the outer tips and measurement of the voltage drop V between the two inner tips give access to the four-point resistance R4p=V/I. While it is important to maintain steady contacts during the transport measurements, the four-point resistance R4p is, however, independent of the contact resistance.

o At T< 300K

The same measurements were performed as a function of temperature thanks to the variable temperature sample stage: a nitrogen flow was kept constant to cool down the sample stage whose temperature could be regulated by an integrated heater and a Lakeshore temperature controller. During cooling down, the tips are far enough from the sample because of the sample and system drift that can damage them. Once the temperature is reached, we wait half an hour to stabilize the system before contacting the NWs and start again the measurements.

o Transistor configuration

For the transistor configuration, only two tips are necessary. We applied a fixed voltage gate VG on the underlying silicon substrate and measured the drain current ID versus the drain voltage VD (the source is grounded) between the two tips connected on one nanowire. The measurements have been done at 300 K.  Other electron transport mechanism

We tested a classical temperature-activated transport mechanism for the samples with the lowest conductivity (Fig. 4.16, see Chapter4_IIc). Abstract Polyoxometalates (POMs) are nanometric molecular oxides with remarkable redox properties that can be explored in the context of advanced components. We propose to develop scalable functionalities in 2D nanomaterials based on POMs (2D POM Network, 2D-PN) "programmable/switchable" on demand thanks to the multifunctional properties of these molecules (e.g. multiredox states). The first objective is to prepare compact and dense monolayers of POMs on a metal substrate to assess their electron transport (ET) properties.

Here, we report the ET properties of two POMs in their different redox states using selfassembled monolayers (SAM) and conductive-AFM. For both molecules, we clearly observed an increase of the conductance of a factor of 10 for the reduced states which is related to a decrease of the energy of about 0.3eV of the molecular orbital involved in the transport though the metal/POM/metal. Then, we successfully fabricated multi-connected (6 electrodes) hybrid 2D-PN with two POMs and Au nanoparticles and we measured their ET revealing large variability in the 2D-PN. Low-frequency noise and high-harmonic generation measurements will be used to discuss the possible use of these 2D-PN within the global framework of the physical implementation of a neuromorphic reservoir computing system with nano-objects (Carbon nanotubes, nanoparticles, molecules, atomic switches). We also synthesize W18O49 nanowires (about μm long and few tens of nanometers in diameter) and we measure their conductivity with a 4-probe UHV STM. We demonstrate a very high conductivity up to 10 3 S/cm along the nanowire, which outperforms the literature data and a large conductivity anisotropy.

Key words: polyoxometalates; molecular junction; C-AFM; Reservoir Computing; W18O49 nanowires
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Figure 1 . 1 .

 11 Figure 1.1. Overview of several types of molecular junctions (MJs) along a scale of the approximate number of molecules in the MJ: from "large area MJ" on the left to few molecules and single molecule junction on the right. 7

Figure 1 . 2 .

 12 Figure 1.2. Scheme of self-assembled monolayers structure. Image adapted from reference[START_REF] Hnid | Surfaces et Jonctions Moléculaires Photo-Actives : Organisations, Fonctionnalisations et Caractérisations Par Microscopie à Effet Tunnel et Microscopie à Force Atomique et Pointe Conductrice[END_REF] 

Figure 1 . 3 .

 13 Figure 1.3. (a) Simplified energy diagram of a molecular junction. (b) Coherent, off-resonant, electron transport, eV < 2ε0.(c) Coherent, resonant, electron transport, eV ≥ 2ε0. 7 

Figure 1 . 4 .

 14 Figure 1.4. Scheme of the energy levels and electron transport processes of MJs with the different coupling strengths between the molecules and the electrodes (a) in the weak coupling regime (b) in the intermediate coupling regime and (c) in the strong coupling regime.[START_REF] Jia | Molecule-Electrode Interfaces in Molecular Electronic Devices[END_REF] 

  electron charge, h the Planck constant, d the thickness of the tunneling barrier, φT the energy barrier height, V the voltage applied across the junction, m the effective mass of the electron, I the current and S the electrical contact surface area. In MJ, 𝜑 is ascribed to the energy difference between the MOs and the Fermi energy.This model is limited by his strong dependence of extracted parameters on the assumed contact area for transport. Moreover, it considers a linear variation of the electric field between the electrodes at applied voltage whereas, in MJs, we can consider the potential drops are mainly located at the molecule/electrode interface. This induces a deviation of experimental currentvoltage data from the assumptions that underlie the Simmons model.[START_REF] Vilan | Analyzing Molecular Current-Voltage Characteristics with the Simmons Tunneling Model: Scaling and Linearization[END_REF] Now, this model is used as a simplify model transport and other models are used for describing the transport.

Figure 1 . 5 .

 15 Figure 1.5. Simplified scheme showing at applied voltage (a) Simmons model with the trapezoidal barrier form and (b) Landauer formalism with a drop of potential located at the molecule/electrode interface.

Figure 1 . 6 .

 16 Figure 1.6. Typical examples of the fits of the SEL model on molecular junctions with symmetric anchoring groups N-OPE-N and asymmetric anchoring groups N-OPE-S (OPE : olygo(phenylene ethynylene) ; N and S refer to pyridine and thiol anchoring groups, respectively). The single molecule I(V) curves are measured

[

  MxOy] n-and the heteropolyoxometalates of the general formula [XzMxOy] n-which have one (or more) heteroatom(s) X in them. Because of the cationic radius size and the capability of bonding between metallic-d and oxygen-p orbitals, only Vanadium (V), Niobium (Nb), Tantalum (Ta), Molybdenum (Mo) and Tungsten (W) can be at the basis of the POMs. They are well characterized and stable. Moreover, thanks to the accessibility of their empty d-orbitals for metal-oxygen bonding, Mo and W are the most used, in their highest oxidation states (d 0 ) as Mo(VI) and W(VI). Several families of these POMs exist according to their geometric stacking such as Keggin, Dawson, Anderson or Preyssler structures (Figure 1.7):

Figure 1 . 7 .

 17 Figure 1.7. Polyhedral representation of POM a) Keggin [XM12O40] n-, b) Dawson [X2M18O62] n-, c) Anderson [XM6O24] n-and d) Preyssler [NaP5W30O110] 14-Blue polyhedral are{MO6}(M=any addenda atom), light green polyhedral {XOn}(X=heteroatom), light green spheres sodium light blue polyhedral {WO6}, red spheres oxygen

  -linked by 28 Fe 3+ (Figure 1.8b). The nanometric blue-wheel [Mo154O462H14(H2O)70] 14-is formally composed of the assemblies of 14 {Mo8} building blocks generated in situ under reducing conditions by molybdenum dimers (in red on Figure 1.8c) and monomers (in yellow on Figure 1.8c). Organic-inorganic POM-based hybrids can also be obtained by condensation reactions involving the oxygens (Figure 1.8a).

Figure 1 . 8 .

 18 Figure 1.8. Examples of different sizes of POM by (a) adding a ligand to [PW11O39] 7-and multiplying (b) the motif [H2P12W12O48]12-and (c) the pentagonal based {Mo8} motif to get the {Mo154} blue wheel. Images from the

Figure 1 . 9 .

 19 Figure 1.9. Molecular orbital scheme for [SiW12O40] 4-. LUMO is composed of 73% d-metal orbitals of tungsten atom. Images from the reference[START_REF] Poblet | Ab Initio and DFT Modelling of Complex Materials: Towards the Understanding of Electronic and Magnetic Properties of Polyoxometalates[END_REF] 

Figure 1 . 10 .

 110 Figure 1.10. Cyclic voltammetry of 0.1 mM of PMo12O40 3-in CH3CN + 0.1M TBAPF6 at a glassy carbon electrode; scan rate 0.1 V.s -1

Figure 1 .

 1 11 illustrates the results of one of this paper:[START_REF] Balliou | Size-Dependent Single Electron Transfer and Semi-Metal-to-Insulator Transitions in Molecular Metal Oxide Electronics[END_REF] 

Figure 1 . 11 .

 111 Figure 1.11. Examples of work on molecular junction with different concentrations of POMs by the team of Glezos (a) vertical molecular junction(b) planar molecular junction. Image adapted from the reference.[START_REF] Balliou | Size-Dependent Single Electron Transfer and Semi-Metal-to-Insulator Transitions in Molecular Metal Oxide Electronics[END_REF] 

Figure 1 . 12 .

 112 Figure 1.12. Schematic diagram of the transport mechanism model depending on the film types at the highvoltage regime (a) dense monolayer of POM in a short electrode gap (b) in a wide electrode gap (c) in a nondense monolayer and (d) in a short electrode gap with several layers. Figures from Ref 75

  e. a deeper LUMO for the Mobased POM) is preserved in the solid-state molecular junction (Figure 1.14a). In a second study, a large POM [H7P8W48O184] 33-was electrostatically deposited onto a positively charged 8amino-1-octanethiol self-assembled monolayers and contacted by a conductive tip atomic force microscope (C-AFM) (Figure 1.13b). This work allowed to determine the optimal conditions to control the morphology and organization of the electrostatically deposited POM monolayer. From the analysis of the current-voltage curves with different models: electron tunneling though the SAMs (Simmons model), transition voltage spectroscopy (TVS) method or single molecular energy level mediated transport (Landauer equation), the authors concluded that the LUMOs of the alkyl spacer and the POM are energetically aligned probably due to dipole effects at the alkyl/POM interface (Figure 1.14b).

Figure 1 . 14 .

 114 Figure 1.14. Energy diagrams of (a) POM with Mo or W and (b) alkyl/P8W48 (images unpublished from the cited works above[START_REF] Dalla Francesca | Charge Transport through Redox Active[END_REF][START_REF] Laurans | Molecular Signature of Polyoxometalates in Electron Transport of Silicon-Based Molecular Junctions[END_REF] 
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 1 Figure 1.15. (a) Representation of the POM MOF and (b) I-V curves of a single crystal in the reduced and oxidized states with conductivity 9.2 × 10 -5 and 2.1 × 10 -7 S/cm respectively. Image adapted from the reference.[START_REF] Turo | Co 2+ -Linked[END_REF] 

Figure 1 .

 1 Figure 1.16. (a) Schematic representation of hexavanate single molecule in Au-POM STM tip configuration and (b) STM response showing four steps corresponding to the four redox state of the POM.[START_REF] Linnenberg | Addressing Multiple Resistive States of Polyoxovanadates: Conductivity as a Function of Individual Molecular Redox States[END_REF] 

Figure 1 .

 1 Figure 1.17. Reservoir Computing with W = Weight (a) Software realisation and (b) hardware realisation.[START_REF] Tanaka | Recent Advances in Physical Reservoir Computing: A Review[END_REF] 

Figure

  Figure 1.18. Schematic of the device layout of reconfigurable logic.[START_REF] Bose | Evolution of a Designless Nanoparticle Network into Reconfigurable Boolean Logic[END_REF] 

Figure 1 .

 1 Figure 1.19. SWNT/POM network (a) Noise generation in the base current at each cycle for stepwise increments of VB and (b) full circuit schematic of the outputs obtained from different electrode pads when a sine wave of 11Hz, ±1 V is applied at the yellow-colored electrode pad connected to the SWNT (black line)/Por-POM film (green circle). A function generator is used where the output from one pole is fed as the input signal, whereas the other pole is grounded via a 50 Ω resistor (z value, orange box). All outputs are then taken from the data acquisition (DAQ) system which is grounded via a similar 50 Ω resistor, to complete the full circuitry.106,108 

Figure 1 .

 1 Figure 1.20. (a) SEM images of the representation of the nano-objet Au-AzBt who can be studied at a reservoir base for RC, and Signal frequency spectra for the same NPSAN output when b) the AzBT molecules are in the trans state and c) in the cis state showing Intermodulation distorsion (IMD) and interharmonics. The HHG peaks are labeled as Ai (i = 1 for the fundamental, i = 2 for the second harmonic, etc.) and Bi for harmonics corresponding to the A and B input signals, respectively. IMD peaks are labeled by a combination of Ai and Bi.Interharmonics are labeled with noninteger i values.109 

Figure 2 .

 2 Figure 2.1. (a) Preparation of the template-stripped gold electrode with the black dashed line symbolizing the detachment of the superior part of the bottom electrode and (b) structure of the molecular junction.

  e. reduction) to the POM on the conduction mechanism of the MJ. Here, the work has been done with phosphomolybdate [PMo12O40] 3-with a tetrabutyl ammonium salt (N(C4H9)4 + or TBA) counterion, the pristine POM is [this POM because its synthesis is well known in the literature as well as its reduction reaction. 122,123 a) Chemical synthesis of the POMs and physicochemical characterizations The chemical synthesis and physicochemical characterizations were done by Kelly Trinh in collaboration with Florence Volatron and Anna Proust (ePOM team, Institut Parisien de Chimie Moléculaire, CNRS and Sorbonne University, Paris).

  Figure 2.2 shows the CV of 1mM solution of (TBA)3[PMo VI 12O40] in 0.1 M TBAPF6 in CH3CN. Three reversible waves are observed corresponding to three monoelectronic processes with midpoint potentials at +0.142, -0.272 and -0.991 V/SCE (E1/2=0.5(Epa-Epc); Epa: anodic peak potential; Epc cathodic peak potential).

Figure 2 . 2 .

 22 Figure 2.2. Cyclic voltammetry showing reduction of the PMo12 up to 3 electrons.

Figure 2 . 3 .

 23 Figure 2.3. NMR 31 P of (a)PMo12(0) and (b) PMo12(I)

Figure 2 . 4 .

 24 Figure 2.4. (a) and (b) UV-vis spectra of PMo12(0) and PMo12(I) and Mo3d XPS spectra of (c) PMo12(0) and (d) PMo12(I)

Figure 2 . 5 .

 25 Figure 2.5. Tapping-Mode AFM images of (a) TS Au-C2 SAM, (b) TS Au-C2/PMo12(0), (c) TS Au-C2/PMo12(I), (d) TS Au-C6 SAM, (e) TS Au-C6/PMo12(0), (f) TS Au-C6/PMo12(I). The dark spots are defects (pinholes) in the underlying Au substrate and they are masked for the roughness analysis.
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 26 and C6 (Figure 2.7) alone have been controlled and are presented here.

Figure 2 . 6 .

 26 Figure 2.6. (a) 2D histograms (heat maps) of I-Vs (~ 8 nN) in a semi-log10 plot for (a) TS Au-C2//Pt, the solid black line is the mean Ī-V curve. (b) SEL fit of the Ī -V curve, (c) TVS method with t the Ī -V curve and (d) The histograms of the SEL model (red bars) and TVS method (blue bars) and fits by a normal distribution (the fitted mean value ± standard deviation is indicated on the panels). After cleaning the dataset, 424 IVs are selected and shown in the 2D histograms (Figure 2.6a). The mean curve is calculated from the histogram (black line) and then, fitted with the SEL model (equation 1.3 in Chapter 1; on the range ± 1.3V as discussed in annexe A2.3 to avoid some artefacts of the model, Figure 2.6b) and analysed by the TVS method (equation 1.4 in Chapter 1; Figure 2.6c). We find a value ε0 of 0.89 eV in both cases. Finally, the two methods have been applied to the 424 IVs and from the statistical distribution, we obtained a mean ε0-SEL value around 0.94 eV with SEL model and ε0-TVS around 1.01 eV with TVS method (Figure 2.6d). The same results are presented with the SAM C6 (Figure 2.7).

Figure 2 . 7 .Figure 2 .

 272 Figure 2.7. (a) 2D histograms (heat maps) of I-Vs (~ 8 nN) in a semi-log10 plot for (a) TS Au-C6//Pt, the solid black line is the mean Ī-V curve. (b) SEL fit of the Ī -V curve, (c) TVS method with t the Ī -V curve and (d) The histograms of the SEL model (red bars) and TVS method (blue bars) and fits by a normal distribution (the fitted mean value ± standard deviation is indicated on the panels).Here, 415 cleaned IVs are shown in the 2D histogram (Figure2.7a). As previously, by extracted the mean Ī-V curve, we obtain a value ε0-SEL of 0.85 eV with the SEL model (fit on ± 1.5V, Figure2.7b) and ε0-TVS ≈ 0.72 eV with the TVS method (Figure2.7c). From both methods, we observe the same mean value of 0.88 eV from the statistical analysis.
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 28 Figure 2.8. 2D histograms (heat maps) of I-Vs (loading force ~ 6 nN) in a semi-log10 plot for (a) TS Au-C2/PMo12(0)//Pt and (b) TS Au-C2/PMo12(I)//Pt. The solid black lines are the mean Ī-V curves. (c) and (d) The histograms of the currents at -1.5 V (red bars) and +1.5 V (blue bars) and fits by a log-normal distribution (the fitted log-mean value ± log-standard deviation is indicated on the panels).In Figure2.8, (a) and (b), we present the heat maps of the MJ with the short SAM and the PMo12 prepared in the two different reduced states. In total, there is 491 IV curves presented here for both states of the PMo12. By comparing the 2D histograms, no difference is observed. The statistical distribution of the currents and the mean Ī-V curves (black lines) are quite similar.Pushing the analysis further, by comparing the log(current) histogram at ± 1.5V (Fig.2.8(c) and (d)), we see a small difference. Indeed, for the PMo12(0), we obtain the same mean value at positive and negative voltages. For the PMo12(I), there is a little deviation with a mean value of current slightly higher at negative voltage. The asymmetry ratio R -= I(-1.5V)/I(1.5V) is around 2.5.
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 29 Figure 2.9. Mean Ī-V curves for TS Au-C2/PMo12(0)//Pt fitted with (a) SEL model and (b) TVS method and for TS Au-C2/PMo12(I)//Pt fitted with (c) SEL model and (d) TVS method.For the TS Au-C2/PMo12(0)//Pt, the average ε0 values are 0.85 and 0.87 eV with SEL model and TVS respectively. For the TS Au-C2/PMo12(I)//Pt, the average ε0 values are slightly lower at 0.74 and 0.81 eV respectively.

Figure 2 .

 2 Figure 2.10. Statistical distribution of the energy level (SEL model and TVS method) involved in the ET properties for (a) TS Au-C2/PMo12(0)//Pt and (b) TS Au-C2/PMo12(I)//Pt. The solid lines are the fits by a Gaussian distribution with the mean value ± standard deviation indicated in the panels.

Figure 2 .

 2 Figure 2.10 shows the statistical distribution of the energy levels ε0-SEL and ε0-TVS obtained on the datasets shown in Figure 2.8, and the fits by a Gaussian distribution. We obtain the same results for the PMo12(0) and PMo12(I) MJs. The electronic coupling energies to the electrodes, Γ1 and Γ2, have been also determined from the mean Ī-V curves in both cases (Figure 2.9) and also by the statistical method with the SEL model (Figure 2.11).
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 211 Figure 2.11. Histogram of coupling parameters Γ1 (blue bars) and Γ2 (red bars) for (a) TS Au-C2/PMo12(0)//Pt and (b) TS Au-C2/PMo12(I)//Pt . The Γ values are fitted by a log-normal distribution leading to the geometric mean given in the figure

Figures 2. 12

 12 Figures 2.12(a) and (b) present the 2D histograms for the TS Au-C6/PMo12(0)//Pt and (b) TS Au-

  Figures 2.12(a) and(b) present the 2D histograms for the TS Au-C6/PMo12(0)//Pt and (b) TS Au-C6/PMo12(I)//Pt junctions. We first note that the currents are globally lower by a factor up to ∼100 than with the C2 SAM as expected knowing the well-established length dependence behaviour of alkyl chain MJs.[START_REF] Ulman | An Introduction to Ultrathin Organic Films: From Langmuir--Blodgett to Self--Assembly[END_REF]126 

Figure 2 .

 2 Figure 2.12. 2D histograms (heat maps) of I-Vs (loading force ~ 6 nN) in a semi-log10 plot for (a) TS Au-C6/PMo12(0)//Pt and (b) TS Au-C6/PMo12(I)//Pt. The solid black lines are the mean Ī-V curves. (c) and (d) The histograms of the currents at -1.5 V (red bars) and +1.5 V (blue bars) and fits by a log-normal distribution (the fitted log-mean value ±log-standard deviation is indicated on the panels).
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 213 Figure 2.13. The whole IV dataset of the irradiation/relaxation cycles for: 1) pristine, 2) UV 5.5h, 3) RT 14.5h, 4) UV 4h, 5) 80°C 2h, 6) RT 24h, 7) UV 3.5h, 8) 80°C 2h.
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 214 Figure 2.14. Evolution of the mean current log(|Ī|) at -1V for 3 cycles of reduction/oxidation. The currents measured during the last cycle are lower, possibly due to some degradation of the sample or the tip or a drift of the C-AFM loading force.
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 2 Figure 2.15. mean Ī-V curves of for TS Au-C6/PMo12(0)//Pt fitted with (a) SEL model and (b) TVS method and for TS Au-C6/PMo12(I)//Pt fitted with (c) SEL model and (d) TVS method.
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 216 Figure 2.16. Statistical distribution of the energy level (SEL model and TVS method) involved in the ET properties for (a) TS Au-C6/PMo12(0)//Pt and (b) TS Au-C6/PMo12(I)//Pt. The solid lines are the fits by a Gaussian distribution with the mean value ± standard deviation indicated in the panels.
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 2 Figure 2.17. Histogram of coupling parameters Γ1 (blue bars) and Γ2 (red bars) for TS Au-C6/PMo12(0)//Pt. The Γ values are fitted by a log-normal distribution leading to the geometric mean given in the figure.
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 2 18 illustrates the feature space obtained for the C6-PMo12(0) MJ dataset and the 5 clusters mean Ī-V. The same data are presented for C6-PMo12(I) in the next two panels of the figure.
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 2 Figure 2.18. (a) Feature space and (b) mean Ī-V for each cluster c1 to c5 for the TS Au-C6-PMo12(0)//Pt junctions. (c) Feature space and (d) mean Ī-V for each cluster c1 to c5 for the TS Au-C6-PMo12(I)//Pt junctions.
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 2 Figure 2.19. Mean Ī-V curves fitted with SEL model for TS Au-C6/PMo12(0)//Pt clusters (a) 2, (b) 3, (c) 4 and (d) 5.

Figure 2 .

 2 Figure 2.20. Mean Ī-V curves analysed with the TVS method for TS Au-C6/PMo12(0)//Pt clusters (a) 2, (b) 3, (c) 4 and (d) 5.

Figure 2 .

 2 Figure 2.21. 2D histogram and mean Ī-V curves for TS Au-C6/PMo12(0)//Pt clusters (a) 2, (b) 3, (c) 4 and (d) 5.

Figure 2 .

 2 Figure 2.22. Asymmetry ratio R -for TS Au-C6/PMo12(0)//Pt clusters (a) 2, (b) 3, (c) 4 and (d) 5 at V± 1.5 V

  , 2.22 and 2.23). o With TS Au-C6-PMo12(I)//Pt

Figure 2 .

 2 Figure 2.24. Mean Ī-V curves of TS Au-C6/PMo12(I)//Pt clusters (a) 2, (b) 3, (c) 4 and (d) 5.

Figure 2 .

 2 Figure 2.25. Mean Ī-V curves transformed with TVS method for TS Au-C6/PMo12(I)//Pt clusters (a) 2, (b) 3, (c) 4 and (d) 5.

Figure 2 .

 2 Figure 2.26. 2D histogram and mean Ī-V curves for TS Au-C6/PMo12(I)//Pt clusters (a) 2, (b) 3, (c) 4 and (d) 5.

Figure 2 .

 2 Figure 2.27. Asymmetry ratio R -for TS Au-C6/PMo12(I)//Pt clusters (a) 2, (b) 3, (c) 4 and (d) 5 at ±1.5 V.

Figure 2 .

 2 Figure 2.28. Statistical distribution of the energy level (TVS method) involved in the ET properties for TS Au-C6/PMo12(I)//Pt clusters (a) 2, (b) 3, (c) 4 (distribution with TVS method for cluster 5 is not shown because of the too large dispersion) The solid lines are the fits by a Gaussian distribution with the mean value ± standard deviation indicated in the panels.
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 2 Figure 2.29. Hypothesized schemes of the energy diagrams: (a) TS Au-C6/PMo12(0)//Pt and (b) TS Au-C6/PMo12(I)//Pt junctions at a negative, null and positive bias applied on the TS Au substrate (the C-AFM tip grounded). The blue arrows indicate the MO-mediated electron transport and the green arrows show the direct tunneling (the wider the arrow, the larger the tunneling current). The MO energies (vs. vacuum energy) aregiven as reported from calculations (see text) and the ε0 values are taken from our experiments(Figs. 2.12 and 2.16, Table 2.3).

  MO-mediated ET (blue arrow, fig. 2.29(a)) and at positive bias, a direct tunnelling (green arrow). However, the lower work function for Au than Pt can favour a positive asymmetry. It means we can have more direct tunnelling current for a positive voltage applied on the electrode with the lowest WF, Au (larger green arrow in Fig.2.29(a)). We illustrate the same phenomena with the C6 SAMs for which we observed a slight positive asymmetry (Fig.2.7). Since the TS Au-C6/PMo12(0)//Pt and the TS Au-C6//Pt junctions display current levels of the same order of magnitude (Fig.2.7 and 2.12), these two effects of opposite behaviour can counterbalance each other, leading to the observed almost symmetric I-V behaviour for the TS Au-C6/PMo12(0)//Pt molecular junction.

  They have the same LUMO energy (≈ 0.6 eV), in agreement with the average value deduced from statistics on the full dataset (Figure 2.7). Their electronic coupling to the electrodes is different (a factor about 4.5) but we can explain it as the consequences of C-AFM tip contact on the C6/PMo12(0) fluctuations. The two other clusters at lowest current (#4 and #5, ≈ 10 pA at +/-1.5 V) have more dispersed LUMO values (Fig.

Figure 2 .

 2 Figure 2.30. Polyhedral representation of Preyssler [Na⊂P5W30O110] 14-. Light green sphere sodium, light blue polyhedra {WO6} and red spheres oxygens. Image from the reference.[START_REF] Bijelic | Polyoxometalates as Potential Next-Generation Metallodrugs in the Combat Against Cancer[END_REF] 

Figure 2 .

 2 Figure 2.31. 2D histograms (heat maps) of I-Vs (loading force = 7.5 nN) in a semi-log10 plot for (a) TS Au-C6/KP5W30(0)//Pt and (b) TS Au-C6/KP5W30(x)//Pt. The solid black lines are the mean Ī-V curves. Histograms of the currents at (c) -1.0 V and (d) +1.0 V for the pristine (red bars) and reduced POM (blue bars) and fits by a log-normal distribution (the fitted log-mean value ± log-standard deviation is indicated on the panels).

Figure 2 .

 2 Figure 2.32. (a) Mean Ī-V curve fitted with SEL model and (b) with TVS method for TS Au-C6/KP5W30(0)//Pt and (c) Mean Ī-V curve fitted with SEL model and (d) with TVS method for TS Au-C6/KP5W30(x)//Pt.

Figure 2 .

 2 Figure 2.32 (a) and(c) shows the average Ī-V curves obtained with the two junctions. The shape of the Ī-V, as also observed in the log scale (Figure2.31 a and b), is not usual. We observe some shoulder and the data are not well fitted by the SEL model (red line on Figure2.32a and c, even after reducing the fitted range), thus we do not used this model. We use the TVS method with these two junctions and we obtain ε0-TVS = 0.38 eV for the pristine POM and 0.32 eV for the irradiated POM. These two values are quite similar.

Figure 2 . 33 .

 233 Figure 2.33. Statistical distribution of the energy level (TVS method) involved in the ET properties for (a) TS Au-C6/KP5W30(0)//Pt and (b) TS Au-C6/ KP5W30(0//Pt. The solid lines are the fits by a Gaussian distribution with the mean value ± standard deviation indicated in the panels.

Figure 2 .

 2 Figure 2.33 shows the statistical distribution of ε0-TVS. We find value a bit higher than with the mean Ī-V (Figure2.32 b and d) but still similar, i.e. 0.46 and 0.52 eV for the pristine POM and after irradiation respectively. From these values, we calculated the coupling parameters ΓTVS 0.14 and 0.48 meV.

  reduction of TBA10H4[Na⊂P5W30O110].24H2O, dissolved in degassed water and maintained under a dinitrogen flow, by successive additions of solid sodium dithionite (Na2S2O4) was first monitored by the growing of the IVCT band at about 700 nm by UV-vis spectroscopy (Annexe A2.7). The absorbance maximum was reached after addition of 11 equivalents of Na2S2O4 ( = 26 000 cm -1 .M -1 ). Because of competitive redox reactions, like the disproportionation of the dithionite itself, sodium dithionite should be added in great excess.1.03 g of TBAP5W30 (i.e. 10 -4 mol) is introduced into a 100 mL flask and dissolved in 20 mL of a mixture of degassed aqueous saturated TBABr (14 mL) and H2O (6 mL). The solution is heated up to 70°C to facilitate the dissolution of the POM and 11 equivalents of sodium dithionite (Na2S2O4) is added under control atmosphere. Then, we close the flask under argon flow. After cooling the solution, we observe a blue precipitate. This precipitate was filtered and washed with ethanol (rapidly) and diethylether (first crop 232 mg, second crop 74 mg). It is characterized by[START_REF] Fontaine | Octadecyltrichlorosilane Monolayers as Ultrathin Gate Insulating Films in Metal-insulatorsemiconductor Devices[END_REF] P NMR by a rather sharp signal at -8.23 ppm (Annexe A2.7).

  4Na14[Na⊂P5W30O110].49H2O of 9627.79 g.mol -1 . The final calculated % values become C 7.98%, H 2.53% and N 0.58% and can be coherent with the previous elemental analysis because of the partial loss of water. -Using this calculated molecular weight, a volume Veq= 2.15 mL of the Ce(IV) solution would be expected for the titration.  Second hypothesis, n = 3: -This time, the closest agreement with the elemental analysis and without considering the number of water molecules of crystallization x is (TBA)3Na14[Na⊂P5W30O110]. It in turn allows calculating x = 47 and a molecular weight for (TBA)3Na14[Na⊂P5W30O110].47 H2O of 9349.29 g.mol -1 . The final calculated % values are C 6.17%, H 2.18% and N 0.45%. Again, the partial loss of water can justify the little difference.

  TBANaP5W30(III) (for (TBA)3Na14[Na⊂P5W30O110].47 H2O). Finally, a UV-vis spectrum was recorded after isolation and redissolution of the reduced compound in degassed ACN. The calculated value for max, 20 340 cm -1 . M -1 was lower than in the preparative monitoring, but the compound is very sensitive to reoxidation. 1.1x10 -9 A) to log I = -8.38 (I = 4.1x10 -9 A) at negative bias (factor ~ 4) and from log I = -8.89 (I = 1.3x10 -9 A) to log I = -7.83 (I = 1.5x10 -8 A) at positive voltage (factor ~ 11). Moreover, no asymmetry is observed with the C6/TBAP5W30(0) and one appears with C6/TBANaP5W30(III) (R + ~ 3.5).

Figure 2 .

 2 Figure 2.35. (a) and (c) Mean Ī-V curves, (b) and (e) with TVS method and (c) and (f) statistical distribution of the energy level (TVS method) involved in the ET properties for TS Au-C6/TBAP5W30(0)//Pt and TS Au-C6/ TBANaP5W30(III)//Pt, respectively. The solid lines are the fits by a Gaussian distribution with the mean value ± standard deviation indicated in the panels.

Figure 2 .

 2 Figure 2.36. 31 P NMR spectra of K12,5Na1,5[Na⊂P5W30O110] in D2O showing the main component at -10.06ppm.

Figure 2 .

 2 Figure 2.37. IR spectrum of K12,5Na1,5[Na⊂P5W30O110].

7 .

 7 8g) is yellower and stickier, it is crushed twice with ethanol, then dried with diethylether and analysed by NMR (Figure 2.38). According to ATD/ATG, 44 water molecules are present leading to the general formula H14[Na⊂P5W30O110].44H2O with a molar weight of 8260.08 g mol -1 (Annexe A2.8).

Figure 2 .

 2 Figure 2.38. 31 P NMR spectrum of the H14[Na⊂P5W30O110].

Figure 2 .o

 2 Figure 2.39. CV of HxP5W30 1mM, ACN, TBAPF6 0.1 M, 0.1 V.s -1 .

TBA10H4[

  Na⊂P5W30O110].24H2O (MW = 10314.41 g.mol -1 , Annexe A2.8). Our supposition is confirmed by the elemental analysis.

Figure 2 .

 2 Figure 2.40. IR spectrum after exchange of counterion.

Figure 2 .Figure 2 .

 22 Figure 2.41. 2D histograms (heat maps) of I-Vs (loading force= 9 nN) in a semi-log10 plot for (a) TS Au-C6/(NH4P5W30//Pt, (b) TS Au-C6/HP5W30//Pt. The solid black lines are the mean Ī-V curves. (d) and (e) The histograms of the currents at ±1.0 V (blue bars) and fits by a log-normal distribution (the fitted log-mean value ± log-standard deviation is indicated on the panels).

Figure 2 .

 2 Figure 2.42. (a) Mean Ī-V curve and (b) with TVS method for TS Au-C6/NH4P5W30//Pt and (c) Mean Ī-V curve and (d) with TVS method for TS Au-C6/HP5W30//Pt.

  1 a and b and annexe A3.1). Hereafter, this network of molecularly functionalized metal nanoparticles is called nanoparticle self-assembled network (NPSAN) (Figure 3.1_c). Having six electrodes allows studying the electron transport (ET) properties between different connexions inside the network, the purpose being to assess the ET variability inside the NPSANs and check if they are prone to be a part of reservoir computing, as described in the Chapter 1-III. Gold NPs play the role of artificial nodes and the POMs the connexions between them. The NCM team has already done similar work with NP/azobenzene NPSANs 160

Figure 3 . 1 .

 31 Figure 3.1. (a) Schematic image of one component with a matrix of 6 x 4 NPSANs, (b) SEM image of one NPSAN motif with six electrodes and (c) schematic representation of NPSAN with Au NP-POM

Figure 3 . 2 .

 32 Figure 3.2. (a) citrate capped AuNP and (b) oleylamine capped AuNP

Figure 3 . 3 .

 33 Figure 3.3. Picture of the spontaneous film of gold nanoparticles at the surface of ethylene glycol

Figure 3 . 4 .Figure 4

 344 Figure 3.4. SEM images of NPSAN with oleylamine (a) with the six electrodes and (b) large image enlargement with hexagonal arrangement (in red)

Figure 3 . 5 .

 35 Figure 3.5. 1D histogram of (a) diameter of NPs and (b) Nearest Neighbor distance for oleylamine NPSAN. The solid red lines are the fits by a Gaussian distribution with the mean value ± standard deviation indicated in the panels.

Figure 3 .

 3 Figure 3.5a shows the distribution of the diameter of the NPs, the mean diameter is around 8

Figure 3 . 6 .

 36 Figure 3.6. Keggin structure (a) (H + )3 [PMo12O40] 3-and (b) (TBA + )3 [PW11O40(SiC3H6SH)2] 3-

Figure 3 . 7 .

 37 Figure 3.7. IR spectra measured on germanium ATR crystal (a) full spectra, (b) and (c) zoom on the bands of the C-H region and PMo12 region, respectively.

Figure 3 . 8 .

 38 Figure 3.8. SEM images after exchange of ligands by HPMo12 (a) NPSAN with the six electrodes (b) large image enlargement with hexagonal arrangement (in red)

Figure 3 . 9 .

 39 Figure 3.9. 1D histogram of (a) diameter of NPs and (b) Nearest Neighbor distance for HPMo12 NPSAN. The solid red lines are the fits by a Gaussian distribution with the mean value ± standard deviation indicated in the panels.

Figure 3 .

 3 Figure 3.10. IR spectra done in specular reflexion (a) full spectra, (b) and (c) zoom on the peak of the C-H region and PMo12 region, respectively.

Figure 3 .

 3 Figure 3.11. SEM images after exchange of ligands by TBAPW11SH (a) NPSAN with the six electrodes (b) large image enlargement with hexagonal arrangement (in red)

Figure 3 .

 3 Figure 3.12. 1D histogram of (a) diameter of NPs and (b) Nearest Neighbor distance for TBAPW11SH NPSAN. The solid red lines are the fits by a Gaussian distribution with the mean value ± standard deviation indicated in the panels.

c)

  Figure 3.13. SEM images (a-b) before and after (c-d) irradiation of HPMo12. Note that (a) and (c) are not at the same magnification

Figure 3 .

 3 Figure 3.14. 1D histogram of (a) diameter of NPs and (b) Nearest Neighbor distance for irradiated HPMo12 NPSAN. The solid red lines are the fits by a Gaussian distribution with the mean value ± standard deviation indicated in the panels.

Figure 3 .

 3 Figure 3.15. SEM images (a-b) before and (c-d) after irradiation of TBAPW11SH. Note that (a) and (c) are not at the same magnification.

Figure 3 .

 3 Figure 3.16. 1D histogram of (a) diameter of NPs and (b) Nearest Neighbor distance for irradiated TBAPW11SH NPSAN. The solid red lines are the fits by a Gaussian distribution with the mean value ± standard deviation indicated in the panels.

Figure 3 .

 3 Figure 3.17. (a) Mean IV curves of NPSAN with oleylamine, HPMo12 and reduced HPMo12, (b) 10 IV curves of the pattern with HPMo12 and (c)10 IV curves of the pattern with reduced HPMo12. Inset: control SEM image taken at the end of the electrical measurements.

Figure 3 .

 3 Figure 3.17a illustrates the mean IV curves of the same NPSAN pattern for the three cases (oleylamine, POM and reduced POM). First, we see an increase of the current (factor ~ 4) after

Figure 3 .

 3 Figure 3.18. (a) Mean IV curves of NPSAN with oleylamine, TBAPW11SH and irradiated TBAPW11SH, (b) 10 IV curves of the pattern with TBAPW11SH and (c) 10 IV curves of the pattern with reduced TBAPW11SH. Inset: control SEM image taken at the end of the electrical measurements.

Figure 3 . 19 .

 319 Figure 3.19. Graphic representation of (a) white (thermal) noise, (b) 1/f noise and (c) RTS noise. The upper panels show typical time fluctuations I(t) and the lower panels show the corresponding PSD vs. f behaviours.

Figure 3 .

 3 Figure 3.20. 1/f noise setup

Figure 3 .

 3 Figure 3.21a and b show the log-log plot of the PSD vs. frequency measured at different DC voltages for two electrodes. The 1/f n curves have the same frequency exponent with a mean value n around n 1.1 (black symbols) and n 1.0 (red symbols) (Figure 3.21c)).Figure 3.21dshows that the PSD is almost proportional to I². An exponent close to 1 and a proportionality to I² is expected for a long alkyl chain, as also observed with alkythiols 193 and measured in wider voltage range (until 13 V) for this molecule and octanethiol (see annexe A3.5).

Figure 3 . 22 .Figure 3 .Figure 3 . 23 .Figure 3 .Figure 3 .

 322332333 Figure 3.22. Graph of PSD at different voltages versus frequency for (a) electrode #2 and (b) electrode #3, (c) graph of the frequency exponent at each voltage with 𝑛 ̅ the mean value of n and (d) graph of PSD (at 40 Hz) versus DC current for NPSAN with HPMo12 ligands

1

  but with lots of fluctuations in function of the voltage. Finally, we notice that n increase with the voltage for TBAPW11SH NPSANs, both with pristine and irradiated POM. Likely voltage or current are driven the fluctuations. The important difference between the POM NPSANs is the physisorption vs the chemisorption between Au NPs and POM. At this stage of this work, physical mechanisms remain to be identified.c) High harmonic generation measurementsThe measurement of High Harmonic Generation (HHG) is a tool for helping us to examine the dynamic behaviour of the ET in NPSANs when we apply sinusoidal signals instead of a DC voltage. In brief, we apply an input signal at one given frequency f and we recover an output signal that contains also signals at higher frequencies generated by nonlinearity and time fluctuations in the system. Those new signals are classified between:194,195 -harmonic generation: fi = nf with n integer, caused by nonlinearities in the transfer function of the devices -interharmonic generation: fi = nf with n non-integer, caused by non-periodic changes in current and voltage (e.g. stochastic/random noise) -inter-modulation distortion with two input signals (IMD) fn = a1f1+a2f2 , caused by nonlinearities or time variance in the device.

Figure 3 .

 3 Figure 3.25. a) Typical configuration for HHG experiments. Two sinusoidal signals, signal A at 8.5 Hz and signal B at 18.5 Hz (peak-to-peak amplitude VPP = 2 V for both) are applied at electrodes 3 and 4, respectively. (b-e) The four output currents are measured by the dynamic signal analyzer (FFT). HHG peaks are normalized.The HHG peaks are labelled as Ai (i = 1 for the fundamental, i = 2 for the second harmonic, etc.) and Bi for harmonics corresponding to the A and B input signals, respectively (written in black when it is common to the two signals and in blue when it is just in irradiated POM signal) . Black lines correspond to the measurement with the pristine POM and blue lines with the irradiated POM. Red circles show the difference between the two spectra.

  devices. WO3-based EC "smart windows" have become a viable commercial product. The EC properties are explained by the presence of oxygen vacancies (V0), which can trap electrons and induce an optical transition due to the change of the energy gap as illustrated in the paper of Satyen K. Deb (Figure 4.1): 199

Figure 4 . 1 .

 41 Figure 4.1. Hypothesis of a model for coloration in LiWO3 involving oxygen vacancies 199

Figure 4 .

 4 2a). Some electric measurements have been done showing a temperature dependence, proper to a semiconductor behaviour(Figure 4.2b).205 Another method of synthesis at high temperature consists to use pyrolysis-H2 process at H2 flow rates ~ 10 l/h to reduce a tungsten oxide, (NH4)2WO4, around 650°C during two hours. The size of obtained nanorods (few micrometers) confirms that with high temperature we form crystals(Figure 4.2c). In this case, conductivity has been calculated and reached 15 S/cm (Figure4.2d).206 

Figure 4 . 2 .

 42 Figure 4.2. (a) SEM image showing nanowire bundles and (b) plot of resistance versus temperature. The relation of ln(T/R) versus 1000/T plotted in the inset shows an activation energy of 0.26eV. Images from the reference 205. (c) SEM images of nanorods heated at 700°C and (d) Resistivity variation curve of samples who differ by the H2 flow rate. Images from the reference 206.

Figure 4 .

 4 3a-b).207,208 Xi et al. has noticed that most of the time the synthesis give bundles of nanowires, and in their case nanowires have diameters below 1 nm.209 

Figure 4 . 3 .

 43 Figure 4.3. (a) SEM image and (b) TEM image of W18O49 nanowire. Images from the reference 207.

Figure 4 . 4 .

 44 Figure 4.4. (a) Raman, (b) XRD and (c,d) XPS of NWs obtained in trial #4

Figure 4 . 5 .

 45 Figure 4.5. TEM images of (a), (b) trial#1: 13.1 mM/propanol/20mL, (c),(d) trial#2: 13.1 mM/propanol/10 mL, (e),(f) trial#3: 10.5 mM/propanol/60 mL and (g),(h) trial#4: 11.6 mM/propanol/60 mL, deposited on a carbon grid in all cases

Figure 4 . 6 .

 46 Figure 4.6. TEM images of (a) and (b) the end of nanowires (trial #4) and (c) zoom on a HRTEM image

Figure 4 . 7 .

 47 Figure 4.7. (a) NRDG and (b) SIG mechanisms, images from references 213 and 214 respectively.

Figure 4 . 8 .

 48 Figure 4.8. (a) Topographic TM-AFM of W18O49 NWs deposited on SiO2; (b) zoom on a NW and (c) profiles at 3 locations along the NW.

Figure 4 . 9 .

 49 Figure 4.9. Hypothesis of formation of our nanowires

Figure 4 . 10 .

 410 Figure 4.10. Measure on TS Au//W18O49//PtIr (loading force ~ 20-25 nN, trial #6) (a) Typical I-V curve measured on one nanowire (with offset correction). Topographic images and 2D histograms with nanowires of different thicknesses (b) 15 nm (c) 22 nm and (d) 30 nm. The red arrows on (b) indicate the way to read the graph (starting voltage sweep at -3V) and it is the same for (c) and (d) (no offset correction to better distinguish the plateaux)

Figure 4 .

 4 Figure 4.11. (a) Simple equivalent circuit with a resistance (voltage dependent) and a capacitance in parallel. (b) Scheme of the current-voltage behaviour, IR, for the voltage dependent resistance (large R, weak IP at low voltages, and lower R at larger voltages) and charging/discharging current, IP, of the capacitance and (c) same schematic graph in a log(|IR + IP|) scale.

Figure 4 .

 4 Figure 4.12. 2D histogram of TS Au//W18O49//PtIr (loading force ~ 22nN) on the same NW (12 nm) at different scan rates (a) 1.2 V.s -1 , (b) 6 V.s -1 , (c) 24 V.s -1 and (d) 120 V.s -1 .

Figure 4 .

 4 Figure 4.13. Mean IP versus the voltage scan rate.

Figure 4 .

 4 Figure 4.14. (a) 2D I-V histogram of TS Au//W18O49//PtIr at v = 6 V.s -1 (trial #4), and (b) histogram of the perpendicular conductivity, σP and fit with a log-normal distribution with a mean value 𝜎 𝑃 = 6x10 -4 S/cm.

  The electron transport properties of the same nanowires (trial #4, 11.6 mM/propanol/60 mL) have been measured with a 4-probe STM coupled with a SEM in ultra-high vacuum (UHV, ∼10 -9 -10 -10 mbar) (annexe A4.3), with the help of Maxime Berthe at IEMN. The NWs were deposited on a Si n + /SiO2 (highly doped Si resistivity of 1-3x10 -3 Ω.cm, 200 nm thick thermally grown SiO2) substrate(Figure 4.15).

Figure 4 .

 4 Figure 4.15. (a) Photo of the 4-probe STM, (b) SEM image of the substrate modified with nanowires and (c) zoom of the 4 probes connecting a single NW and the indication of the electrical set-up.

Figure 4 .

 4 Figure 4.16. V-I curves of 4-probe STM for all series of measurements at 300K (voltage offsets on V-I curves are not corrected as it does not impact the value of the slope that interests us here).

Figure 4 .

 4 Figure 4.16 shows the three series of data measured at 300K and Table4.3 gives the dataset of one of them (complete datasets in annexe A4.3). The results are repeatable. We observed a linear behaviour with the applied current from -1x10 -7 to +1x10 -7 A. From each curve, we isolated the electrical conductivity along a single NW, i.e. the longitudinal conductance σLnw using σLnw=GL(L/Snw), with GL the longitudinal conductance (slope of the V-I curve), L the inner-probe distance and Snw the cross section area of the NW (systematically estimated for each NW by measuring the NW diameter, dnw, with the scanning electron microscope (SEM)

Figure 4 .

 4 Figure 4.17 shows the distributions of σLnw and σLnt deduced from the complete datasets (see annexe A4.3).

Figure 4 . 17 .

 417 Figure 4.17. Histograms of longitudinal conductivity of (a) nanowire and (b) nanotube, fit with a log-normal distribution.

Figure 4 .

 4 Figure 4.18. V-I curves of 4-probe measurements at (a) 120, (b) 170, (c) 210 and (d) 250 K (voltage offsets on V-I curves are not corrected here as it does not impact the value of the slope that interests us here).

  19 V-Is at 120K, 13 V-Is at 170K, 16 V-Is at 210K and 19 V-Is at 250K are plotted in the Figure4.15 (datasets in annexe A4.3), one V-I trace per NW. At 120K, the curves are noisy because it becomes hard to contact the nanowire properly, which can easily break during or after the measurement (annexe A4.3). The majority of the measured voltages at each temperature are in the range |0; 0.06|V and no significant difference is found as function of the temperature. Then, all the calculated longitudinal NT conductivity values, σLnt, are plotted as a 3D histogram listing all the NT conductivity values for each temperature, and at 300K for comparison(Figure 4.19a).

Figure 4 .

 4 Figure 4.19. (a) Histogram of the temperature dependent conductivity σLnt measurements and (b) Plot of the lowest conductivity (black dashed line in Figure 13a) versus temperature and fit with a VRH model (r²=0.98).

Figure 4 .

 4 Figure 4.20. Id-Vd curves in two-probe configuration at different gate voltages.

  By drop casting (few amount of powder diluted in ethanol), we deposited a dense 2D network on a Si/SiO2 (200 nm thick) wafer with 4 e-beam lithographed electrodes (designed for 4-probe measurements) and a pattern for transmission line method (TLM)(Figures 4.20 and 4.21).

Figure 4 .

 4 Figure 4.21 (a) Scheme of the 4 probes with 4 gold lithographed electrodes and (b) SEM image of the device with 2D network of NWs.

Figure 4 .

 4 Figure 4.22. (a) Scheme of the TLM pattern with 5 gold lithographed electrodes and (b) SEM image of the deposited NW network.

Figure 4 .

 4 Figure 4.23. (a) I-V of a 2D network of NWs after exposition to air during 370 min, (b) zoom from 110 min.

Figure 4 .

 4 Figure 4.24. (a) V-I curves (b) R-I curves at different temperatures, (c) conductivity plot versus temperature and (d) plot of Arrhenius law.

Figure 4 .

 4 Figure 4.24a shows the temperature dependence on these V-I curves (4 electrodes devices). InFigure 4.24b, we plotted R-I curves (resistancecurrent, R obtained by the ratio of V/I point by point). It is clear that the resistance increases when the temperature decreases.Figure 4.24c

  Figure 4.24c confirms this comment. The calculated value of the 2D network conductivity increases with the temperature, passing from 2.3x10 -3 S/cm at 120 K to 1.4 S/cm at 300 K, increasing by a factor around 6x10². In this configuration, we have deduced (Arrhenius plot: Ln(conductivity) vs. 1/T) that there is a temperature activated behaviour with an activation energy (Ea) value of 0.15 ± 0.02 eV(Figure 4.24d).

Figure 4 .

 4 Figure 4.25. I-V curves at (a) 300K, (b) 120K and plot of resistance as a function of the length between two electrodes (c) from 300 to 200 K and (d) at 160 and 120 K.

4 . 6 )

 46 with RC1 + RC2 the two contact resistances, 𝜌 the resistivity of the 2D network and S the section (with a width of the electrodes of 1 mm and the thickness of the network ~ size of one nanowire 60 nm). So we can extract the contact resistance (Rc1+Rc2) by taking the y-intercept value of each Resistance-Length curves and the conductivity from the slope of data shown in the Figures 4.25c and d and we have listed them in the Table

  With a longer chain (6 carbon atoms), the reduced PMo12 molecular junction is characterized by an increase of the conductance (a factor ∼ 10) and asymmetric current-voltage curves (asymmetric ratio ~ 5.5). As electrical differences were observed, we have tried to reduce insitu the POM by UV-irradiation. The kinetic reduction is slow, few hours are needed and the same to reoxidize the POM. However, we have succeeded in switching states three times, meaning we have a reversible redox switching thanks to UV irradiation. As important dispersion of the level of currents were observed in both cases, we have completed the analysis with the help of an unsupervised machine learning and clustering algorithms and divided the data in five clusters. We have demonstrated that a portion of POMs are already reduced in the as-fabricated MJs with the oxidized POM. Moreover, using simple analytical models, we have concluded that electron transport in PMo12(0) junctions is controlled by the LUMO located at ∼ 0.6-0.7 eV above the Fermi energy of the electrodes, with 25% of the junction dataset are characterized by a better electronic coupling to the electrodes. The electron transport in PMo12(I) junctions and the asymmetric current-voltage behaviour are ascribed to a combined electron transmission through energetically closed (0.3-0.4 eV) SOMO and SUMO levels near resonance with the Fermi energy of the electrodes.

  using a silicon tip (NCHV-A from Bruker, 42 N/m spring constant, resonance frequency 320 kHz) at room temperature and in ambient condition. The AFM images were treated with the Gwyddion software.220 on the gain of the amplifier) and/or I-V traces displaying large and abrupt steps during the scan (contact instabilities).-At low currents, the I-V traces that reached the sensitivity limit (almost flat I-V traces and noisy I-Vs) and displayed random staircase behavior (due to the sensitivity limit -typically 0.1-1 pA depending on the used gain of the trans-impedance amplifier and the resolution of the ADC (analog-digital converter), Fig.A2.1.

Figure A2. 1 .

 1 Figure A2.1. Typical examples of I-V curves discarded from the data analysis.

  converging of not accurate enough (i.e. R-squared < 0.95). In the case of the reduced PMo12(I), the SEL model does not fit the data whatever the voltage window considered (Fig. A2.2), likely because the OM involved in the transport is too close to the Fermi energy (≈0.3 eV determined by TVS, Fig. 2.15), a situation where the model is not valid. Thus only the TVS method was used to analyze the I-V dataset in this latter case.

Figure A2. 2 . 31 P

 231 Figure A2.2. Values of ε0-SEL obtained with the SEL model fitted on the mean Ī-V curves (Figs. 2.15 in Ch. 2_IId) for the TS Au-C6/PMo12(0)//Pt and TS Au-C6/PMo12(I)//Pt with increasing voltage windows (-0.5/0.5 V to -1.5/1.5 V) for the fits. The dashed lines indicate the value obtained by the TVS method (Fig. 2.15 in Ch. 2).

1 .

 1 It is clear that the solution with 4 clusters (and less, not shown) is not satisfactory because the c3/4 cluster can be decomposed (see feature spaces in panels (a) and (b) of Fig. A2.4) into two clusters (c3/5 and c4/5) with significant differences: i) the average Ī-V curve of c3/5 shows a negative asymmetric, while the c4/5 cluster shows an almost symmetric average Ī-V curve (panel (e) of Fig. A2.4); (ii) the ε0 values (SEL and TVS) are different for c3/5 than for c4/5 (see Table

  chapt2_IId), while the values for the c3/4 cluster are intermediate between those of the c3/5 and c4/5 clusters. Thus, the analysis with 5 clusters is more relevant. The 6-cluster extension splits the c2/5 cluster into two (c2/6 and c3/6, see characteristic spaces in panels(b) and (c) of FigureA2.4, but the inferred ε0 values (SEL and TVS) are similar (see TableA2.1), while the other clusters are not changed by the 6cluster extension(Figures A2.4 and Table 

Figure A2. 4 .

 4 Figure A2.4. TS Au-C6/PMo12(0)//Pt junction dataset. (a-c) feature spaces for 4, 5 and 6 clusters, respectively. (d-f) Mean abs(Ī-V) for 4, 5 and 6 clusters, respectively.

Figure A2. 5 .

 5 Figure A2.5. TS Au-C6/PMo12(I)//Pt junction dataset. (a-c) feature spaces for 4, 5 and 6 clusters, respectively. (d-f) Mean Ī-V for 4, 5 and 6 clusters, respectively.

First, a

 a ⟨100⟩ oriented silicon wafer was covered with a thermally grown, 200 nm thick, silicon dioxide, formed at 1100 °C during 135 min in a dry oxygen flow (2 L/min) and followed by a postoxidation annealing at 900 °C during 30 min under a nitrogen flow (2 L/min) in order to reduce the presence of defects into the oxide. Second, the e-beam lithography has been optimized by using a 45 nm-thick PMMA (4% 950 K, diluted with anisole with a 5:3 ratio), with an acceleration voltage of 100 keV and an optimized electron beam dose of 370 μC/cm 2 for the writing. After the conventional resist development (MIBK:IPA 1:3 during 1 min and rinsed with IPA), a metallic layer (2 nm of titanium and 12 nm of gold) were deposited by ebeam evaporation. Finally, after the lift-off process using remover SVCTM14 during 5 h at 80 °C, well-defined coplanar electrodes arranged around a ring with a diameter between 80 to 120 nm were realized.Annexe A3.2. NPSAN characterization  ImagingScanning Electron Microscopy (Zeiss ULTRA55) was used to inspect the electrodes and NPSANs (parameters: EHT = 10.00kV and signalA=InLens). The SEM images of NPSANs were treated with ImageJ 170 to measure the size of the NPs and the inter-nanoparticle distance using the function analyze particles and the plugins NND (nearest neighbor diameter).

Figure A3. 1 .

 1 Figure A3.1. Feature of measurement for HPMo12 NPSANs.

Figure 3 .

 3 25a, see Chapter 3_IIc) but two pure sinusoidal signals (8.5 Hz and 18.5 Hz, peak to peak amplitude of 2V) were applied on two electrodes with a 2-channel Tabor waveform generator WW5062 sources. The AC output current on a third electrode was again amplified and converted to a voltage and analysed with the Agilent 35670A. An average of 10 scans was done from 5 to 805 Hz. From the FFT of sources, no harmonic is registered as illustrated in Figure A3.2.

Figure A3. 2 .

 2 Figure A3.2. Control experiment with calibrated resistors. Image from reference 109

Figure A3. 3 .

 3 Figure A3.3. 15 IVs curves from -15V to + 15V for NPSAN with (a) oleylamine (b) TBAPW11SH and (c) irradiated TBAPW11SH. After the exchange of ligands, we directly see the electrical instability during measurement. SEM images (d) before measurement and (e) at the end of all the measurements. We observe huge fusion of NPs.

Figure A3. 4 .

 4 Figure A3.4. (a) Initial NPSAN with oleylamine, (b) same NPSAN after exchange of ligands by HPMo12 and measurements and (c) same NPSAN after irradiation of the POM and measurements, inset: mean IV curves obtained for NPSAN with reduced POM (d) zoom on the damaged electrodes.

Figure A3. 5 .

 5 Figure A3.5. (a) SEM image of NPSAN with oleylamine, (b) 10 IV curves of the pattern with oleylamine, (c-d) Graphs of PSD at different voltages versus frequency, (e) graph of the frequency exponent at each voltage with 𝑛 ̅ the mean value of n and (f) graph of PSD (at 40 Hz) versus DC current for NPSAN with oleylamine

Figure A3. 7 .

 7 Figure A3.7. Two sinusoidal signals, signal A at 8.5 Hz and signal B at 18.5 Hz (peak-to-peak amplitude VPP = 2 V for both) are applied at electrodes 3 and 4, respectively. (a-d) The four output currents are measured by the dynamic signal analyzer (FFT). HHG peaks are normalized. The HHG peaks are labeled as Ai (i = 1 for the fundamental, i = 2 for the second harmonic, etc.) and Bi for harmonics corresponding to the A and B input signals, respectively.

Figure A4. 1 .

 1 Figure A4.1. TEM images of trials 5 and 6.

Figure A4. 2 .

 2 Figure A4.2. Additional TM-AFM images of the NWs (trial #4) on SiO2 (a) 10 µm x 10 µm, (b) and (c) 3 µm x 3 µm 2 zones from (a). TM-AFM images of the NWs on template-stripped Au surface (d-e) at various magnifications.

  Figure A4.3. (a) Plot of ln(σL) vs. 1000/T and (b) plot of ln(σLT) vs. 1000/T with the same data as in Fig. 4.16 (Chapter4_IIc) The red lines are the fits by a linear regression (bad fits with r 2 = 0.92 and 0.94, respectively).

Figure A4. 4 .

 4 Figure A4.4. SEM image of a percolating 2D network of NWs between two Au electrodes. Average I-V (from measurements on 5 different 2D networks) before (dark line) and after (green line) e-beam exposure.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  [START_REF] Bâldea | Ambipolar Transition Voltage Spectroscopy: Analytical Results and Experimental Agreement[END_REF] 

  [START_REF] Holmlin | Electron Transport through Thin Organic Films in Metal-Insulator-Metal Junctions Based on Self-Assembled Monolayers[END_REF]

  research field of Reservoir Computing emerged in the years 2001-2002 with two seminal publications of Jaeger et al.87 and Maass et al. 88 RCs are part of the Recurrent Neural Network (RNN) framework and are appropriate for temporal/sequential information processes.[START_REF] Jaeger | Harnessing Nonlinearity: Predicting Chaotic Systems and Saving Energy in Wireless Communication[END_REF] 

  Chapter 2 Vertical nano-molecular junction ............................................................................ I. Fabrication of the molecular junctions and methods of electrical measurements ......... Discussion of the electron transport properties ...................................................... f) Summary and outlook ................................................................................................ III. Study of a second POM: P5W30 ................................................................................. a) In-situ irradiation of KP5W30 ................................................................................. TBAP5W30 MJs ............................................. c) Exchange of the counterion....................................................................................

	II.	Redox-controlled conductance of PMo12 molecular junctions ..................................
	a)	Chemical synthesis of the POMs and physicochemical characterizations ............
	b)	Electron transport properties of C2 and C6 MJs ....................................................
	c)	Electron transport properties of C2/PMo12 MJs .....................................................
	d)	Electron transport properties of C6/PMo12 MJs .....................................................
	e)	
	b) Electron transport properties of C6/d) Influence of the counterion in the electron transport properties of C6/P5W30 MJs
	e)	Summary and outlook ............................................................................................

Table 2 .

 2 

		Thickness (± 2) (Å)	RMS roughness (nm)
	C2	4	̴ 0.85
	PMo12(0)	12	̴ 0.86
	C2 + POM		
	PMo12(I)	12	̴ 0.88

1. Overview of average values of the thickness of the SAM and SAM+POM determined by ellispometry measurement and the RMS roughness analysed from TM-AFM images.

Table 2 .

 2 2. Parameters of the Gaussian fits of the molecular energy level ε0 for the TVS method and the SEL model (Fig.2.10) and of the electrode coupling energies. For the electronic coupling to the electrodes (ΓTVS, Γ1 and Γ2) the values are given from the analysis of the mean Ī-V curves, mainly due to a large dispersion of Γ1 and Γ2.

		ε0-TVS (eV)	0.89 ± 0.14	0.88 ± 0.23
	TVS	ΓTVS (meV)	5.21	3.91
		ε0-SEL (eV)	0.85 ± 0.22	0.86 ± 0.23
	SEL	Γ1 (meV)	1.93	1.54
		Γ2 (meV)	2.25	1.40

TS Au-C2/PMo12(0)//Pt TS Au-C2/PMo12(I)//Pt

Table 2 . 3

 23 

			TS Au-C6/PMo12(0)//Pt	TS Au-C6/PMo12(I)//Pt
		ε0-TVS (eV)	0.73 ± 0.37	0.41 ± 0.14
	TVS			
		ΓTVS (meV)	0.32	0.1
		ε0-SEL (eV)	0.67 ± 0.15	
	SEL	Γ1 (meV)	0.14	n.a.
		Γ2 (meV)	0.13	

. Parameters of the Gaussian fits of the molecular energy level ε0 for the TVS method and the SEL model (Fig.

2

.16) and of the electrode coupling energies. For the electronic coupling to the electrodes (ΓTVS, Γ1 and Γ2) the values are given by the analysis of the mean Ī-V curves, mainly due to a large dispersion of Γ1 and Γ2

  For the TS Au-C6-PMo12(0)//Pt junctions, the same ε0 values (0.60-0.61 eV by TVS, 0.67-0.69 eV by SEL,Figures 2.19 and 2.20) characterize the cluster 2 (24.6% of the IVs in the dataset) and cluster 3 (18.8%). We find a higher electronic coupling to the electrodes for cluster 2 (ΓTVS≈0.63 meV; Γ1≈0.44 meV and Γ2≈0.37 meV by SEL) compared to cluster 3 (ΓTVS≈0.14 meV; Γ1≈0.11 meV and Γ2≈0.083 meV by SEL), data summarized in Table2.4 at the end.

	Finally, cluster 4 (29.2%) and cluster 5 (19.7%) show the lowest current and almost similar
	mean Ī-V traces (Figures 2.19 and 2.20). However, these clusters are characterized by slightly
	different couple of the ε0 and ΓTVS parameters (larger ε0 for cluster 5 with a better electrode
	coupling : ε0-TVS ≈ 0.72 eV, ΓTVS ≈ 0.28 meV for cluster 5 vs. ε0-TVS ≈ 0.55 eV, ΓTVS ≈ 0.054
	meV for cluster 4 (Table

Table 2 .

 2 

	4. Parameters of the molecular energy level ε0 for the TVS method and the SEL model of the mean Ī-V
	curves belonging to the different clusters (Figs. 39, 40 and 45) and of the electrode coupling energies. R -is the
	asymmetry ratio, R -= Ī(-1.5 V)/Ī(1.5 V), calculated from the mean Ī-Vs of each cluster. * stands for
		underestimated value since the current saturates below around -1V in that case.
			TS Au-C6/PMo12(0)//Pt			TS Au-C6/PMo12(I)//Pt	
	cluster	C2 (24.6%)	C3 (18.8%)	C4 (29.2%)	C5 (19.7%)	C2 (12.5%)	C3 (35.7%)	C4 (35.5%)	C5 (13.5%)
	ε0-TVS (eV)	0.61	0.60	0.55	0.72	0.43	0.38	0.33	0.28
	ΓTVS (meV)	0.63	0.14	0.054	0.28	1.1	0.35	0.094	0.068
	ε0-SEL (eV)	0.69	0.67	0.60	0.81				
	Γ1 (meV)	0.44	0.11	0.038	0.046		n.a.	
	Γ2 (meV)	0.37	0.083	0.036	0.032				
	(Γ1.Γ2) 1/2	0.40	0.096	0.037	0.038				
	R -	≈1.7	≈2.8	≈1.1	≈1.5	≈2*	≈2.6	≈5	≈8
	e) Discussion of the electron transport properties		
	 C6/PMo12 MJs						

of alkali cations by H + then by TBA +

  out that one intermediate step is necessary, passing by the protoned POM.Sadakane's team 157 investigated the cation exchange of this Preyssler anion to TBA + via H + .

 Exchange

o Exchange

of cations K + and Na + by H + synthesis of H14[Na⊂P5W30O110]

  

Table 2 .

 2 6. Summarize of the current values and electronic structure of the four P5W30.

	POM	Log(I) at -	I at -1V	Log(I) at	I at +1V	ε0 by TVS	ΓTVS
		1V	(A)	+1V	(A)	method (eV)	(meV)
	KP5W30 (0)	-9.73 ± 0.83	-1.9x10 -10	-9.89 ± 0.77	1.3x10 -10	0.46 ± 0.15	0.14
	NH4P5W30	-9.50 ± 0.92	-3.2x10 -10	-9.00 ± 0.84	1.0x10 -9	0.61 ± 0.14	0.95
	HP5W30	-9.21 ± 1.10	-6.2x10 -10	-8.97 ± 0.98	1.1x10 -9	0.76 ± 0.20	2.04
	TBAP5W30(0) -8.95 ± 1.13	-1.1x10 -9	-8.89 ± 1.06	1.3x10 -9	0.85 ± 0.18	3.68

Table 4 .

 4 2. Dataset of the perpendicular conductance of nanowires from the synthesis 11.6mM/propanol/60 mL

	(trial #4)				
	#NW	GP (S)	h (nm)	Sc (nm 2 )	σP (S/cm)
	#3	7.74x10 -12	50	39	9.93x10 -05
	#3	3.87x10 -13	50	39	4.96x10 -06
	#3	2.71x10 -12	50	39	3.47x10 -05
	#3	9.68x10 -12	50	39	1.24x10 -04
	#3	1.27x10 -9	50	39	1.63x10 -02
	#3	9.04x10 -11	50	39	1.16x10 -03
	#3	5.42x10 -12	50	39	6.95x10 -05
	#3	3.87x10 -12	50	39	4.96x10 -05
	#3	7.74x10 -13	50	39	9.93x10 -06
	#3	1.16x10 -11	50	39	1.49x10 -04
	#3	1.65x10 -11	50	39	2.11x10 -04
	#3	1.16x10 -12	50	39	1.49x10 -05
	#6	4.80x10 -10	60	39	7.39x10 -03
	#6	1.22x10 -09	60	39	1.88x10 -02
	#6	5.61x10 -12	60	39	8.64x10 -05
	#6	2.75x10 -11	60	39	4.23x10 -04
	#6	7.37x10 -11	60	39	1.13x10 -03
	#6	8.03x10 -11	60	39	1.24x10 -03
	#6	1.10x10 -11	60	39	1.70x10 -04
	#6	1.37x10 -11	60	39	2.11x10 -04
	#6	6.08x10 -10	60	39	9.36x10 -03
	#6	5.36x10 -10	60	39	8.25x10 -03
	#6	4.30x10 -11	60	39	6.61x10 -04
	#6	4.92x10 -11	60	39	7.56x10 -04
	#12	1.09x10 -10	60	39	1.68x10 -03
	#12	3.55x10 -10	60	39	5.46x10 -03
	#12	2.46x10 -10	60	39	3.79x10 -03
	#12	1.92x10 -10	60	39	2.95x10 -03
	#12	1.32x10 -11	60	39	2.02x10 -04
	#12	3.21x10 -11	60	39	4.94x10 -04
	#1	2.15x10 -11	60	39	3.31x10 -04
	#1	1.19x10 -11	60	39	1.83x10 -04
	#1	3.55x10 -10	60	39	5.46x10 -03
	#1	5.87x10 -12	60	39	9.03x10 -05
	#1	3.24x10 -10	60	39	4.98x10 -03
	#1	2.97x10 -10	60	39	4.57x10 -03
	#1	5.57x10 -11	60	39	8.57x10 -04
	#1	6.61x10 -11	60	39	1.02x10 -03
	#1	1.77x10 -11	60	39	2.73x10 -04
	#1	7.81x10 -11	60	39	1.20x10 -03

Table 4 .

 4 2 recapitulates the whole calculated values and Figure 4.14b illustrates the large dispersion of the conductivity value with a mean value around 6x10 -4 S/cm.For all the previous experiments, we notice that these values measured are stable over several hours (time of the experiments) and not sensitive to degradation upon air exposure.

Table 4 .

 4 3. Dataset of the V-I curves from one series of measurements. All the other datasets are given in annexe A4.3. Zero-bias NW longitudinal conductance (GL), inner-probe distance (L), NW diameter and surface (dnw and Snw), longitudinal NW conductance σLnw, N number of NTs in the NW and longitudinal individual NT conductivity σLnt.

	#NW	GL (µS)	L (nm)	dnw (nm)	Snw (nm 2 )	σLnw (S/cm)	N	σLnt (S/cm)
	#1	442	380	72	4072	413	711	479
	#2	108	500	66	3421	157	598	182
	#3	415	450	64	3217	580	562	673
	#4	67	574	58	2642	147	461	170
	#15	365	619	96	7238	312	1264	362
	#16	93	428	61	2922	137	510	158
	#17	181	624	80	5027	225	878	261
	#18	223	474	81	5153	205	900	237
	#19	105	528	86	5809	96	1015	111

Table 4 .

 4 4. Current and factor decrease at -3V in function of time exposition to RT

	Time (min)	Current (A) at -3V	Factor decrease
	0	-5.24x10 -7	-
	20	-2.42x10 -7	2.2
	40	-1.57x10 -7	3.3
	70	-1.02x10 -7	5.1
	110	-4.15x10 -8	12.6
	170	-1.56x10 -8	33.6
	250	-9.30x10 -9	56.3
	370	-4.95x10 -9	105.9

Table 4 .

 4 5. Contact resistance and 2D network conductivity determined at each temperature.

	Temperature (K)	Contact Resistance	Conductivity (S/cm)
		Rc1+Rc2 (Ohm)	
	300	4.5x10 5	0.0032
	280	9.0x10 5	0.0015
	240	4.7x10 6	5.9x10 -4
	200	3.5x10 7	1.9x10 -4
	160	4.6x10 8	5.5x10 -5
	120	3.2x10 9	1.3x10 -5

  Ultraflat template-stripped gold surfaces ( TS Au), with rms roughness of ∼0.4 nm were prepared according to the method already reported.111,112 In brief, a 300-500 nm thick Au and 40 nm thick Ti film was evaporated by sputtering on a very flat silicon wafer covered by its native SiO2 (rms roughness of ∼0.4 nm), which was previously carefully cleaned by piranha solution,

	Annexes
	Annexes of Chapter 2
	Annexe A2.1. Fabrication of the molecular junctions
	 Bottom electrode
	Then,
	we see if these networks of nanowires are prone for Reservoir Computing by doing IV, PSD
	and HHG measurements.

6 clusters ε0-SEL (eV) ε0-TVS (eV)

  

	c2/4	0.69	0.65	c2/5	0.69	0.61	c2/6	0.69	0.65
							c3/6	0.70	0.64
	c3/4	0.64	0.57	c3/5	0.67	0.60	c4/6	0.66	0.60
				c4/5	0.60	0.55	c5/6	0.60	0.54
	c4/4	0.80	0.68	c5/5	0.81	0.72	c6/6	0.80	0.70

Table A2 . 2 .

 A22 Energy of the MO determined by the TVS method (on the mean Ī-V, Figs. A2.5, 2.24 and 2.25 in Ch. 2 section) for the clustering analysis with 4, 5 and 6 clusters. The light grey lines highlight the pertinent clusters.

	Annexes of Chapter 3				
	Annexe A3.1. Device fabrication			
	4 clusters	ε0-TVS (eV)	5 clusters	ε0-TVS (eV)	6 clusters	ε0-TVS (eV)
	c2/4	0.41	c2/5	0.43	c2/6	0.41
	c3/4	0.36	c3/5	0.38	c3/6	0.37
					c4/6	0.38
	c4/4	0.29	c4/5	0.33	c5/6	0.28
			c5/5	0.28	c6/6	0.26

Table A4 . 1 .

 A41 Others examples of synthesis of W18O49.

	Trials	Mass	Solvent	Volume	Concentration	Mass final product	Colour
		WCl6 (mg)		(mL)	(mM)	W18O49 (mg)	
	#5	41.6	Ethanol	10	10.5	12	Verdigris
	#6	40.7	Ethanol	10	12.3	14.8	Blue -grey

Table A4 . 2 .

 A42 Dataset for the analysis of external and internal diameters of the nanotubes.

	#NT	dint (nm)	dext (nm)
	#17	0.9	2.9
	#18	1.0	2.1
	#19	1.0	2.3
	#20	1.1	2.8
	#21	1.0	2.5
	#22	0.9	2.9
	#23	0.8	2.5
	#24	0.9	2.7
	#25	0.9	2.8
	#26	0.6	2.0
	#27	0.9	2.8
	#28	0.9	2.2
	#NT	dint (nm)	dext (nm)
	#1	1.0	3.1
	#2	1.1	2.5
	#3	0.7	2.5
	#4	0.9	2.0
	#5	0.9	2.4
	#6	0.8	2.5
	#7	2.2	4.1
	#8	1.8	3.5
	#9	1.2	3.7
	#10	1.7	5.3
	#11	1.1	2.7
	#12	0.9	2.7
	#13	0.6	2.2
	#14	0.7	2.2
	#15	0.9	2.9
	#16	1.0	2.3

  propriétés redox remarquables qui peuvent être explorées dans le cadre de composants avancés. Nous proposons de développer des fonctionnalités évolutives dans des nanomatériaux 2D à base de POMs (2D POM Network, 2D-PN) "programmables/switchables" à la demande grâce aux propriétés multifonctionnelles de ces molécules (par exemple, états redox multiples). Le premier objectif est de préparer une monocouche compacte et dense de POMs sur un substrat métallique afin d'évaluer leurs propriétés de transport d'électrons (ET). Ici, nous rapportons les propriétés de transport d'électrons de deux POMs dans leurs différents états redox en utilisant des monocouches auto-assemblées (SAM) et le C-AFM. Pour les deux molécules, nous avons clairement observé une augmentation d'un facteur 10 de la conductance pour les états réduits qui est liée à une diminution d'environ 0.3eV de l'énergie de l'orbitale moléculaire impliquée dans le transport à travers le métal/POM/métal. Ensuite, nous avons fabriqué un 2D-PN hybride multi-connecté (6 électrodes) avec deux POMs et des nanoparticules d'or et nous avons mesuré leur ET révélant une grande variabilité dans le 2D-PN. Des mesures de bruit à basse fréquence et de génération de hautes harmoniques sont utilisées pour discuter de l'utilisation possible de ces 2D-PN dans le cadre global de l'implémentation physique d'un système de calcul à réservoir neuromorphique avec des nano-objets (nanotubes de carbone nanoparticules, molécules, commutateurs atomiques). Nous synthétisons également des nanofils de W18O49 (environ quelques μm de long et quelques dizaines de nanomètres de diamètre) et nous mesurons leur conductivité avec un STM UHV 4 probes. Nous démontrons une conductivité très élevée allant jusqu'à 10 3 S/cm le long du nanofil, qui surpasse les données de la littérature et une grande anisotropie de conductivité.

Mots clés: polyoxométallates ; jonction moléculaire ; C-AFM ; Reservoir Computing ; Nanofils W18O49

A) with TBA,Figure 2.34). At first glance, we can suppose that there is no significant

To do so, we fabricated a 2-dimensional (2D) percolated network of NWs on lithographed Au electrodes (Fig.A4.4). The electrodes were fabricated on a Si/SiO2 (200 nm thick) substrate

Acknowledgements

 ET properties of C6/TBAP5W30(0) C6/TBAP5W30(III) MJs

The MJ with C6/TBAP5W30(0) has been prepared as following in section I, in solution with acetonitrile and propan-2-ol (POM thickness ~ 14Å). As TBANaP5W30(III) is very air sensitive, once the SAM C6 were grafted on the TS Au substrate, we passed in the glovebox to deposit the POM from solution in degassed ACN. The functionalised substrate was then directly measured with the C-AFM in RT (measures were done in 25 minutes). After cleaning these datasets, 409 IV curves are shown in Figure 2.34a and 340 in Figure 2.34b.

By looking at the 2D histograms, we notice that the two junctions present the same level of current. Nevertheless, the shape is different for the reduced one, we do not see a shoulder. One consequence of this difference is that the current does not evolve the same way with the voltage and we see more currents with the reduced POM at ± 1.0V, increasing from log I = -8.95 (I = the histograms with KP5W30 and TBAP5W30 to facilitate the comparison (from Figures 2. 33 and 2.35) and we recapitulate all the data in the Table 2.6. Using statistics, we obtain ε0-TVS = 0.61 eV (ΓTVS ~ 0.95 meV) with NH4P5W30 and 0.76 eV (ΓTVS ~ 2.04 meV) with HP5W30. These values are slightly larger than the values from the mean Ī-V but the same gap is noticed. 

Contents of chapter 4

II. Nanowires synthesis and characterization

To synthesize these nanowires, we based our approach on Guo and al. 207 protocol. Briefly, we did several solvothermal syntheses using WCl6 as a precursor in different sizes of Teflon box and various concentrations as summarized in Table 4.1. We took care during the experiments to avoid (or minimize) exposure to air. WCl6 was weighed into the Teflon box of the autoclave in the glove box and then the solvent was added under an argon flow funnel (the total volume of the Teflon box is 45 mL (#1), 23 mL (#2) and 125 mL (#3 and #4)). The solution was mixed and then sealed in the autoclave.

Then, the same solvothermal conditions were applied. We started by 10 minutes at 25°C, 1h to reach 180°C and stayed 24h at this temperature. Finally, the solution was slowly cooled at 25 °C during 18h. The product was decanted with a plastic pipette in centrifugation tube (previously purged). We centrifuged first at 5000 rpm-5 min and then we proceed to two washes with H2O (6000 rpm-6min and 9000 rpm-10min). We finished by a third wash with ethanol 9000 rpm-10 min. All the solvents were also previously purged. We dried under vacuum at 50-60 °C during a few hours and let under vacuum without heating the whole night. We obtained blue powders.

 Top electrode

The top electrode is Pt coated tip (RMN-12PT400B from Bruker, 0.3 N/m spring constant). The load force was set at ≈6-8 nN for all the I-V measurements. A lower value leading to too many contact instabilities during the I-V measurements. Albeit larger than the usual loading force (2-5 nN) used for C-AFM on SAMs, this value is below the limit of about 60-70 nN at which the SAMs start to suffer from severe degradations. For example, a detailed study 121 showed a limited strain-induced deformation of the monolayer (≲ 0.3 nm) at this used load force. The same conclusion was confirmed by our own study comparing mechanical and electrical properties of alkylthiol SAMs on flat Au surfaces and tiny Au nanodots. 120 To form the molecular junction, the conductive tip was located at a stationary contact point on the SAM surface at controlled loading force (∼ 6-8 nN).

Annexe A2.2. Methods of electrical measurements  C-AFM

Current-voltage characteristics were measured by conductive atomic force microscopy (Icon, Bruker). The voltage was applied on the substrate, the tip is grounded via the input of the current-voltage preamplifier. The C-AFM tip is located at different places on the sample (typically on an array -10x10 grid -of stationary contact points spaced of 50-100 nm), at a fixed loading force and the I-V characteristics were acquired directly by varying voltage from -1.5V to +1.5V and from +1.5V to -1.5V for each contact point. The I-V characteristics were not averaged between successive measurements and typically up to 600 I-V measurements were acquired on each sample.

 Data analysis

Before to construct the current histograms and analyze the I-V curves with the one energy-level model and the transition voltage spectroscopy (TVS) method, the raw set of I-V data is scanned and some I-V curves were discarded from the analysis:

-At high current, the I-V traces that reached the saturating current during the voltage scan (the compliance level of the trans-impedance amplifier, typically 5x10 -9 A in Fig. A2.1, depending

Annexe A2.4. Illumination setup

We used a UV lamp from analytikjena lamp with a power ~ 0.5mW/cm² measured at a distance of ~1cm. This lamp has a wavelength centered at 302 nm (close to the absorbance peak of PMo12, see Fig. 2.4). We put the lamp above the sample in the C-AFM setup at a distance ~1cm.

Annexe A2.5. Color switching of PMo12 

 TEM (transmission electron microscopy)

All the samples were analysed by TEM at IMPMC, Sorbonne Université (Paris, France).

One Jeol 1011 microscope and two Jeol 2100 Plus microscopes were used (one with high resolution), with an accelerating voltage of 100 and 200 kV respectively, equipped with a LaB6 filament, with a point resolution of 1.8 Å and 1.4 Å in fringe. It is equipped with an X-ray detector (for X-EDS (Xray Energy Dispersive Spectroscopy): chemical analysis).