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Introduction

Everyone had one day this terrible experience of causing a cup of coffee to fall on the floor.

After several minutes, one may observe the formation of a ring-shaped stain on the floor. This phenomenon is in fact universal. When a drop of a non-volatile compounds suspension is deposited on a solid surface, its evaporation leads to a ring-shaped deposit in most of the cases. This ubiquitous phenomenon, which only requires the pinning of the contact line on the substrate, is called the coffee-ring effect (CRE) and has been thoroughly studied since the seminal paper by Deegan et al.. [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF] It occurs with virtually any kind of liquid containing non-volatile solutes like colloids, nanoparticles, or proteins, but also with insoluble particleladen liquids dissolving in another partially miscible liquid phase (liquid-liquid CRE). [START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF] This has led to a rich literature devoted to this phenomenon, which remains however neither fully understood nor predictable because of its multi-scale, multi-component and unsteady characters. [START_REF] Larson | Re-shaping the coffee ring[END_REF][START_REF] Larson | Transport and deposition patterns in drying sessile droplets[END_REF] As many technical processes rely on the deposition of homogeneous layers of material during a solution evaporation, CRE appears to be a serious obstacle for a plethora of applications with deleterious impacts in industrial fields ranging from inkjet printing [START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF] to biotechnologies. [START_REF] Blossey | Contact Line Deposits on cDNA Microarrays: A âĂIJTwin-Spot EffectâĂİ[END_REF][START_REF] Dugas | Droplet Evaporation Study Applied to DNA Chip Manufacturing[END_REF][START_REF] Deng | Transport at the air/water interface is the reason for rings in protein microarrays[END_REF] Conversely, it can be seen as a tool [START_REF] Anyfantakis | Manipulating the Coffee-Ring Effect: Interactions at Work[END_REF] to organize particles on surfaces [START_REF] Zhang | Controlled Inkjetting of a Conductive Pattern of Silver Nanoparticles Based on the Coffee-Ring Effect[END_REF][START_REF] Kuang | Controllable Printing Droplets for High-Resolution Patterns[END_REF][START_REF] Varanakkottu | Light-Directed Particle Patterning by Evaporative Optical Marangoni Assembly[END_REF][START_REF] Anyfantakis | Evaporative Optical Marangoni Assembly: Tailoring the Three-Dimensional Morphology of Individual Deposits of Nanoparticles from Sessile Drops[END_REF] or an innovative solution for low-cost diagnostic applications. [START_REF] Trantum | Biomarker-Mediated Disruption of Coffee-Ring Formation as a Low Resource Diagnostic Indicator[END_REF][START_REF] Wen | Coffee ring aptasensor for rapid protein detection[END_REF][START_REF] Gulka | Coffee rings as low-resource diagnostics: Detection of the malaria biomarker plasmodium falciparum histidine-rich protein-II using a surface-coupled ring of Ni(II)NTA gold-plated polystyrene particles[END_REF][START_REF] Li | Hybridization-induced suppression of coffee ring effect for nucleic acid detection[END_REF][START_REF] Devineau | Protein Adsorption and Reorganization on Nanoparticles Probed by the Coffee-Ring Effect: Application to Single Point Mutation Detection[END_REF] There is therefore a general quest for methods to understand, cancel and/or control this phenomenon. This thesis is fully in line with this quest by looking for new strategies to rationalize and control it. Most of studies so far have considered either the role of hydrodynamic effects inside the evaporating drops or that of interactions between its components and/or the solid substrate. This PhD in contrast adopts a different perspective and focuses on the behaviour occurring at the liquid-gas interface. Although it has been recently more and more recognized as an important factor, the role of the liquidgas interface in the coffee-ring effect has been mostly overlooked. This is first exploited in this PhD to set-up the first redox control of particle deposition from drying drops by implementing redox-sensitive surfactants in a coffee-ring effect system (Chapters 3-5). Then, by considering the situation of intrinsically amphiphilic particles in the absence of surfactant, we establish the crucial role of particle adsorption at the liquid-gas interface and develop original programmable patterning techniques (Chapter 6). By scrutinizing the behaviour of particles at the liquid-gas interface, we highlight a novel bidimensional colloidal crystallization there and establish some universal criteria to observe it (Chapter 7). Finally, by considering the original situation of a pinned sessile drops dissolving into an outer liquid phase, we can generalize to the liquid/liquid format some of the characteristic features of the CRE, which have been only described in evaporative systems so far (Chapter 8).

The first part presents the scientific context of the Phd. Chapter 1 describes the main xii Pauline E. Galy Chapter characteristics of the coffee-ring effect. We explain that it can only work with a drop anchored on a substrate that is neither too hydrophilic nor too hydrophobic. Then, the different parameters involved in the drying of a drop are presented and their effect is described such as the temperature and the humidity rate. Finally, we present the different strategies that have been developed for now to control the CRE. Perturbing evaporation or contact line pinning using external triggers are known to be efficient [START_REF] Mampallil | Control of evaporating complex fluids through electrowetting[END_REF][START_REF] Wray | Electrostatic Suppression of the "Coffee Stain Effect[END_REF][START_REF] Malinowski | Dynamic Control of Particle Deposition in Evaporating Droplets by an External Point Source of Vapor[END_REF] but is not easily implementable. In contrast, formulation approaches by using proper additives, such as polymers or binary mixtures, [START_REF] Talbot | Control of the particle distribution in inkjet printing through an evaporation-driven sol-gel transition[END_REF][START_REF] Sáenz | Dynamics and universal scaling law in geometrically-controlled sessile drop evaporation[END_REF] offer easy solutions but can perturb the system at high concentration and usually lack external addressability. Among additives, surfactants are thus particularly interesting candidates, because they can be effective at a low concentration (typically micro-to millimolar). Indeed, surfactants have been shown to be very efficient to control or cancel the coffee-ring effect, either by creating interfacial energy gradients leading to Marangoni flows, [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF] or by inducing particle adsorption at the drop liquid-gas interface through a combination of electrostatic and hydrophobic effects. [START_REF] Anyfantakis | Manipulating the Coffee-Ring Effect: Interactions at Work[END_REF][START_REF] Anyfantakis | Dynamic photocontrol of the coffee-ring effect with optically tunable particle stickiness[END_REF][START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF] In Chapter 2, a short review of the methods for controlling the CRE with surfactants is thus proposed.

Part 1 shows that it is generally believed that a more hydrophobic surfactant is more efficient, i.e., a lower concentration is needed, to affect or cancel the coffee-ring effect because it has stronger surface activity and its cooperative assembly on oppositely charged particles is favored. In part 2, we ask the following question: what would happen for a surfactant of given chain length but higher electrostatic charge, which would result in a lower hydrophobicity but higher electrostatic interaction? This open question has yet to be solved if one wants to understand how charged surfactants determine the patterns of particle deposits from drying suspension drops. Moreover, some surfactants can be stimulusresponsive (as seen in Chapter 2), thus offering the advantageous possibility to dynamically tune their properties in a user controlled fashion. This was for instance successfully applied with photosensitive surfactants [START_REF] Diguet | Photomanipulation of a droplet by the chromocapillary effect[END_REF][START_REF] Vialetto | Photoswitchable Dissipative Two-Dimensional Colloidal Crystals[END_REF] to efficiently photocontrol the CRE [START_REF] Anyfantakis | Dynamic photocontrol of the coffee-ring effect with optically tunable particle stickiness[END_REF] as well as to direct particle assembly on surfaces [START_REF] Varanakkottu | Light-Directed Particle Patterning by Evaporative Optical Marangoni Assembly[END_REF][START_REF] Anyfantakis | Evaporative Optical Marangoni Assembly: Tailoring the Three-Dimensional Morphology of Individual Deposits of Nanoparticles from Sessile Drops[END_REF] using an external light stimulus. However, the approach lacked practicability as an azobenzene-based molecule coupled to UV-stimulation was necessary for this purpose. Surprisingly, no other types of stimulus-responsive surfactants have been explored as possible alternative to photosensitive ones, and controlling the CRE has thus been mainly limited to more conventional formulation approaches.To address the two-fold challenge of rationalizing the roles of surfactant amphiphilicity and electrostatics in the CRE and exploring a totally new way of controlling it, we studied for the first time the deposition pattern from aqueous sessile drops containing particles and a surfactant with a charge and amphiphilic character that depend on its reduction-oxidation (redox) state.

In Chapter 3, we introduce the family of redox-sensitive surfactants. These surfactants contain a redox-sensitive group, ferrocene, and a carbon chain of variable length terminated by a quaternary ammonium group. They have been investigated for various applications, such as stimulus-responsive micelles and emulsions [START_REF] Saji | Reversible formation and disruption of micelles by control of the redox state of the surfactant tail group[END_REF][START_REF] Hoshino | Electrochemical Formation of Thin Film of Viologen by Disruption of Micelles[END_REF][START_REF] Saji | Formation of Organic Thin Films by Electrolysis of Surfactants with the Ferrocenyl Moiety[END_REF][START_REF] Takahashi | Demulsification of Redox-Active Emulsions by Chemical Oxidation[END_REF], DNA compaction [START_REF] Hays | Reversible Condensation of DNA Using a Redox-Active Surfactant[END_REF] or interfacial flow control [START_REF] Gallardo | In Situ and Reversible Control of the Surface Activity of Ferrocenyl Surfactants in Aqueous Solutions[END_REF][START_REF] Bennett | Dispensing Surfactants from Electrodes: Marangoni Phenomenon at the Surface of Aqueous Solutions of (11-Ferrocenylundecyl)trimethylammonium Bromide[END_REF][START_REF] Bai | Role of desorption kinetics in determining Marangoni flows generated by using electrochemical methods and redox-active surfactants[END_REF], but have never been reported for directing the deposition of particles in general nor controlling the CRE in particular.

In Chapter 4, we describe our synthesis and characterization of three redox-sensitive surfactants of different chain lengths, with procedures improved from existing protocols in literature. [START_REF] Saji | Reversible formation and disruption of micelles by control of the redox state of the surfactant tail group[END_REF] We characterize the synthesized surfactants properties with cyclic voltamxiii Pauline E. Galy Chapter metry, tensiometry, absorbance and magnetic susceptibility measurements. Prior to their implementation for the coffee-ring effect studies, we also explore whether some interfacial phenomena (Marangoni flows, self-propelled drops) could be controlled using a magnetic or a redox stimulus.

In Chapter 5, which is devoted to the redox control of the coffee-ring effect, we analyze the patterns obtained from evaporating drops containing anionic particles and the synthesized surfactants at different concentrations and redox states. This allows us to efficiently control the drop deposition patterns, including the full cancelation of the CRE, with a redox stimulus for the first time. We achieve the redox control both chemically by addition of molecules and electrochemically by application of a potential allowing a dynamic and additive-free actuation. At a fundamental level, this study also contributes to disentangle the respective roles electrostatics and amphiphilicity in surfactant-based control of particle deposition from drying drops.

The third part is still focusing on the role of the liquid-gas interface but proposes to explore both some fundamental expects and original approaches beyond simple cancellation of the coffee-ring effect by surfactants. In Chapter 6, we describe the fabrication of intrinsically amphiphilic so-called "Janus" particles and their use to clarify the role of particle adsorption at the air-water interface in the absence of surfactants. This simple yet original experiment allows us to demonstrate that sole particle adsorption is enough to cancel the coffee-ring effect. This finding is then exploited to control the distribution of different types of particles mixed in the same drying drop: Janus particles are uniformly distributed in the resulting deposit while hydrophilic particles are concentrated on the edges. This results in novel hybrid ring-disk deposition patterns, which, to our knowledge, can not be obtained by classical drying deposition methods. Interestingly the final position of the particles in the deposit is thus encoded in the nature of the particle (Janus or not) and not under control of an external stimulus, thus opening new perspectives for programmable and unsupervised self-assembly of particles into desired patterns.

In Chapter 7, we scrutinize in more details the behaviour of particles at the water-air interface of a drying sessile drop. We discover in particular a new phenomenon of crystallization of anionic particles when the drop contains a very low concentration of cationic surfactants. We assume that these bidimensional colloidal crystalline structures are formed at a surfactant concentration insufficient to neutralize the colloids but sufficient to decrease the electrostatic adsorption barrier at the water-air interface, which is also assumed to be anionic as well. This original behavior is observed with different types of surfactants and seems to be universal. As colloidal crystallization is a major interest in recent studies, [START_REF] Van Blaaderen | Template-directed colloidal crystallization[END_REF][START_REF] Palacci | Living crystals of light-activated colloidal surfers[END_REF] using the CRE could be an easy and cheap solution to generate small areas of close packed colloidal crystals.

All chapters consider the classical situation of a drop evaporating in air. Interestingly, it was very recently recognized that the CRE also occurs when a sessile drop dissolves into an outer liquid where it is partially miscible. [START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF] However, only one paper have considered this situation so far and the knowledge about this system is still particularly scarce. In Chapter 8, we thus present some of our systematic investigation on the CRE in this new liquid/liquid format. Interestingly, we find that many of the characteristic features of the CRE in air xiv are recapitulated when a drop dissolves in another liquid phase instead of evaporating into the air. Therefore, liquid/liquid coffee-ring is promised to as many applications as the conventional evaporative CRE, and can thus offer interesting solutions for the development of rapid, portable and low-cost diagnostics, with the advantage of being much less sensitive to humidity than evaporative systems. 

Some glimpses on the coffee-ring effect: fundamentals and how to control it

This PhD aims at exploring new routes to understand and control the coffee-ring effect (CRE). This ubiquitous phenomenon denotes the accumulation of non volatile compounds at the edge of a drying sessile drop. It is a major obstacle in industry, a promising tool for applications ranging from particle patterning to diagnostics, and a scientific challenge to fully understand, predict or control it. In this Chapter, we briefly present what is known about the CRE. After defining the CRE and its consequences on the distribution of deposited particles, from the macroscopic distribution (ring or not) to the microscopic organisation (ordered or amorphous), we highlight the role of some important physical parameters prior to presenting some classical strategies to control or cancel the CRE. This Chapter thus constitutes a brief overview of the conceptual grounds from which this PhD has been developed.

I.1 Introduction: definition of the coffee ring effect

When a drop of a non-volatile compounds suspension is pinned on a solid surface, its evaporation leads to a ring-like deposit along the perimeter (Figure I.1). The compounds initially dispersed over the entire drop becomes concentrated in a tiny fraction of it. This ubiquitous and universal phenomenon, which only requires non-volatile solutes and the pinning of the contact line on the substrate, is called the coffee-ring effect (CRE). It has been thoroughly studied since the seminal works by [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF]. [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF] Fig. I.1 A ring stain and a demonstration of the physical processes involved in production of such a stain. A) A 2 cm-diameter drop of coffee containing 1wt% solids has dried to form a perimeter ring, accentuated in regions of high curvature. [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF] B-E) Order-to-disorder transition in the particle stain left by an evaporating drop. B) A 3 µL sessile water droplet evaporates from a glass substrate. [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF] C) Ring-shaped stain of red particles (the coffee stain) left on the substrate after evaporation. D) A close-up by an optical microscope of the bottom layer of the stain, taken from the white square in (C), shows that the outermost lines of the stain (left) have an ordered, crystalline structure. Towards the center of the drop (right), a transition to a disordered particle arrangement is observed. E) A top view of the ring stain, taken from the red square in (D) with a scanning electron microscope (SEM), shows that the first lines of particles (left) are arranged in a hexagonal array, while the next lines (brighter in the image) are arranged as square, followed by again hexagonal array.

CRE occurs with practically any type of liquid containing non-volatile solutes like colloids, nanoparticles, or proteins, but also with insoluble particle-laden liquids dissolving in another partially miscible liquid phase (liquid-liquid CRE). [START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF] At the microscopic scale, the coffee-ring effect creates an order-to-disorder transition from the outer to the inner part of the ring pattern with charged and spherical colloids. [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF] This characteristic organisation is explained by kinetic effects. At the beginning of drying (outer part of the ring), particles are slowly deposited on the contact line where they crystallise. On the contrary, at the end of evaporation (inner part of the ring), particles does not have enough time to re-arrange and a non-organised assembly is formed.

A rich literature has been devoted to the coffee-ring effect, which remains however not fully understood nor predictable because of its multi-scale, multi-component and unsteady characters. In this Chapter, we first review the main hydrodynamic interpretations of the phenomenon. Then, we describe the effect of some important physical parameters on the occurrence of the CRE, including particle characteristics and electrostatics, solid surface properties, environmental conditions and roles of the solvents. Finally, we present some classical strategies to cancel or control the CRE.

I.2 Hydrodynamics interpretations I.2.1 Volume effect

The historic explanation of the CRE was proposed by Deegan et al.. [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF] They have done some qualitative experiments and had deduced from it the minimal ingredients for a quantitative theory. According to them, the phenomenon is due to a geometrical constraint: the free surface, constrained by a pinned contact line, squeezes the fluid outwards to compensate for evaporative losses (Figure I.2). The velocity inside the drop was fully determined and details can be found in the original article [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF] and others [START_REF] Deegan | Pattern formation in drying drops[END_REF]. 

I.2.2 Marangoni effects

An other explanation to the coffee-ring effect can be proposed. Due to the endothermic nature of evaporation, the liquid-gas interface of the droplet is cooler than the bulk liquid. Any small perturbation in the surface temperature creates surface tension gradients resulting in Chapter I Marangoni flows. [START_REF] Deegan | Pattern formation in drying drops[END_REF][START_REF] Nguyen | Patterning of Small Particles by a Surfactant-Enhanced Marangoni-Bénard Instability[END_REF][START_REF] Hu | Analysis of the effects of marangoni stresses on the microflow in an evaporating sessile droplet[END_REF] A Marangoni flow is defined as an interfacial current going from a low interfacial energy area to a high interfacial energy area. It persists until the interfacial energy is completely homogenised on all the interface. The influence of Marangoni flows on solute deposition has been studied theoretically and experimentally. [START_REF] Nguyen | Patterning of Small Particles by a Surfactant-Enhanced Marangoni-Bénard Instability[END_REF][START_REF] Ristenpart | Influence of substrate conductivity on circulation reversal in evaporating drops[END_REF]85] For an evaporating sessile drop, the direction of Marangoni flow depends on the relative thermal conductivities of the liquid and the substrate. When the ratio of substrate and liquid thermal conductivities (k R ) is below 1.45, the edge of the droplet is the coldest. It is the case for an aqueous drop on a glass substrate that is studied in all this PhD. As cold water has a higher interfacial energy than hot water, the direction of the thermal Marangoni is from the center of the drop to the contact line at the liquid-gas interface, and towards the center of the droplet along the substrate. [START_REF] Nguyen | Patterning of Small Particles by a Surfactant-Enhanced Marangoni-Bénard Instability[END_REF] The current brings the particles to the borders were they accumulate to form the ring-shaped pattern (Figure I. 3 -A).

On the contrary, when the direction of the Marangoni flow is radially inward with a characteristic velocity v M a = ∂γ ∂T ∆T η , particles are concentrated at the center of the droplet (Figure I.3 -B). [START_REF] Mampallil | A review on suppression and utilization of the coffee-ring effect[END_REF] I. [START_REF] Anyfantakis | Dynamic photocontrol of the coffee-ring effect with optically tunable particle stickiness[END_REF] Influence of physical parameters

I.3.1 Solid surface

The solid substrate plays a role in the coffee ring effect as the phenomenon is occurring between three phases. Substrate composition, charge and surface structure can be considered, especially through interfacial energy properties. [START_REF] Bansal | Suppression of coffee ring: (Particle) size matters[END_REF] Many details about these properties can be found in Annex 2. On hydrophobic and partially hydrophobic surfaces, pinning can occur when the contact angle hysteresis or solute concentration is high. But most of the time, the contact line is retracting up to a certain particles concentration where a uniform pattern is created. [START_REF] Mampallil | A review on suppression and utilization of the coffee-ring effect[END_REF] Interaction between particles charges and substrate charges are also playing a critical role. Indeed, when the charges of the substrate and of the particles are opposite, particles are adsorbing randomly on the substrate during evaporation and the CRE can be partially cancelled. [START_REF] Bhardwaj | Self-assembly of colloidal particles from evaporating droplets: Role of DLVO interactions and proposition of a phase diagram[END_REF][START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF][START_REF] Anyfantakis | Manipulating the Coffee-Ring Effect: Interactions at Work[END_REF] During this PhD, only hydrophilic glass substrates [START_REF] Galy | Self-Propelled Water Drops on Bare Glass Substrates in Air: Fast, Controllable, and Easy Transport Powered by Surfactants[END_REF] have been used with negatively charged colloids and we thus expect a classical CRE to occur.

I.3.2 Particles properties

Particles itselves can have a strong effect on the CRE depending on their charge, shape, size and composition. Concerning the size, Das et al. have demonstrated that the size drastically affects the particles organisation on the border. [START_REF] Das | Suppression of the coffee-ring effect and evaporation-driven disorder to order transition in colloidal droplets[END_REF] As the diameter of particles is increasing, they form less organised patterns on the border of the pattern (Figure I.4). Chapter I capillary interactions in a drying drop and drastically change the CRE patterns. [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF] They explain that, in their case, this is due to capillary interactions between colloids at the liquidgas interface occurring during the evaporation process. However, they do not discuss why the particles do adsorb at the liquid-gas the liquid-gas interface although it is a key-parameter.

During the next Chapters, only spherical particles havethus been used to avoid such capillary interactions. We will alsostudy in details the role of the particle adsorpation at the the liquidgas interface.

I.3.3 Environmental conditions

A higher humidity rate slows down the evaporation process but does not change the deposit shape. [START_REF] Das | Suppression of the coffee-ring effect and evaporation-driven disorder to order transition in colloidal droplets[END_REF] However in specific conditions where humidity rate is controlled in cycles [START_REF] Eales | Elimination of Coffee-Ring Formation by Humidity Cycling: A Numerical Study[END_REF][START_REF] Kajiya | Controlling profiles of polymer dots by switching between evaporation and condensation[END_REF], the shape of the pattern can be controlled. Also, the temperature plays a crucial role in the CRE and can modify the shape of patterns. Indeed, depending on the substrate and the liquid thermal conductivity, the shape of the pattern can drastically change. This effect was studied in details by Li et al.. [START_REF] Li | Rate-dependent interface capture beyond the coffee-ring effect[END_REF] They have proposed a surface capture effect of colloids at high temperatures: the drop evaporates fast enough to allow particles trapping at air-liquid interface. These observations have been confirmed theoretically later. [START_REF] Sliz | Taming the Coffee Ring Effect: Enhanced Thermal Control as a Method for Thin-Film Nanopatterning[END_REF] Fig with constant humidity (50%). Most of the particles deposit at the drop edge forming ring-like pattern when drying at slow evaporation rate. In contrast, a uniform deposition is obtained when drying at a higher temperature. B) The cross section area proportion ( S S total ) of ring region decreases as that of the center region arises when the evaporation temperature rises, indicating the gradually suppression of the coffee-ring effect. The scale bar is 0.5 mm. [START_REF] Li | Rate-dependent interface capture beyond the coffee-ring effect[END_REF] During this PhD, experiments have been performed at a constant temperature (20 ± 8 o C) and 50 ± 20 % relative humidity (Chapters 5 -7). Therefore, the natural colloidal aqueous solution patterns are expected to be ring-shaped. We have also studied the liquid-liquid Chapter I coffee-ring system (Chapter 8) which has the advantage to be insensitive to the humidity of ambient air.

I.4

General strategies to control the coffee ring effect

I.4.1 Context

Many strategies based on the previously described physical parameters have been studied to control the coffee ring effect. Indeed, CRE compromises the overall performance of industrially relevant manufacturing processes involving evaporation such as printing, biochemical analysis, manufacturing of nano-structured materials through colloidal and macromolecular patterning. Various approaches have been developed to suppress this phenomenon, which is otherwise difficult to avoid. As briefly presented in the previous paragraphs, the CRE is controlled by both hydrodynamic effects (flows) and interactions inside the drop. The general strategy is thus to affect either the flows developing in the drying drop, either the interactions between colloids themselves or with the interfaces (substrate or liquid-gas interface), or a combination of both. The resulting methods can be separated into two main categories:

• Changing a physical parameter during evaporation

• Introducing an additive into the drop

In the following, we discuss these two main strategies, their mechanisms and their consequences. First, a physical parameter can be changed during evaporation such as hydrophobicity, application of electric field or presence of acoustic waves. [START_REF] Mampallil | A review on suppression and utilization of the coffee-ring effect[END_REF] Second, additives such as salts, binary mixtures or surfactants can be introduced into the drop to controls flows or interactions.

I.4.2 Changing physical properties to control the CRE a) Superhydrophobic surfaces

The contact line pinning of a sessile droplet is characterized by the contact angle hysteresis (CAH). [START_REF] De Gennes | Wetting: Statics and dynamics[END_REF][START_REF] Eral | Contact angle hysteresis: a review of fundamentals and applications[END_REF] The pinning force per unit length and the CAH are related as f p = γ(cos(θ a ) -cos(θ r )) where c is the surface tension and θ a and θ r are the advancing and receding contact angles, respectively. Minimizing the hysteresis facilitates a smooth receding of the contact line upon evaporation hence preventing the formation of ring-like deposits, as also suggested by the theoretical models. [START_REF] Frastia | Dynamical Model for the Formation of Patterned Deposits at Receding Contact Lines[END_REF][START_REF] Freed-Brown | Evaporative deposition in receding drops[END_REF][START_REF] Man | Ring to Mountain Transition in Deposition Pattern of Drying Droplets[END_REF] Increasing the hydrophobicity of surfaces is often accompanied by decreasing CAH. [START_REF] Eral | Contact angle hysteresis: a review of fundamentals and applications[END_REF] Lower CAH in essence means reduced contact line pinning which leads to suppression of the CRE. It can be achieved by modifying chemically [START_REF] Gao | A perfectly hydrophobic surface (theta(A)/theta(R)=180 degrees/180 degrees)[END_REF][START_REF] Tian | Patterning of controllable surface wettability for printing techniques[END_REF] or physically the substrate of the sessile drop. [START_REF] Li | What do we need for a superhydrophobic surface? A review on the recent progress in the preparation of superhydrophobic surfaces[END_REF][START_REF] Roach | Progess in superhydrophobic surface development[END_REF] The hydrophobization by chemical modification involves covering the surface with hydrophobic molecules such as self-assembled monolayers. [START_REF] Gao | A perfectly hydrophobic surface (theta(A)/theta(R)=180 degrees/180 degrees)[END_REF] The physical modification involves patterning the surface to create microscopic roughness on it, for example, an array of pillars, which in turn decreases the effective contact area of the solid-liquid interface. [START_REF] Li | What do we need for a superhydrophobic surface? A review on the recent progress in the preparation of superhydrophobic surfaces[END_REF][START_REF] Roach | Progess in superhydrophobic surface development[END_REF] When hydrophobized, such rough surfaces act as superhydrophobic surfaces. [START_REF] Dicuangco | Effect of superhydrophobic surface morphology on evaporative deposition patterns[END_REF] Two different types of drop configurations are possible on such surfaces: Cassie or Wenzel states. In the Cassie state, the drop sits on the pillars and its evaporation can produce balllike spherical [108] or disk-like [START_REF] Dicuangco | Effect of superhydrophobic surface morphology on evaporative deposition patterns[END_REF] deposit (Figure I.6 -A -up). In the Wenzel state, the liquid fills in between the pillars (Figure I.6 -A -Down). Cassie to Wenzel transition of the droplet was studied previously [START_REF] Dicuangco | Effect of superhydrophobic surface morphology on evaporative deposition patterns[END_REF]. It depends upon the balance between the Laplace pressure, P L , and the capillary pressure, P c :

P L = 2c R and P c = -4γ cos θ Y φ w(1 -φ)
where R is the radius of the droplet, θ Y is the equilibrium contact angle, φ is the surface solid fraction and w is the pillar width.

The capillary pressure decreases with increasing pillar pitch. As the droplet evaporates, the Laplace pressure increases due to the decreasing droplet radius. Cassie to Wenzel transition occurs when the droplet becomes small enough such that the Laplace pressure exceeds the capillary pressure. It means that there exists a critical pitch above which Wenzel deposits are formed [START_REF] Dicuangco | Effect of superhydrophobic surface morphology on evaporative deposition patterns[END_REF]. Wenzel state is often associated with pinning. Gelation of the particles at the edge of a Wenzel droplet can result in an inward circulatory flow of liquid suppressing CRE [START_REF] Cui | Avoiding coffee ring structure based on hydrophobic silicon pillar arrays during single-drop evaporation[END_REF] (Figure I.6 -B -C). The suppression of CRE using (super)-hydrophobic surfaces is simple as they do not require any external involvement during the drying of droplets. However, the preparation of superhydrophobic surfaces is expensive. An other method to control CRE by controlling surface interfacial properties is the application of an electric stimulus.

b) Elecrowetting

In the presence of solute particles in the droplet, electrowetting can ensure efficient slippage of the contact line on (partially)-hydrophobic surfaces [START_REF] Li | How to make sticky surfaces slippery: Contact angle hysteresis in electrowetting with alternating voltage[END_REF]. In electrowetting configuration, a droplet is deposited on a dielectric layer of thickness d and dielectric constant under alternate current inducing a spreading of the drop by electrowetting (150 V and 6 Hz). C-D) Cartoon of the surface profile after evaporation in the both cases. E) Typical deposits obtained with polystyrene (PS) particles. [START_REF] Mampallil | A review on suppression and utilization of the coffee-ring effect[END_REF][START_REF] Eral | Suppressing the coffee stain effect: How to control colloidal self-assembly in evaporating drops using electrowetting[END_REF] When a voltage U is applied between the droplet and the electrode, an electric force per unit length

f el = d 0 U 2 2 d
( 0 : vacuum permittivity) pulls the contact line outward, overcoming the pinning forces. In alternate current electrowetting, the contact line moves periodically, thereby depinning it continuously from the pinning sites. It allows the contact line to recede freely as the droplet evaporates. [START_REF] Li | How to make sticky surfaces slippery: Contact angle hysteresis in electrowetting with alternating voltage[END_REF] Additionally, alternate current electrowetting generates circulating flow inside the droplet, which mixes the solutes continuously. Flow is generated at higher frequencies of the applied voltage, typically a few kHz. The slipping contact line and the internal flow produce concentrated spot-like residues [START_REF] Mampallil | Control of evaporating complex fluids through electrowetting[END_REF][START_REF] Eral | Suppressing the coffee stain effect: How to control colloidal self-assembly in evaporating drops using electrowetting[END_REF](Figure I.7-E). Theoretical studies have demonstrated that drying a droplet in an electric field in other configurations also suppresses CRE [START_REF] Wray | Electrostatic Suppression of the "Coffee Stain Effect[END_REF]. In short, electrowetting offers a feasible solution to suppress CRE even in the presence of high concentrations of solutes in the droplet when the substrate surface is hydrophobic. However it does not allow to generate homogenous disk-shaped deposits as most of the deposited materials accumulate at the drop centre in a dense 3D Chapter I aggregate.

c) Vibrations and acoustics

Substrate vibrations have shown to produce uniform layers in the convective depositions of colloidal monolayers [START_REF] Muangnapoh | Enhanced colloidal monolayer assembly via vibration-assisted convective deposition[END_REF] and in spray coating for organic solar-cell applications [START_REF] Zabihi | Substrate vibration-assisted spray coating (SVASC): significant improvement in nano-structure, uniformity, and conductivity of PEDOT:PSS thin films for organic solar cells[END_REF]. The acceleration of the surface deforms the air-liquid interface and the resulting pressure variations induce local flow of the liquid. This flow near the substrate prevents the clustering of the particles at the contact line and results in uniform depositions. Recently, surface acoustic waves [START_REF] Yeo | Surface acoustic wave microfluidics[END_REF] were used for altering the evaporative patterns. The particles do not reach to the contact line as they are trapped in the nodes of the standing capillary waves and pressure waves. Heavier silica particles get trapped in the pressure nodes near the superstrate surface. C) Evaporation of a droplet with dispersed PS particles of diameter 1 µm under SAW (frequency 10 MHz; power 30 dBm) produced spot-like residues. D) The range of frequencies and particle sizes at which a successful suppression is obtained. The filled circles indicate a successful suppression. At higher frequencies larger particles obstructed the receding contact line and produced coffee-rings. [START_REF] Mampallil | Acoustic suppression of the coffee-ring effect[END_REF] The surface acoustics waves creates standing pressure waves in the droplet. The acoustic force pushes the particles towards the nodes of the standing waves. This force F ac (say, along x direction) is given as:

F ac = 4πa 3 k E ac Φ sin(2kx),
where a is the diameter of the particle, k is the wave number, E ac is the time-averaged acoustic energy density, and V is the acoustic contrast factor that depends on the density and compressibility of the particle and the liquid.

When the acoustic force is higher than the drag force due to the capillary flow, the particles are trapped in the pressure nodes in the bulk of the droplet (Figure I.8 -B). Trapping of particles in pressure nodes prevents the transport of the particles to the contact line (Figure I.8 -C-D). Mhatre et al. studied the particle deposition on surface acoustics waves propagating surfaces both theoretically and experimentally. [START_REF] Mhatre | Influence of a Propagating Megahertz Surface Acoustic Wave on the Pattern Deposition of Solute Mass off an Evaporating Solution[END_REF] The method based on acoustics has the advantage that it is independent of the particle shape, density, nature of the liquid and the wettability of the surface. The method is also suitable with biological samples. [START_REF] Mampallil | Acoustic suppression of the coffee-ring effect[END_REF] The substrate placed on the acoustic transducer should be of an elastic material such as glass, silicon or metals. However, it is also difficult with this method to produce large homogenous disk-shaped patterns and the experimental set-up requires to dry the drop on a specific SAW device. In the following, we present the use of more straightforward stimulus, temperature.

d) Thermal control

The drop surface can be locally heated using a laser beam to generate radially inward flow. [START_REF] Ta | Dynamically controlled deposition of colloidal nanoparticle suspension in evaporating drops using laser radiation[END_REF] In this study, an infrared laser of wavelength 2.9 µm (water has strong absorption at this range) was irradiated at the liquid-gas interface of the droplet (Figure I.9 -A). Above a certain irradiation level, CRE was fully suppressed. The deposit morphology can be varied from uniform disk to spot-like pattern either by increasing the exposure time or decreasing the ratio between the laser spot size and the droplet diameter (Figure I.9 -B-C). [START_REF] Ta | Dynamically controlled deposition of colloidal nanoparticle suspension in evaporating drops using laser radiation[END_REF] In conclusion, using acoustic waves or other physical parameters to control the CRE as the advantage to not require any chemical modification of the drop. However, these methods requires an external control device (laser, electrochemical device) or a complex super hydrophobic substrate. Moreover, it is rare that highly homogenous disks can be obtained with these methods. In the following, we present some methods to control the CRE only by using additives directly inside sessile drops drying on conventional substrates.

I.4.3 Introducing additives to control the CRE a) Binary mixtures

The CRE has been controlled by using different types of additive. For instance, solvents and polymers have been added to the drying drop in order to induce specific Marangoni currents [START_REF] Gans | Inkjet printing of well-defined polymer dots and arrays[END_REF][START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF][START_REF] Lim | Self-organization of ink-jet-printed triisopropylsilylethynyl pentacene via evaporation-induced flows in a drying droplet[END_REF][START_REF] Jin | Suppressing the Coffee-Ring Effect in Semitransparent MnO2 Film for a High-Performance Solar-Powered Energy Storage Window[END_REF] or sol-gel transitions [START_REF] Talbot | Control of the particle distribution in inkjet printing through an evaporation-driven sol-gel transition[END_REF][START_REF] Seo | Altering the coffee-ring effect by adding a surfactant-like viscous polymer solution[END_REF].

To exploit Marangoni currents, the idea is to adjust the ratio of the solvent thermal conductivity and the substrate thermal conductivity in order to reverse evaporation flows inside the drop (cf previous section). For this aim, many additives have been used: for instance acetophenone [START_REF] Gans | Inkjet printing of well-defined polymer dots and arrays[END_REF], drying agents such as diethylene glycol and formamide [START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF], dodecane [START_REF] Lim | Self-organization of ink-jet-printed triisopropylsilylethynyl pentacene via evaporation-induced flows in a drying droplet[END_REF] and ethanol [START_REF] Jin | Suppressing the Coffee-Ring Effect in Semitransparent MnO2 Film for a High-Performance Solar-Powered Energy Storage Window[END_REF] 
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At high additives concentrations, it is also possible to perturb the flow patterns inside the drying drop by inducing a sol gel transition during evaporation which generates a specific "pancake" or "dome" shape. [START_REF] Talbot | Control of the particle distribution in inkjet printing through an evaporation-driven sol-gel transition[END_REF] To achieve it, Talbot et al. have made a pioneering study by using laponite to induce a sol-gel transition. [START_REF] Talbot | Control of the particle distribution in inkjet printing through an evaporation-driven sol-gel transition[END_REF] Later, Seo et al. have used polyethylene glycol to achieve it. In this PhD, only water have been used as the drying drop phase, so that such effects can be excluded and a classical CRE is thus also expected.

b) Sol-gel transition

As we have seen it previously, polymers like PEG can be used at high concentrations in order to modify liquid properties during drop evaporation and induce CRE cancellation. [START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF][START_REF] Talbot | Control of the particle distribution in inkjet printing through an evaporation-driven sol-gel transition[END_REF] Talbot et al. quantitatively investigated the effect of viscoelastic properties of aqueous suspensions of polystyrene particles and laponite, a disk-shaped nanoparticle, on the deposit morphologies after the drying of inkjet-deposited droplets (Figure I.11). [START_REF] Talbot | Control of the particle distribution in inkjet printing through an evaporation-driven sol-gel transition[END_REF] Laponite was introduced to induce a sol-gel transition in the drying drops, which transforms the liquid from an initially stable colloidal dispersion to a soft gel. Gelation occurred The substrate was a hydrophilic Si wafer. [START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF] owing to the growth of a laponite network spanning the liquid volume, which arose from the connections between the laponite particles as their concentration increased during evaporation. In particular, the authors suggested exploiting the elasticity rather than the viscosity enhancement caused by the sol-gel transition. By varying the initial concentration of laponite in a suspension with a fixed concentration of polystyrene particles, the gelling time and therefore the amount of convective radial flow could be adjusted, and thus the final deposition pattern could be controlled.
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Fig. I.11

The effect of laponite-induced gelation on the deposit formation from evaporating drops containing a fixed amount of polystyrene nanoparticles. A) SEM images and B) corresponding schematic deposit height profiles. 1-3 : Laponite-free drops lead to the formation of ring-shaped deposits, because most of the particles accumulate at the drop periphery due to the convective flow. 4-6: Addition of 2 wt% laponite leads to fast gelation, which rapidly suppresses the convective flow and produces a dome-shaped deposit. 7-9 : A moderate amount of convective flow is achieved by slower gelation, which is realised by utilising a lower laponite concentration (1 wt%). Drying drops in this case led to the formation of homogeneous disc-shaped dry patterns. [START_REF] Talbot | Control of the particle distribution in inkjet printing through an evaporation-driven sol-gel transition[END_REF] 

I.5 Conclusion and discussion

In this Chapter, we have first described the main components at the origin of the coffeering effect (CRE). We emphasized the role of the hydrodynamic effects in both the drop volume and at its interfaces. We showed that the coffee-ring effect is mainly controlled by hydrodynamic effects (flows) inside the drying drop and interactions occurring in bulk or at the interfaces of the drop. This led us to present the main strategies to cancel or control the CRE, by precisely acting, inside a drying drops, either on its bulk or surface flows, either on the interactions between colloids with or at the drop interfaces, or a combination of both. We showed that these approaches could be classified into two main categories. The first one consists in perturbing the physical parameters affecting the drop deposition, leading to some interesting approaches (electrowetting, acoustic waves) but rarely capable of producing homogenous disks and usually requiring complex instrumentation. The second one consist in simply adding proper chemicals to affect flows or interactions and therefore cancel or control the CRE. We presented a few successful examples but that remained system-specific and usually required significant amounts of additive. A very interesting alternative is to use surfactants, as they can affect both flows and interactions in a drying drop, in a rather universal manner and at a very low concentration. In the following Chapter, we will thus present in details how surfactant can be used to cancel or control the CRE.

Chapter II

How surfactants can modify the coffeering effect?

We saw in the previous Chapter that the coffee-ring effect is mainly controlled by flows and/or interactions occurring during the drying of pinned sessile drop. Among additives that can be used to control it, surfactants appear as a promising platform as they can both affect flows (through the generation of so-called Marangoni flows) and interactions between colloids and the drop interfaces (its solid substrate or its liquid-gas interace). As interfacially active molecules, surfactant also offer the advantage of producing effects at a low concentration.

In this second PhD Chapter, after briefly presenting the main families of surfactants, their structures and properties, we show that they can act on the coffee-ring either by generating Marangoni flows or, in a very robust manner, by tuning the interaction between colloids and the liquid-gas interface. This is exemplified with both conventional and stimulus-responsive surfactants. We finally some interesting remaining challenges, which we will undertake in this PhD through the first implementation of redox-sensitive surfactants.

II.1

What is a surfactant?

II.1.1 Definition

Surfactants are compounds that lower the surface tension (or interfacial energy) between two liquids, between a gas and a liquid, or between a liquid and a solid. Surfactants may act as detergents, wetting agents, emulsifiers, foaming agents, or dispersants. The word "surfactant" is a blend of surf ace-active agent. [START_REF] Myers | Surfactant Science and Technology[END_REF] 

II.1.2 Formulation

Surfactants are usually organic compounds that are amphiphilic, meaning they contain both hydrophobic groups (their tail) and hydrophilic groups (their head) (Figure II.1). Hydrophilic comes from ancient greek hdrios which means aqueous and phlos which means love. Thus, a hydrophilic group is a component with a high-affinity for water. Hydrophobic comes from ancient greek hdrios which means aqueous and phbos which means fear. So, a hydrophobic group is a component with a poor affinity for water and usually a high affinity for apolar media (e.g., oils). We can distinguish four categories of surfactants depending on the nature of their hydrophilic head: [START_REF] Myers | Surfactant Science and Technology[END_REF] 1. Cationic : The hydrophilic component bears a positive charge which is usually a quaternary ammonium halide (-NR + 3 , X -). R is usually an alkyl substituent and different substituents can be on the same polar head, and X is an anionic counter-ion, typically a halide (Br -, Cl -, etc.).

2. Anionic : The hydrophilic component is a negatively charged group such as carboxyl (-COO -, M + ), sulfonate (-SO - 3 , M + ), sulfate (-OSO - 3 , M + ) or phosphate (-OPO - 3 , M + ). M + is a cationic counter-ion, usually a proton or a metallic cation.

Nonionic :

The hydrophilic component has no charge but derives its water solubility from highly polar groups such as polyoxoethylene (R -OCH 2 -CH 2 O-) or R-polyols groups including sugars.

4. Amphoteric or zwitterionic : These molecules contain both a positive and a negative charge such as amino-sulfate derivatives.

The nature of the hydrophobic tail may be significantly more varied than for the hydrophilic head. Most of the time, they are long-chain hydrocarbon groups. We propose a list of the main types of hydrophobic groups:

• Alkyl groups : -(CH 2 ) n CH 3 • Branched alkyls groups : -CH 2 -(CH 2 ) m -(CH 3 )CH -(CH 2 ) n -CH 3 • Unsaturated alkenyl chains : -(CH 2 ) m -CH = CH -(CH 2 ) n -CH 3 • Alkylbenzenes : -(C 6 H 4 ) -R with R an alkyl derivative • Aklkylnaphtalenes : -C 10 H 7-n -R with R an alkyl derivative • Fluoroalkyls groups : -(CF 2 ) n -CF 3 • Polydimethylsiloxanes : -(OSi(CH 3 ) 2 ) n -CH 3 • Polyoxypropylene glycol derivatives : -(CH(CH 3 )CH 2 O) n O -CH 2 -CH(OH)CH 3
• Derivatives of natural and synthetic polymers Properties of the surfactant can be precisely tuned by modifying its structure. Increasing size of the hydrophobic tail often decreases the solubility in water but increases the amphiphilic properties, i.e. enhances both the self-assembling capability (decrease of the critical micelle concentration) and efficacity to modify the interfacial energy (see below). Charges can be various on the hydrophilic head which leads to many electrostatic interactions possibilities.

II.1.3 Aggregates in solution

Surfactant molecules can form different types of aggregates depending on their size, geometry, amphiphilic character and concentration. The water-insoluble hydrophobic group may extend out of the bulk water phase, into the air or into the oil phase, while the water-soluble head group remains in the water phase. [START_REF] Myers | Surfactant Science and Technology[END_REF] Surfactants diffuse in water (Figure II.2 -A) and adsorb at interfaces between air and water (Figure II.2 -D) or at the interface between a water-immiscible, apolar phase (e.g., oil) and water, in the case where water is mixed with such a liquid. In this case, they can form different types of assemblies, including but not limited to micelles (Figure II.2 -B), lipid bilayer (Figure II.2 -C), depending on the size and nature of their polar heads and hydrophobic tails. The nature of the assembly can be roughly predicted by using the empiric packing parameter introduced by Israelashvili. [START_REF] Israelachvili | Intermolecular and surface forces[END_REF] A micelle can contain or not an oil phase. Moreover, these molecules can also interact with solid-liquid interface. In case of a hydrophilic solid substrate, surfactants can adsorb on the solid substrate with their hydrophilic head (Figure II.2 -E). This effect is particularly effective with charged surfactants (e.g., cationic) adsorbing on an oppositely charged surface (e.g., glass). In this case, the surfactant can induce a hydrophobization of the surface by creating a monolayer with the hydrophobic tails protruding toward the solvent. With a further increase of surfactant concentration, bi-to multi-layered structures can be formed and render the surface hydrophilic again but with an opposite charge (overcharging effect) (Figure II.2 -F). Some advances in theoretical chemistry have shown that these structures can be half-cylindric on the solid substrate. [START_REF] Somasundaran | Adsorption of surfactants and polymers at the solid-liquid interface[END_REF][START_REF] Srinivas | Molecular dynamics simulations of surfactant self-organization at a solid-liquid interface[END_REF] 

II.1.4 Critical micelle concentration

The critical micelle concentration (CMC) is defined as the concentration o above surfactants self-assemble, usually to form micelles. [START_REF] Myers | Surfactant Science and Technology[END_REF] Once micelles are formed, an equilibrium exists between free surfactants and those engaged in the micelles, and thus an equality of their chemical potential. Since the chemical potential inside a micelle is fixed, that of free surfactant cannot vary and this explains why, above the CMC, the concentration of free surfactants is fixed. In this case, any addition of surfactant contribute to increase the number of micelles in the solution and not to the concentration of free surfactant. The CMC is thus an important characteristics of a surfactant. The value of the CMC for a given molecule in a given medium depends on temperature, pressure, and on the presence and concentration of other surface active substances and electrolytes and it is usually one order of magnitude below the solubility. [START_REF] Mukherjee | Tensiometric determination of Gibbs surface excess and micelle point: A critical revisit[END_REF] There are two classical methods to estimate the CMC: conductivity and surface tension measurement (Figure II.3). Conductivity measurements can only be conduced with charged surfactants. In this case, we follow the increase of the solution conductivity upon adding surfactants. Tow linear regimes are observed with a change of slope at concentration corresponding to the the CMC (Figure II.3 -pink). The change in slope is due to the counter-ion condensation on micelles, which become les efficient to transport charges in solution. Surface tension measurements can also be used to determine the CMC (Figure II.3 -dark blue). Surface tension is equal to the one of pure liquid at low surfactant concentration and it keeps this value while the surfactant concentration remains low. After a certain concentration (around one order of magnitude below the CMC), surfactant concentration becomes high enough at liquid-gas interface to induce a strong decrease in interfacial energy. After the CMC, interfacial energy remains constant as the concentration of free surfactants becomes fixed by their chemical potential and micelles do not influence the interfacial properties. Experimentally, conductivity measurements requires high volumes of surfactant solution at high concentration while tensiometry requires really small volumes. That is the reason why only characterisations with tensiometry have been conduced in this PhD.

Fig. II.3

Typical plots of interfacial energy (dark blue) and conductivity (pink) by surfactant concentration. Different area can be described. 1: At extremely low surfactant concentration, the interfacial energy is the same as the liquid without surfactant and conductivity is very low. 2: Surfactant concentration is increasing in the bulk and at liquid-gas interface but it does not have a strong influence on interfacial energy. Conductivity is increasing linearly and surface tension remains almost unchanged. 3 : At this concentration, surfactant begins to have a significant influence on interfacial energy and induces its decrease. Conductivity is still increasing linearly. 4 : The situation is the same as previously. 5 : The bulk and the liquid-gas interface are saturated in free surfactants. We observe a change of slope in conductivity and a stagnation of interfacial energy. This happens at the critical micelle concentration (CMC). 6 : Above the CMC, the concentration of free surfactants is fixed and any newly added surfactant molecule contributes to the formation of micelles. The conductivity increases slower due to the counter-ion concentration on the micelles and the interfacial energy remains constant.

II.2

Using surfactant to control the CRE

II.2.1 Context

The CRE can be controlled either by hydrodynamic effects (flows), by interactions (between colloids or at interfaces), or by these two coupled phenomena. As a consequence, surfactants are ideal additives to control the CRE as they act on these two aspects (Marangoni flows for hydrodynamic and adsorption for interactions). Moreover, they are efficient to control interfacial phenomena at low concentrations. In the following, we describe these aspect one by one. Firstly, we explain how surfactants control the CRE via hydrodynamic interactions. Secondly, we see how surfactants control the CRE via interactions. Thirdly, we describe the role of surfactant hydrophobicity and cooperative effects. Finally, we detail the only existing system of CRE control with a stimulus sensitive surfactant.

II.2.2 Surfactant control of the CRE via hydrodynamic effects

Surfactants have interfacial properties which make them perfect candidates to modify hydrodynamic currents inside a drying drop. Early experiments by Deegan have shown that surfactants can affect particle deposition during drop drying. [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF] In the following studies, surfactants have been frequently employed in diverse systems to control the deposition of various solutes. [START_REF] Deng | Transport at the air/water interface is the reason for rings in protein microarrays[END_REF][START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF][START_REF] Sempels | Auto-production of biosurfactants reverses the coffee ring effect in a bacterial system[END_REF] A central idea behind their use was based on the expectation that Marangoni flows would develop in a pinned sessile drop. The radial outward flow would bring surfactants to the contact line, therefore increasing the local concentration and decreasing the surface tension close to the drop edge. The gradient in surface tension along the liquid-gas interface should induce a Marangoni flow from the edge to the apex of the drop. This surface flow was expected to push particles away from the contact line and therefore lead to the suppression of the CRE. C). [START_REF] Varanakkottu | Light-Directed Particle Patterning by Evaporative Optical Marangoni Assembly[END_REF] They used a photo-sensitive surfactant, ethyl ether azobenzene-4'-(oxy-2-hydroxypropyl) trimethylammonium bromide (AzoTAB) that switches from its low [resp. high] interfacial energy trans-conformation [resp. cis-conformation] under UV [resp. blue] light. By a localised UV irradiation over a drop containing particles and the photo-sensible surfactant, it is possible to generate localised Marangoni currents which traps the particles at the desired area. More details about this surfactant is available in the following.

In a nutshell, using surfactants to control hydrodynamic currents in a drying drop is an efficient method to control the CRE. However this method has some defects. On the one hand, it relies on hydrodynamic currents which depend on many other parameters (for instance: temperature, substrate... etc cf Chapter 1). On the other hand, it requires a high concentration of surfactant, usually above the CMC. In the following, we use surfactant at a much lower concentration to control the CRE via interactions with particles. 

II.2.3 Surfactant control of the CRE via interactions

We have seen before that surfactants can be used to control the CRE via hydrodynamic effects at high concentrations. In this subsection, we explain that surfactants can also be used at a much lower concentration to control the CRE via interactions. Prof. Baigl's team has had a pioneer approach in this field. Anyfantakis et al. explained how positively charged surfactants interact with negatively charged particles in a classical coffee-ring system (Figure II.5). [START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF][START_REF] Anyfantakis | Manipulating the Coffee-Ring Effect: Interactions at Work[END_REF] They also demonstrated that this phenomenon is universal and works with any system of surfactant-particles with opposite charges. For instance, they demonstrated the existence of these interactions with negatively charged surfactants and positively charged particles even if positively charged particles tends to adsorb on a glass substrate. In this method, electrostatic interactions between the surfactants at low concentration and the particles surface is the key. At zero or low surfactant concentration (Figure II.5 -A), particles remain anionic and hydrophilic due to zero or limited surfactant adsorption on their surface. They are driven by evaporation currents to the borders where they accumulate. We obtain a ring-shaped pattern. At intermediate surfactant concentrations (Figure II.5 -B), surfactant adsorption neutralises surface charges of the particles. They also form a "crown" The effect of surfactant-mediated particle liquid-gas interface interactions on the pattern morphology from evaporating drops of anionic particle-cationic surfactant mixtures.[4] A) At zero or low surfactant concentration, surfactants are not present in a concentration sufficient to induce interactions that modify the CRE. B) At intermediate surfactant concentrations, surfactant molecules adsorb on the particles which become neutral and hydrophobic. These particles go to the liquid-gas interface where they are not submitted to evaporation flows anymore and a diskshaped pattern is formed. At high surfactant concentrations, surfactant molecules form a bilayer at the surface of the particles, which become cationic and hydrophilic. The particles stay in the bulk where they are submitted to the outward convective flow and a ring-shaped pattern is formed again.

of hydrophobic tails which makes the particles hydrophobic. Thus, particles go to the liquidgas interface to minimise their interfacial energy. We get a disk-shaped pattern. At high surfactant concentrations (Figure II.5 -C), surfactant molecules form a bilayer at the surface of the particles, which become cationic and hydrophilic. The particles remain in the bulk where they are driven by evaporation flows to the contact line where they accumulate. We obtain a ring-shaped pattern.

In conclusion, interactions between surfactants and particles at low concentration are crucial in CRE system and we use it in Chapter 5 and 7. However, these interactions change a lot depending on the surfactant structure and we explain why in the following subsection.

II.2.4 Role of surfactant hydrophobicity and cooperative effect

In the previous subsection, we have seen that the CRE can be controlled by surfactantparticle interactions. Nevertheless, the efficiency of these interactions depends of the surfactant's structure. To be more precise, the efficiency of the electrostatic interactions increases with the auto-assembly properties of the surfactants. So, in the exact same conditions, a surfactant with a more hydrophobic tail will cancel the CRE at a smaller concentration than another one (Figure II.6). We say that the electrostatic interactions of surfactants are cooperative. This is exactly what people of Prof. Baigl's group observed. [START_REF] Anyfantakis | Dynamic photocontrol of the coffee-ring effect with optically tunable particle stickiness[END_REF][START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF] Therefore, if we fix the surfactant concentration and if we are able to tune the hydrophobic properties in situ with an external stimulus, we may be able to control the CRE. That is exactly what has been done by the team with photo-sensitive surfactants.

II.2.5 Photo-control of the coffee-ring effect with photosensitive surfactants

Stimulus-sensitive surfactants are surfactant molecules which can tune their properties depending on an external stimulus. Three types of stimulus-sensitive surfactants have been developed: photo-sensitive surfactants [51,[START_REF] Diguet | Photomanipulation of a droplet by the chromocapillary effect[END_REF], pH-sensitive surfactants [START_REF] Liang | Characterization of a pH-sensitive surfactant, dodecyl-2-(1'-imidazolyl) propionate (DIP), and preliminary studies in liposome mediated gene transfer[END_REF][START_REF] Micheau | Specific salt and pH effects on foam film of a pH sensitive surfactant[END_REF] and redoxsensitive surfactants [START_REF] Hoshino | Electrochemical Formation of Thin Film of Viologen by Disruption of Micelles[END_REF]. But only photo-sensitive surfactants have been used for now to control the CRE.

The Baigl team [START_REF] Anyfantakis | Dynamic photocontrol of the coffee-ring effect with optically tunable particle stickiness[END_REF] reported the design of photo-responsive colloidal suspensions by mixing anionic polystyrene particles with the photo-sensitive cationic surfactant ethyl ether azobenzene-4'-(oxy-2-hydroxypropyl) trimethylammonium bromide (AzoTAB). This molecule consists of apolar head group and a hydrophobic tail with an azobenzene moiety. By irradiating with blue (λ = 440 nm) or UV (λ = 365 nm) light, the isomeric state of AzoTAB could be reversibly changed between trans-conformation (less polar, less hydrophilic) and cis-conformation (more polar, more hydrophilic), respectively. As trans-AzoTAB is more hydrophobic than cis-AzoTAB, its electrostatic interactions with colloids are more efficient by the cooperative effect. Therefore, trans-AzoTAB generate disk-shaped patterns at a lower concentration than cis-AzoTAB. Later, the same lab has demonstrated the possibility of intra-drop patterning, that is, the controlled formation of topological features inside a single drop by using optical patterns. [START_REF] Varanakkottu | Light-Directed Particle Patterning by Evaporative Optical Marangoni Assembly[END_REF] We thus believe that such particles with optically tunable affinity for the liquid-gas interface provide a starting point for the programmable patterning of colloids.

Fig. II.7

Use of photo-sensitive surfactants to control the CRE. A) Zeta potentials of the particles for various AzoTAB concentrations, without (-UV, black) or with (+ UV, violet) illumination at 365 nm. B) Depending on the state of the photo-sensitive surfactant, the particles are "non-sticky" (charged and hydrophilic) or "sticky" (neutral and hydrophobic). C) Patterns obtained experimentally depending on irradiation conditions and AzoTAB concentration. Scale bar is 500 µm. D) Left : They assume that the Marangoni flow (red arrows) is not strong enough to compensate for the evaporation-driven capillary flow (black arrows), which transports particles towards the contact line. As a consequence, a ring-shaped pattern is obtained after evaporation in all cases that involve non-sticky particles. Right : In contrast, they assume that sticky particles are trapped at the liquid-gas interface during their circulation, which results in a disk-shaped pattern after evaporation. [START_REF] Anyfantakis | Dynamic photocontrol of the coffee-ring effect with optically tunable particle stickiness[END_REF] 

II.3 Conclusions and remaining challenges

In this Chapter, we have shown that surfactants are efficient additives to control or cancel the coffee-ring effect (CRE). This is possible thanks to their interfacial activity, either to affect surface tension and create additional flows or to cooperatively adsorb at colloid surfaces to change the interactions between colloids and the drop liquid-gas interface. We showed that the second strategy, which has been developed by our group, is particularly robust, universal and effective as it requires only small amounts of surfactants (typically ten times less than the critical micelle concentration (CMC)). In that case, the main result is that, for any suspension of charged colloids, there exists a specific concentration of oppositely charged surfactants at which the CRE is cancelled and a highly homogenous disk pattern is obtained. This specific concentration corresponds to the formation of an adsorbed monolayer of surfactant on the colloid surface, leading to the particle accumulation at the descending liquid-gas interface instead of their transport to the contact line by the evaporation-driven flow. This concentration is very low, typically CMC 10 . At lower surfactant concentration, a conventional CRE is observed. At a higher one, multi-layered adsorption of surfactants lead to the overcharging of particles and a coffee-ring is also obtained. This ring-disk-rink evolution was shown to be universal and occurs with many particle-surfactant mixtures. Interestingly, the concentration at which the CRE is cancelled depends on the nature of the surfactant. Due to cooperative binding of surfactants on the oppositely charged surface, this concentration decreases with an increase in surfactant hydrophobicity. Therefore, by using a photosensitive surfactants having a polarity depending on irradiation conditions, our group showed for the first time that the CRE could be controlled by light. This brings us to raise a few remaining questions. First, if hydrophobic interactions increases cooperative binding and therefore the efficiency of a surfactant to cancel the CRE, how this compete with electrostatic interactions? In other words, if the charge of a surfactant increases, its hydrophobic character decreases, will this disfavour the CRE as conventionally believed our will it on the contrary favour the CRE by stronger electrostatic interactions? Moreover, is it possible to exploit other kinds of responsive surfactants so that the CRE can be placed under the control of new stimuli? This is precisely the both challenges we addressed in our PhD by studying for the first time how redox-sensitive surfactants could affect and control the coffee-ring effect. By tuning modulating their charge upon stimulation, we disentangled the respective roles of electrostatics and hydrophobic effects in the CRE. By exploring many parameters, we identified the conditions where particle deposition from a drying sessile drop could be controlled by a redox stimulus for the first time. These studies will be exposed in the chapters 3-5 of this thesis.

Part B

Controlling the coffee ring effect with redox-sensible surfactants

Chapter III

Redox-sensitive surfactants

Reduction oxidation (redox) is a very promising stimulus as it can be quantitatively controlled with different methods. Therefore, a large variety of redox sensitive surfactants have been developed since the 80's in order to control interfacial phenomena with redox stimuli. The main family is made by ferrocenyl derivatives since ferrocene is a strong and reliable redox sensitive chemical. In this chapter, I first come back to the historical synthesis, structure and applications of ferrocene, and I secondly review the different ferrocenyl derivative surfactants and their applications.

III.1 Introduction

Among all stimuli-responsive surfactants, redox sensitive surfactants seem promising as they allow a fine and reversible control of surface tension by using reductive or oxidative conditions. Redox conditions can be controlled either by using reductive or oxidative chemicals, or by using electrodes. If they are correctly chosen, chemicals can quantitatively and rapidly convert the surfactant without needing any supplementary reagents. On an other hand, electrodes allow an almost quantitative conversion in a solution containing enough ions without requiring any supplementary molecule. In the wake of the recent development of micro-and nano-electrodes, [START_REF] Menon | Fabrication and Evaluation of Nanoelectrode Ensembles[END_REF] we can also imagine a high time and space resolution conversion.

Organometallic chemistry is defined as the study of organometallic compounds, chemical compounds containing at least one chemical bond between a carbon atom of an organic compound and a metal, including alkaline, alkaline earth, and transition metals, and sometimes broadened to include metalloids like boron, silicon, and selenium as well. [START_REF] Mcnaught | IUPAC. Compendium of Chemical Terminology[END_REF] Therefore, the field was at the origin of the ferrocene discovery in the 50's [START_REF] Astruc | Why is Ferrocene so Exceptional?[END_REF]. Ferrocene is a stable organic molecule containing an redox sensitive iron atom. So it is a very promising molecule to make redox-sensitive surfactants. Indeed, since the 80's a large variety of ferrocenyl derivate redox sensitive surfactants have been developed as the main redox sensitive surfactant family (Figure III.1 -Right). [START_REF] Liu | Spatial and temporal control of surfactant systems[END_REF] Nevertheless, we note that selenium derivative surfactants have been recently developed but they are only used by a few teams. [START_REF] Zhang | Switching wormlike micelles of selenium-containing surfactant using redox reaction[END_REF][START_REF] Kong | Redox-controllable interfacial properties of zwitterionic surfactant featuring selenium atoms[END_REF][START_REF] Jiang | Responsive, switchable wormlike micelles for CO2/N2 and redox dual stimuli based on selenium-containing surfactants[END_REF][START_REF] Ren | Multistimuli-Responsive Pickering Emulsion Stabilized by Se-Containing Surfactant-Modified Chitosan[END_REF] Contrary to iron inside ferrocenyl group, the selenium atom has the drawback of mainly requiring hydrogen peroxyde to be oxidised In this chapter, we will focus on ferrocenyl derivatives, which constitute the main family of redox sensitive surfactants. First, we will come back to ferrocene historical synthesis, structure and properties. Secondly, we will review existing structures and properties of the ferrocenyl derivatives surfactants family. And finally we will review some application of these molecules.
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III.2 Ferrocene

III.2.1

The discovery of ferrocene

The discovery of ferrocene has been reported for the first time in 1951 by Kealy et al..[86] Originally, authors wanted to synthesize fulvalene using a method suggested by Champetier with Grignard's reagent in 1930. Grignard's reagent has been synthesised from cyclopentadiene in benzene following an acid base (AB) reaction:

C 2 H 5 -Br + Mg (s) + C 5 H 6 → (C 5 H 5 ) -Mg -Br + C 2 H 6 .
The reaction is working well as the pKa of the proton of cyclopentadiene (pKa ˜35) is much lower than the one of ethylene (pKa ˜45). Thus, they wanted to use two equivalents of Grignard's reagent in the presence of a strong Lewis acid (to stabilise it) in order to get fulvalene. But, instead of fulvalene, they have obtained an unexpected yellow solid powder and rationalized its obtention by the following reaction:

2 (C 5 H 5 ) -Mg -Br + FeCl 2 = (C 5 H 5 ) -Fe -(C 5 H 5 ) + MgBr 2 + MgCl 2 .
Although they didn't know it, they had just synthesized ferrocene for the first time, which would have a considerable impact on the following of organometallic chemistry field. B) consists in an atom of Iron (II) (two times positively charged) trapped between two cyclopentadienyl ligands (usually called C - p ) (one time negatively charged). Cyclopentadienyl ligands are aromatic as they have 6 free electrons in a planar carbon cycle. Indeed 6 is a possible value of 4 n + 2 with n = 1. So they are particularly stable. Iron (II) atom is linked to its ligands with a non-localised strong electrostatic bond. The structure is often called "sandwich" structure in organometallic field.

The ferrocene original sandwich structure constituted a major breakthrough in the field. It opens the large field of metallocenes and so called "sandwich" compounds with interesting reactive and catalytic properties. The work was later recognised with the Nobel Prize of Ernst Otto Fischer and Geoffrey Wilkinson in 1973 "for their pioneering work, performed independently, on the chemistry of the organometallic, so called sandwich compounds".

III.2.3 Ferrocene properties a) States and thermal stability

Ferrocene is a stable organometallic compound. 

c) Electrochemical properties

Theoretically, substituents on the cyclopentadienyl ligands alter the redox potential in the expected way: electron-withdrawing groups such as a carboxylic acid shift the potential in the anodic direction (i.e. made more positive), whereas electron-releasing groups such as methyl groups shift the potential in the cathodic direction (more negative). Thus, alkylferrocene should be more easily oxidised than ferrocene whereas ketone-ferrocene should be less easily oxidised than ferrocene. Thanks to its stability, ferrocene is often used as an internal standard for calibrating redox potentials in non-aqueous electrochemistry. Ferrocene can also react with butyllithium to give 1,1'-dilithioferrocene, which is a versatile nucleophile. Tert-butyllithium produces monolithioferrocene. All can react quantitatively with many electrophiles. [START_REF] Rebiere | A convenient method for the preparation of monolithioferrocene[END_REF] Following these synthesis methods, a large variety of ferrocene-based compounds have been synthesised for many applications.

III.2.4 Reactions with ferrocene

III.2.5 Some applications of ferrocene a) Ligand

The extremely rich reactivity of ferrocene derivatives has allowed the synthesis of very useful and currently widely used ligands, especially a large variety of ferrocenylphosphines. [START_REF] Guillaneux | High Yield Synthesis of Monosubstituted Ferrocenes[END_REF] Achiral diphosphine 1,1'-bis(diphenylphosphino)ferrocene (dppf) is especially widely used in catalysis, especially its palladium complex [Pd(II)Cl 2 (dppf)]. [START_REF] Hayashi | Dichloro[l,l'-bis(diphenylphosphino)ferrocene]palladium-(II): An Effective Catalyst for Cross-Coupling of Secondary and Primary Alkyl Grignard and Alkylzinc Reagents with Organic Halides[END_REF] Chiral ferrocenyl phosphines are employed as ligands for transition-metal catalysed reactions. [START_REF] Colacot | A concise update on the applications of chiral ferrocenyl phosphines in homogeneous catalysis leading to organic synthesis[END_REF] For example, Josiphos ligand is useful for hydrogenation catalysis (Figure III.5). They are named after the technician who made the first one, Josi Puleo.

b) Materials

Ferrocene, a precursor to iron nanoparticles, can be used as a catalyst for the production of carbon nanotubes. [START_REF] Conroy | Carbon nanotube reactor: Ferrocene decomposition, iron particle growth, nanotube aggregation and scale-up[END_REF] The procedure consists in heating a ferrocene/xylene mixture (other aromatics are also used) to 675 0 C in a quartz-tube reactor. Other ferrocene derivatives such as 1,1'-bis(diphenylphosphino)ferrocene have also been used for this purpose. [START_REF] Yu | Platinum Deposition on Carbon Nanotubes via Chemical Modification[END_REF] It was found that a good synthesis of carbon nanotubes used sublimed ferrocene that was decomposed under Ar, which allowed a good selection of the CNT diameter depending on the pressure and good yields for large-scale production. [START_REF] Guo | Mapping the transition from free-standing vertically-aligned Fe3C-filled carbon nanotube films to entangled randomly-oriented carbon nanotube buckypapers in presence of a great excess of ferrocene[END_REF] Since the first report, by Arimoto and Haven in 1955, [START_REF] Arimoto | Derivatives of Dicyclopentadienyliron 1[END_REF] of the homo-and copolymerization of vinylferrocene derivatives, ferrocene polymers have remained a continually blossoming field that have appeared up to now and applications in biomedicine, electrocatalysis, membrane fuel cells, sensors, self-healing materials, plastics, batteries, aerospace materials, liquid crystals, photovoltaic cells, and nonlinear optics (Figure III.6).[77, 1] Ferrocene-containing polymers can contain the ferrocene units either in the main polymer chain or in the polymer side chains. Ferrocene can also be fixed on metal nanoparticles in order to get redox responsive material which are particularly promising for medical applications. [START_REF] Labande | Supramolecular Gold Nanoparticles for the Redox Recognition of Oxoanions: Syntheses, Titrations, Stereoelectronic Effects, and Selectivity[END_REF] c) Phamarceutical application Ferrocene derivatives have been largely investigated as drugs. However, only one drug has entered clinic trials, Ferroquine (7-chloro-N-(2-((dimethylamino)methyl)ferrocenyl)quinolin-4-amine), an antimalarial. [START_REF] Van Staveren | Bioorganometallic Chemistry of Ferrocene[END_REF] 

d) Fuel additive

Ferrocene and its derivatives are antiknock agents used in the fuel for petrol engines. They are safer than previously used lead derivatives. Iron from ferrocene is also used to cover spark plugs, improving electrical conductivity. Petrol additive solutions containing ferrocene can be added to unleaded petrol to enable its use in vintage cars designed to run on leaded petrol. [START_REF] Chao Tai | Iron-containing motor fuel compositions and method for using same[END_REF] Ferrocene polyglycol copolymers, prepared by effecting a polycondensation reaction between a ferrocene derivative and a substituted dihydroxy alcohol, has promise as a component of rocket propellants. These copolymers provide rocket propellants with heat stability, serving as a propellant binder and controlling propellant burn rate. [START_REF] Dewey | Ferrocene polyglycols[END_REF] Ferrocene has been found to be effective at reducing smoke and sulfur trioxide produced when burning coal. The addition by any practical means, impregnating the coal or adding ferrocene to the combustion chamber, can significantly reduce the amount of these undesirable by-products, even with a small amount of the metal cyclopentadienyl compound. Recalls about surfactants properties (Chapter 2) Surfactants are defined as amphiphilic molecules which means that they are composed of a hydrophilic part usually called the "hydrophilic head" and a hydrophobic part usually called the "hydrophobic tail". The hydrophilic part is interacting preferentially with polar solvents such as water, alcohols or amines. It is usually made of highly charged groups as sulfates or quaternary amines but other charged or neutral moieties can be used. The hydrophobic part is interacting preferentially with non-polar solvents such as benzene, alcanes or halogen derivatives. It is usually made of a long aliphatic chain. Two main surfactants properties are their ability i) to affect and usually decrease the interfacial energy by adsorbing at interfaces and ii) to self-assemble when their concentration is larger than the so-called critical micelle concentration (CMC). More details can be found in Chapter 2.

Since the 80's many ferrocene derivative surfactants have been already synthesised [START_REF] Liu | Spatial and temporal control of surfactant systems[END_REF] and we can classify them into two categories:

• Surfactants with ferrocene at the end of the hydrophobic tail ( Ferrocene is considered as a hydrophobic group, so depending on its position inside the molecule, it may have different effects on the surfactant properties. Also, as ferrocenyl derivative surfactants are containing a ferrocene group, all molecules will be sensitive to redox conditions. We expect the oxidation potential to increase when the ferrocene is substituted by electro-attractive groups which destabilise ferrocenium. On the contrary, we expect this parameter to decrease when the ferrocene is substituted by a electro-given group as the ferrocenium is then slightly stabilised. In the following, we describe the two categories of ferrocenyl derivatives surfactants and how their structure can modify their properties. We have reported four different surfactants with ferrocene at the end of hydrophobic tail: {(a 1 ),(a 2 ),(a 3 ),(a 4 )} (Figure III.7 -A).

Compound (a 1 ) was synthesised at different chain lengths in the end of 90's. [START_REF] Hoshino | Electrochemical Formation of Thin Film of Viologen by Disruption of Micelles[END_REF][START_REF] Saji | Formation of Organic Thin Films by Electrolysis of Surfactants with the Ferrocenyl Moiety[END_REF] It is made by a quaternary amine for its hydrophilic head which is not sensitive to pH and positively charged. As the ferrocene is hydrophobic, we expect the hydrophobic tail to be more hydrophobic for compound (a 1 ) than its homolog surfactant without the ferrocenyl group. Therefore, we expect the CMC to be lower. Interestingly, the oxidised version of Ferrocene could be placed away from the hydrophobic tail (up) or between the hydrophobic tail and the hydrophilic head (down). D) Double tail surfactants with ferrocene close to the hydrophobic head. There could be two hydrophilic heads (up) or only one (down).

(a 1 ) is producing a second hydrophilic head for the surfactant as ferrocenium is positively charged and soluble in water. The molecule can so take a U-shape conformation. [START_REF] Gallardo | Ferrocenyl surfactants at the surface of water: Principles for active control of interfacial properties[END_REF] As a result, the oxidized form of the surfactant has both a higher CMC and a lower effect on liquid-gas or water/oil interfacial energy than the reduced one. Molecules of this family were used in the PhD and their properties studied in detail (chapters 4 and 5). Compound (a 2 ) was recently synthesised by Hafiz et al.. [START_REF] Hafiz | Ferrocene-based cationic surfactants: Surface and antimicrobial properties[END_REF] They used a sulfate as hydrophilic head instead of an amine, which makes the molecule sensitive only to very low pH and negatively charged otherwise. Same remarks can be made about its expected properties than the ones for (a 1 ). Molecule (a 3 ) is composed of a ferrocenyl group, a long alkyl chain and a section of linear polyether. It has been early synthesised with polymeric reactions and used for interfacial application. [START_REF] Saji | Formation of Magnesium and Chloroaluminium Phthalocyanine Thin Films Exhibiting an Intense Near-Infrared Absorption by Electrolysis of Surfactants with Ferrocenyl Moiety[END_REF][START_REF] Yokoyama | Micellar Aggregation Behavior of 11-Ferrocenylundecyl Polyoxyethylene Ether Surfactant in Water[END_REF][START_REF] Saji | Formation of Organic Thin Films by Electrolysis of Surfactants with the Ferrocenyl Moiety[END_REF] Hydrophilic part here is much longer and less hydrophilic that the one of (a 1 ) and (a 2 ). Hence, for the same concentration, we expect a less important decrease in interfacial energy for (a 3 ) than (a 1 ) or (a 2 ). Molecule (a 4 ) is very similar to (a 1 ) but the quaternary amine is replaced by a normal amine which makes it sensitive to pH in addition of redox sensitivity. [START_REF] Hata | Control of dual stimuli-responsive vesicle formation in aqueous solutions of single-tailed ferrocenyl surfactant by varying pH and redox conditions[END_REF] In its acidic form (pKa < 9), the molecule is positively charged and we expect similar properties than for (a 1 ). In its basic form however (pKa > 9), the hydrophilic head becomes neutral and so much less hydrophilic. Thus, we expect an interfacial energy to be higher and a higher CMC. I report three different molecules that are double-tail ferrocenyl derivatives surfactants with ferrocenyl group placed at the end of hydrophobic tail:

{(b 1 ),(b 2 ),(b 3 )} (Figure III.7 - B).
Molecule (b 1 ) is made by coupling two (a 1 ) molecules. It has been synthesised and used by Gallardo et al.. [START_REF] Gallardo | Active control of interfacial properties: A comparison of dimeric and monomeric ferrocenyl surfactants at the surface of aqueous solutions[END_REF] They have compared (a 1 )'s and (b 1 )'s properties. If (a 1 ) allows a control of interfacial properties in a narrow range of concentrations (typically 0.1 mM to 2 mM for a decrease of 20 mN m -1 ), dimeric (a 1 ) allows a control of interfacial properties in a larger range of concentrations (typically 0.001 mM to 1 mM for a decrease of 22 mN m -1 ). It is easily explained as (b 1 ) is more amphiphilic than (a 1 ) by containing two hydrophobic tails and hydrophilic heads.

Contrary to (b 1 ), (b 2 ) and (b 3 ) have only one hydrophilic head. Molecule (b 2 ) is made by the combination of two molecules (a 1 ). We thus expect the molecule to be more amphiphilic than (a 1 ) but less amphiphilic than (b 1 ). The molecule was synthesised and studied by Jewell et al.. [START_REF] Jewell | Ferrocenecontaining cationic lipids for the delivery of DNA: Oxidation state determines transfection activity[END_REF] Molecule (b 3 ) has one hydrophobic tail made of a long aliphatic chain terminated by the ferrocene while the other part is a fluorinated chain extremely hydrophobic and non terminated by a ferrocene. Hydrophilic part is made of a quaternary amine with two ethyl groups. Then, we expect the molecule to be not very soluble in water but much more amphiphilic than (b 1 ) itself much more hydrophilic than (a 1 ). We have reported six different simple surfactants with ferrocene close to the hydrophilic head: {(c 1 ),(c 2 ),(c 3 ),(c 4 ),(c 5 ),(c 6 )} (Figure III.7 -C).

Molecules {(c 1 ),(c 2 ),(c 3 ),(c 4 ),(c 5 )} have ferrocene as a substituent of the hydrophilic group and not linked to the hydrophobic tail. The very first ferrocenyl surfactant is (c 1 ) and was synthesised by Saji et al. in 1985.[132] In that case, the ferrocenyl group is a substituent of a quaternary amine that is the hydrophilic head, while the hydrophobic tail is made by a long saturated carbon chain. As ferrocene is an hydrophobic group, we expect the interfacial properties to be less efficient with (c 1 ) than (a 1 ) where the group is placed at the end of the hydrophobic tail. It is the reason why (a 1 ) has been mostly used in the following studies involving redox sensitive surfactants and not the first synthetized one (c 1 ). Molecule (c 2 ) is very similar to (c 1 ). The difference is the presence of an alkene at the end of the hydrophobic tail. Yet alkenes are slightly more soluble than alcanes into water, we expect (c 2 )'s amphiphilic properties to be slightly less important than (c 1 ) ones. The molecule was synthesised in the same time as (c 3 ) by Anton et al.. [START_REF] Anton | Redox-active monomeric and polymeric surfactants[END_REF] Compound (c 3 ) has the same structure as (c 2 ) excepted that the hydrophilic head is a tertiary alcohol instead of a quaternary amine. Despite its hydrogen bond capacity, we expect the tertiary alcohol to be less hydrophilic than the quaternary amine which is positively charged. Therefore, we expect (c 3 ) to be less amphiphilic than (c 2 ). Original hydrophobic or hydrophilic parts have been also explored in the family. For instance, molecule (c 4 ), synthesised and used by Jacob et al., [START_REF] Jacob | Electrochemical investigations of a novel ferrocene surfactant[END_REF] has a very hydrophilic group made of one sulfate and two amides groups. Also, its hydrophobic tail is 16 carbon long which is much longer than previously presented molecules. Therefore, we expect this surfactant to have great amphiphilic properties, and for instance better than those of (c 1 ). Molecule (c 5 ) exhibits a very complex hydrophobic part made of a polycyclic alcane chain. Its hydrophilic part is made of a neutral ether, so we expect the molecule to be very hydrophobic and not soluble in water which is exactly what observed the authors. [START_REF] Medina | Redox-Switched Molecular Aggregates: The First Example of Vesicle Formation from Hydrophobic Ferrocene Derivatives[END_REF]. Interestingly, authors have measured an oxidation potential that is approximately the same as pure ferrocene. Considering the presence of oxygen atom (very electro-attractive) in β position from ferrocene, we would have expected a destabilisation of ferrocenium and so a higher oxidation potential.

Molecule (c 6 ) is the only one of the family to have the ferrocene group between the hydrophilic part and the hydrophobic part. Its hydrophilic part is made of a linear carbohydrate derivative, which makes it more hydrophilic than a quaternary amine. Moreover, the hydrophobic chain is quite long compared with other molecule with a carbon aliphatic chain of 14 atoms. We thus expect the molecule to be more amphiphilic that (c 1 ). [START_REF] Donnio | A Ferrocene-Containing Carbohydrate Surfactant: Thermotropic and Lyotropic Phase Behavior[END_REF] I have reported three different double-tail surfactants with ferrocene close to the hydrophilic head: {(d 1 ),(d 2 ),(d 3 ) (Figure III.7 -C).

Molecules (d 1 ), (d 2 ) and (d 3 ) have been synthesised and used by Wang et al.. [START_REF] Wang | Redox switched amphiphiles: Oxidized ferrocene derivates form stables vesicles when either one or two alkyl tails are present[END_REF] Molecule (d 1 ) is made of a ferrocene group functionalised with two ethers and an aliphatic chain on the two different cyclopentadienyl ligands of ferrocene. Hence, as the ligands can rotate, the substituents should be opposed in solution in order to minimise the molecule entropy.

Molecule (d 2 ) is very similar to (c 4 ) but a second 16 carbon long aliphatic chain have been added on the terminal amide of the hydrophilic part. Thus, we expect the molecule to be much more amphiphilic than (c 4 ) itself better than (c 1 ). Molecule (d 3 ) is made by an amine substituted with two 18 carbon long aliphatic chains and one ferrocenyl group. Therefore, the molecule is expected to be sensitive to pH (neutral above a pH 9) and very amphiphilic for low pHs.

We have seen that ferrocenyl derivatives exist with a variety of structures and properties. In the following, we describe examples of applications of these compounds. The system was applied to the control of drug delivery. ) and perylene as a model of hydrophobic drug. [START_REF] Takeoka | Electrochemical control of drug release from redox-active micelles[END_REF] It is particularly attractive as oxidation can be very well controlled in space with nano-electrodes. So it could be an interesting idea for medical applications where a precise spacial control is needed as cancer treatments. Using an electrode for such actuation is however an invasive approach. An alternative could be to exploit an endogenous redox signal to trigger the drug release when and where it is necessary, thus resulting in smart autonomous nano-vehicles.

III.3.2 Some applications of ferrocenyl derivative surfactants

b) Vesicles

A vesicle is defined as a spherical entity with a membrane (usually composed of self-assembled surfactants, polymers or lipids) enclosing an inner (usually aqueous) phase isolated from the bulk (usually aqueous too) (Figure III.9-A). Vesicles are important in many biological in vivo process. In order to mimic them, artificial vesicles are produced and classified into three groups based on their size: small unilamellar liposomes/vesicles (SUVs) with a size range of 20 -100 nm, large unilamellar liposomes/vesicles (LUVs) with a size range of 100 -1000 nm and giant unilamellar liposomes/vesicles (GUVs) with a size range of 1 -200 µm.

GUVs are mostly used as cell mimics for membrane biophysical studies while small liposomes are interesting for vectorization applications because they are biocompatible vectors that can transport both hydrophilic (in their inner core) and hydrophobic (in their membrane) cargos.

Medina et al. have successfully prepared vesicles with (c 6 ) redox surfactant. [START_REF] Medina | Redox-Switched Molecular Aggregates: The First Example of Vesicle Formation from Hydrophobic Ferrocene Derivatives[END_REF] The work opens perspective on controlling vesicles with a redox stimulus. 

c) Thin films

A thin film is a layered material with a thickness ranging from nanometric to micrometric scales. Self-assembled surfactants (e.g., a bilayer) constitute an interesting class of thin films, which can be obtained, for instance, by a finely controlled disruption of micelles or vesicles followed by adsorption on a substrate. Hoshino et al. first used redox sensitive surfactant (a 1 ) in order to form thin organic layer films by redox controlled disruption of micelles. [START_REF] Hoshino | Electrochemical Formation of Thin Film of Viologen by Disruption of Micelles[END_REF] The same team used later molecule (a 3 ) in order to form thin films containing magnesium and aluminium phtalocyanide (Figure III.10 -A). [START_REF] Saji | Formation of Magnesium and Chloroaluminium Phthalocyanine Thin Films Exhibiting an Intense Near-Infrared Absorption by Electrolysis of Surfactants with Ferrocenyl Moiety[END_REF] Comparison between molecule (a 1 ), (c 1 ) and (a 3 ) for organic thin film formation have been conducted in a later study ( 

d) Interface control

As all surfactants, ferrocenyl derivate surfactants in a polar liquid spontaneously go to liquidgas interface in order to minimise interfacial energy. However, oxidised ferrocenyl derivative surfactants can exhibit a different conformation at liquid-gas interface than reduced ones, due to a combination of electrostatic and hydrophobic effects. This behaviour was extensively studied on (a 1 ) by Gallardo et al.. [START_REF] Gallardo | In Situ and Reversible Control of the Surface Activity of Ferrocenyl Surfactants in Aqueous Solutions[END_REF][START_REF] Gallardo | Ferrocenyl surfactants at the surface of water: Principles for active control of interfacial properties[END_REF] Effect of dimeric surfactant (b 1 ) compared to (a 1 ) was also studied later. [START_REF] Gallardo | Active control of interfacial properties: A comparison of dimeric and monomeric ferrocenyl surfactants at the surface of aqueous solutions[END_REF] The size of the molecule chain length is playing a key role as long chain with two positive charges at each extremities are able to fold on themselves at liquid-gas interface (Figure III.11-A). In general, the combination of conformational reconconfiguration at interface and intrinsic amphiphilic change lead to an increase of the interfacial energy when typically switching form the reduced to the oxidized form of the surface. As a consequence, interfacial properties are drastically dependent on redox conditions.

When there is a difference in interfacial energy at a liquid-air interface, the resulting interfacial stress generates a surface flow from the lower to the higher surface tension area. This is called a Marangoni effect and a classical manifestation of it is the rising flow of liquid in a vertical film of an alcoholic beverage (the phenomenon at the origin of the "tears of wine") due to the gradient of surface tension generated by the larger evaporation of alcohol at the top of the film. Bennett, Bai et al. used a ferrocenyl surfactant (a 1 ) to create a Marangoni flow triggered by a redox stimulus. [START_REF] Bennett | Dispensing Surfactants from Electrodes: Marangoni Phenomenon at the Surface of Aqueous Solutions of (11-Ferrocenylundecyl)trimethylammonium Bromide[END_REF][START_REF] Bai | Role of desorption kinetics in determining Marangoni flows generated by using electrochemical methods and redox-active surfactants[END_REF] They have made a solution of completely oxidised (a 1 ) at a concentration C surf such as CM C red < C surf < CM C ox . Then, the reduction potential (-0.3 V) is applied locally with a classical electrochemical system (cf Annex 1). Thus, reduced (a 1 ) is locally produced around the working electrode. Yet, reduced (a 1 ) is much more amphiphilic than oxidised (a 1 ) thanks to previous studies on conformation. So the interfacial energy is locally decreasing and a strong current is generated from the working electrode to the borders of the container ( e) Applications involving DNA DNA is a semi-flexible and highly charged anionic polyelectrolyte. In pure water, it forms elongated coils due to its rigidity (persistence length of about 50 nm) and monomer-monomer electrostatic repulsion. DNA has also a rather hydrophobic backbone and it is in fact well solubilized in water thanks to the release of its numerous counter-ions. Adding multivalent counter-ions can reduce the effective charge of DNA and ultimately induce its compaction into dense objects of typically twice its persistence length in diameter, and the efficiency of this compaction (i.e., the amount of excess charge needed to compact DNA) increases with an increase in the multivalent cation valency. In principle, monovalent cations cannot compact DNA but surfactants do by cooperative binding to DNA mediated by their hydrophobic interactions (Figure III.12). As a consequence, a more hydrophobic cationic surfactant more efficiently compacts DNA than a less hydrophobic one. Since the reduced form of a ferrocenyl surfactant is usually more hydrophobic than the oxidized one, it is thus in favor of more efficient DNA compaction ability. However, the oxidized form has one additional charge and, considering electrostatic interactions only, has a stronger DNA compaction potential. We thus see that there is an interesting interplay as oxidizing or reducing ferrocenyl surfactants affect both hydrophobic and electrostatic interactions in a competitive manner with respect to DNA compaction. Hays et al. have studied the phenomenon in detail. [START_REF] Hays | Reversible Condensation of DNA Using a Redox-Active Surfactant[END_REF] They have found that reduced surfactant at a concentration of 2-5 µM is shown to behave in a manner similar to other micelle-forming cationic surfactants, leading to the coexistence of DNA in extended coil and compact globule states. As the concentration of reduced surfactant was increased to 30 µM, the fraction of DNA in the globular state increased, and at higher concentrations (> 50 µM), large aggregates were observed. In contrast, oxidized surfactant does not measurably interact with DNA over the same range of concentrations to cause a conformational state of the DNA that is different from DNA alone (extended coils).

DNA compaction is one of the necessary step for transfection and express its genetic content inside cells. This led Jewell et al. to use a dimeric ferrocenyl surfactant (b 2 ) to control DNA cell transfection with redox stimuli. [START_REF] Jewell | Ferrocenecontaining cationic lipids for the delivery of DNA: Oxidation state determines transfection activity[END_REF] 

f) pH control

As we have seen in the previous section, the quaternary amine of (a 1 ) can be replaced by a normal amine that can be protonated (a 4 ). It has been used by Hata et al. to control vesicles formation with both pH and redox stimuli. [START_REF] Hata | Control of dual stimuli-responsive vesicle formation in aqueous solutions of single-tailed ferrocenyl surfactant by varying pH and redox conditions[END_REF] 

g) Anti-microbial applications

Finally, like all surfactants, amphiphilic ferrocenyl derivative surfactants can be integrated inside a phospholipid bilayer which can disturb and break it. That is the reason why no cells can grow inside a surfactant solution. 

III.4 Conclusions and discussion

In this chapter, we have shown that ferrocenyl-containing surfactants constitute a main group of redox-sensitive surfactants. We have detailed the variety of structures and properties they can present. We have in particular emphasized their unique feature of having both their amphiphilic and electrostatic characteristics that strongly depend on their redox state, resulting in plethora of redox-responsive applications ranging from the control of interfacial properties to drug delivery and transfection. Surprisingly, they have never been implemented in coffee-ring effect (CRE) systems nor any other colloidal deposition or evaporative assembly protocols. Yet, as explained in the previous chapters, the CRE is strongly driven by interfacial phenomena at the liquid-gas interface (cf Chapter 1). In particular, surfactants are now recognized as one of the most efficient and versatile additives to control the CRE because i) they allow a robust CRE cancellation at a low concentration and ii) they enable a dynamic control when they are stimulus-responsive (cf Chapter 2). Thus, using redox-sensitive surfactants seems to be a promising strategy to control the coffee-ring effect by a redox stimulus for the first time. In the following chapter (Chapter 3), we describe the synthesis and properties of ferrocenyl surfactants made during the PhD. Their application for the redox control of interfacial phenomena, such as Marangoni flows or self-propelled drops, are then briefly presented prior to describing, in great detail, how they have been exploited to control, with a redox stimulus for the first time, the coffee-ring effect and particle deposition from drying drops.

Chapter IV

Synthesis and characterisation of ferrocenyl surfactants

In the previous chapter, we have seen that ferrocenyl-based surfactants are promising redoxsensitive molecules to dynamically actuate various self-assembling and interfacial properties. However, as far as we know, they have never been considered as a mean to place any evaporative particle deposition system under a redox control. For this PhD, we have thus explored how ferrocenyl surfactants could be used to control the particle deposition from a drying drop in general and the coffee-ring effect in particular, by a redox stimulus for the first time. This Chapter describes the synthesis and physico-chemical characterization of three redoxsensitive surfactants having the same trimetylammonium bromide cationic polar head and a hydrocarbon tail terminated by a redox-sensitive ferrocene group. They differ by the length (6 or 11 carbon atoms) or the polarity (presence of an additional oxygene atom) of their hydrophobic tail. We present improved protocols for their synthesis as well detailed ways to chemically (by adding reagents) or electrochemically (by applying a potential) control and follow their oxidation rate. We show their capability of controlling the interfacial energy of the liquid-gas interface as a function of their concentration, the ionic strength of the solution and, remarkably, their redox state. We also explore some potential applications of the synthesized ferrocenyl surfactants in controlling interfacial phenomena (Marangoni flow, self-propelled drops) in response to magnetic or redox stimulation.

IV.1 Introduction

In the previous chapter, we have seen that ferrocenyl-based surfactants are promising redoxsensitive molecules to explore interfacial properties. Indeed, ferrocene is a stable redoxsensitive group that can be easily functionalised. Its charge changes depending on its redox state. In literature, many ferrocenyl derivates surfactants have been already synthesised and used for diverse applications. [START_REF] Liu | Spatial and temporal control of surfactant systems[END_REF][START_REF] Astruc | Why is Ferrocene so Exceptional?[END_REF] However these molecules are not available commercially and it is needed to synthesise them.

-e - + e - ferrocene ferrocenium

Fe Fe

In this chapter, we describe the complete synthesis performed int his PhD to obtain three surfactants, (6-ferrocenylhexyl) trimethyl ammonium bromide (called F 6 TAB), (11ferrocenylundecyl) trimethyl ammonium bromide (called F 11 TAB) and (11-ferrocenyl hex-10-one) trimethyl ammonium bromide (called F 11 OTAB) (Figure IV.1). Between these molecules, only the number of carbon atoms in the chain varies as well as the presence of a ketone in alpha of the ferrocene group for F 11 OTAB. The synthesis procedure had to be been adapted and improved from existing studies to achieve a better yield and work in safer conditions. [START_REF] Hoshino | Electrochemical Formation of Thin Film of Viologen by Disruption of Micelles[END_REF][START_REF] Saji | Formation of Organic Thin Films by Electrolysis of Surfactants with the Ferrocenyl Moiety[END_REF] Then, the properties of these molecules were studied. Electrochemical characterizaton revealed that these molecules existed in two forms, a reduced one (called F n TAB + with n = {6, 11} or F 11 OTAB + ) and an oxidised one (called F n TAB 2+ with n = {6, 11} or F 11 OTAB 2+ ). UV-visible spectrophotometry has also been performed to be able to quantify molecules concentration and oxidation rate. Different chemical oxidation reactions have been studied: with air, hydrogen peroxyde and iron (III). Also, detailed tensiometry studies have been conducted. Magnetic susceptibility has been measured on synthesised surfactants as it could be interesting for magnetic control of interfacial phenomena.

Finally, some applications will be described using the synthesised ferrocenyl surfactants. Firstly, we explored the possibility to generate Marangoni flows in an original manner by using either magnetic or electrochemical stimulation. Secondly, we used the ferrocenyl surfactant as a fuel for self-propelled drop motion on a bare glass substrate. 

IV.2 Synthesis of ferrocenyl derivative surfactants

IV.2.2 Synthesis of F 6 TAB

A short carbon tail ferrocenyl derivative surfactant was made: (6-ferrocenylhexyl) trimethyl ammonium bromide (F 6 TAB). It was made in one step from the bromide precursor by a Hoffmann alkylation reaction (Figure IV.2). The synthesis was performed in large excess of amine and in thermodynamic conditions in order to make it quantitative. As the resulting surfactant bears a quaternary amine and not a tertiary amine, it is not sensitive to pH (cf Chapter 3) and the risk of multiple alkylation is avoided during synthesis. In a 25 mL round bottom flask, 1.8 mmol of (6-bromohexyl)-ferrocene (1) was introduced. An excess of 3.4 mL trimethylamine in 4.2 M solution in ethanol was added. Then, 3 mL of pure ethanol was added and the mixture was stirred for 5 days at room temperature. The mixture was evaporated under vacuum at 40 o C to remove ethanol and get a yellow oil. A yellow solid crystallized by addition of 3 mL of hexane. The solid was washed in 3 x 500 µL of hexane and dried under vacuum. Recrystallisation was conducted in a mixture 1:1 acetone:hexane and the resulting solid was permanently kept under argon.

We obtained 617 mg of pure (2) reduced as a yellow solid (yield 85.5 %). 1 H NMR spectroscopy (MeOD-D4) confirmed the structure:

δ 4.0-4.1 (m, 9 H, ferrocene), 3.3 (m, 2 H, -CH 2 -N + (CH 3 ) 3 ), 3.1 (s, 9 H, -N + (CH 3 ) 3 ), 2.4 (t, 2 H, ferrocene-CH 2 -), 1.8 (q, 2 H, -CH 2 -CH 2 N + (CH 3 ) 3 ), 1.3-1.6 (m, 16 H, -CH 2 -CH 2 -CH 2 -).
IR spectroscopy also confirms the product structure.

IV.2.3 Synthesis of F 11 TAB

A longer carbon tail ferrocenyl derivative surfactant was also synthesized: (11-ferrocenyl undodecyl) trimethyl ammonium bromide (F 11 TAB). It was prepared in three steps inspired by the original procedure from Saji et al. [START_REF] Saji | Formation of Organic Thin Films by Electrolysis of Surfactants with the Ferrocenyl Moiety[END_REF] For the first step, the procedure was improved from the Garcia-Barrantes et al. [START_REF] García-Barrantes | Synthesis and biological evaluation of novel fer-roceneâĂŞnaphthoquinones as antiplasmodial agents[END_REF] procedure, with some parameters modified to improve the yield. It was decomposed into two steps. First, carboxylic acid (3) was converted into the corresponding acyl chloride (4)

(Figure IV.3).
The system was open to allow degassing of generated SO 2 . As the product was extremely sensitive, it was immediately used in situ in a Friedel-Crafts alkylation to give (5). Lewis acid aluminium chloride was used to activate acyl chloride and a degassing of HCl is expected. A well designed purification was vital for separating (5) from chloride salts and side products.

In a 200 mL round bottom balloon under argon and linked to a gas oil bubbler, 24.6 g of 11-bromoundecanoic acid (3) was mixed with 20 mL of thionyl chloride (1 eq.) in 110 mL of anhydrous toluene. Some drops of DMF were added and the mixture was stirred for 3 hours at 40 o C. Reaction was followed using thin-layer chromatography (solvent toluene). The mixture was evaporated under reduced pressure, 20 mL of toluene was added under argon and the mixture was evaporated again. The process was repeated twice and the liquid was kept under argon in a sealed container.

Acyl chloride (4) was obtained as a slightly yellow residue and identified with 1 H -NMR

(CDCl 3 ) δ 1.3-2.3 (m, 16 H, Br -CH 2 -(CH 2 ) 8 -CH 2 -COCl), δ 2.9 (t, 2 H, -CH 2 -COCl) and δ 3.4 (t, 2 H, -CH 2 -Br).
The yield was 86 % which was sufficient for a theoretically quantitative reaction.

A mass of 20.4 g of acyl chloride (4) was diluted in 100 mL of anhydrous dichloromethane and 10.1 g of aluminum chloride (1 eq.) was added. In another balloon under argon, 14.7 g of ferrocene (1 eq.) was dissolved in 150 mL of anhydrous dichloromethane. Acyl chloride mixture was added drop-wise to the ferrocene mixture for around 30 minutes at 0 o C. The resulting solution was stirred for 1 hour at 0 o C and followed by thin layer chromatography (solvent toluene). When all acyl chloride (4) had disappeared, around 100 mL of HCl 2 M was added gently until the solution stopped degassing. Organic and aqueous phases were separated. The aqueous phase was extracted with three fractions of 20 mL of tert-butyl methyl ether. The organic phases were dried with magnesium sulfate and evaporated under reduced pressure. Product (5) was purified by a column chromatography (silica, PE, then TMBE and DE). Product (5) was identified with 1 H-NMR (CDCl 3 ):

δ 1.2-1.5 (m, 10 H, Br -CH 2 - CH 2 -(CH 2 ) 5 -), δ 1.7 (m, 2 H, Br -CH 2 -CH 2 -(CH 2 ) 5 -CH 2 -), δ 1.8-1.9 (m, 2 H, Br -CH 2 -CH 2 -(CH 2 ) 5 -), δ 2.7 (t, 2 H, Fc -CO -CH 2 -), δ 3.4 (t, 2 H, Br -CH 2 -)
and δ 4.2-4.8 (3*s, 9 H, Fc-). The yield was 83 % which was better than those obtained by Barrantes et al. (47-94 %). [START_REF] García-Barrantes | Synthesis and biological evaluation of novel fer-roceneâĂŞnaphthoquinones as antiplasmodial agents[END_REF] Indeed the procedure may produce multi-functionalised ferrocene. That is the reason why it was critical to add acyl chloride drop-wise.

Step 2: Product (5) to [START_REF] Anyfantakis | Evaporative Optical Marangoni Assembly: Tailoring the Three-Dimensional Morphology of Individual Deposits of Nanoparticles from Sessile Drops[END_REF] This step consisted in the complete reduction of ketone in alpha of the ferrocene of molecule (5) (Figure IV.3). The original process by Saji et al. [START_REF] Saji | Formation of Organic Thin Films by Electrolysis of Surfactants with the Ferrocenyl Moiety[END_REF] required mercury (II) for the reduction which is extremely dangerous. We tried reduction procedures involving triflic acid without success. Finally we used the reduction procedure from Li et al. [START_REF] Li | How to make sticky surfaces slippery: Contact angle hysteresis in electrowetting with alternating voltage[END_REF] which requires sodium borohydride, a much safer product. The reaction medium was expected to be extremely basic. Therefore, it had to be neutralised very gently first with water and then with acid. As (6) is less polar than (5), it was possible to purify it by extraction with a non-polar solvent like petroleum ether.

In a 1 L round bottom flask under argon and equipped with a gas oil bubbler, 26.2 g of ferrocene carbonyl derivative (5) was dissolved in 66 mL of dry tetrahydrofuran. In a 500 mL round bottom flask under argon, 9.4 g of sodium borohydride (4 eq.) and 16.3 g of aluminum chloride (2 eq.)were dissolved in 70 mL of dried tetrahydrofuran. Then, the ferrocene carbonyl mixture was added drop-wise for around one hour at 0 o C under strong magnetic stirring under argon. The reaction was followed by thin layer chromatography (solvent PE:DE 20:1). Then, 105 mL of water was added drop-wise to the mixture at 0 o C with strong stirring. Warning: the reaction is highly exothermic. Thus, 150 mL of HCl at 1 M is carefully added. The phases were separated and the aqueous phase was extracted with three 20 mL fractions of PE. The organic phases were dried with magnesium sulfate and evaporated under reduced pressure. A crude orange-yellow oil was obtained. It was crystallised in PE and filtrated through silica fritted glass.

Product (6) was identified with 1 H-NMR (CDCl 3 ): δ 1.2-1.6 (m, 12 H, Br-CH 2 -CH 2 - (CH 2 ) 6 -), δ 1.8-1.9 (q, 2 H, Br -CH 2 -CH 2 -(CH 2 ) 5 -), δ 2.3 (t, 2 H, Fc-CH 2 -), δ 3.4 (t, 2 H, Br -CH 2 -
) and δ 4.1 (s, 9 H, Fc-). The yield was 70 % which was less than the one obtained by Li et al. (91 %). [START_REF] Li | How to make sticky surfaces slippery: Contact angle hysteresis in electrowetting with alternating voltage[END_REF] Step 3: Product ( 6) to [START_REF] Arimoto | Derivatives of Dicyclopentadienyliron 1[END_REF] In the last step, alkyl bromide (6) was converted in one step in product (7) by a Hoffmann alkylation reaction (Figure IV.3). We chose to work at 40 o C instead of room temperature to speed up the process and avoid the risk of non-quantitative reaction as bromide derivative with a longer chain (6) reacted slower than the short-chain derivative (1). A mixture of THF and ethanol was used to improve the solubility of (6). Other interpretations on experimental conditions are the same as in the last step of F 6 TAB synthesis. Finally, 17.7 g of alkyl bromide (6) was mixed with 100 mL of trimethylamine solution in ethanol (8 eq.) and 100 mL of THF. The mixture was stirred under reflux at 40 o C for one day. Then, it was evaporated under vacuum. Product (7) was recrystallised after mixing vigorously in TBME. It was filtrated, dried overnight under vacuum. The solid was permanently kept under argon in a sealed container. Product (7) was identified with 1 H-NMR (MeOD-4D):

δ 1.3-1.6 (m, 8 H, Br(CH 3 ) 3 N - CH 2 -CH 2 -(CH 2 ) 8 -), δ 1.8 (q, 2 H, Br(CH 3 ) 3 N -CH 2 -CH 2 -), δ 2.32 (t, 2 H, Fc-CH 2 -), δ 3.1 (s, 9 H, Br(CH 3 ) 3 N-), δ 3.33 (t, 2 H, Br(CH 3 ) 3 N -CH 2 -) and δ 4.1 (s, 9 H, Fc-).
The yield was 99 %, which was excellent, and the synthesis overall yield was 49 %.

IV.2.4 Synthesis of F 11 OTAB

Finally, a longer carbon tail length ferrocenyl surfactant containing a ketone was synthesized: (11-ferrocenylundodecyl) trimethyl ammonium bromide (F 11 OTAB). It was produced in two steps as in the previous procedure but without the reduction step (Figure IV.4).

Step 1: Product (3) to (5)

For the first step, we applied the same procedure as in the synthesis of F 11 TAB. An acyl chloride was synthesised in situ and immediately used for a Friedel-Crafts reaction with ferrocene (Figure IV.4). The conditions were slightly adapted in order to maximize the amount In a 200 mL round bottom balloon under argon and linked to a gas oil bubbler, 23.3 g of 11-bromoundecanoic acid (3) was mixed with 20 mL thionyl chloride (3.2 eq.) in 110 mL of anhydrous toluene. Some drops of DMF were added and the mixture was stirred for 3 hours at 40 o C. Solution was left for stirring overnight at room temperature. Reaction was followed using thin layer chromatography (solvent toluene). The mixture was evaporated under reduced pressure, 20 mL of toluene was added under argon and the mixture was evaporated again. The process was repeated twice. Acyl chloride (4) was obtained as a slightly yellow residue.

It was identified with

1 H-NMR (CDCl 3 ): δ 1.3-2.3 (m, 16 H, Br -CH 2 -(CH 2 ) 8 -CH 2 - COCl), δ 2.9 (t, 2 H, -CH 2 -COCl) and δ 3.4 (t, 2 H, -CH 2 -Br).
The calculated yield was 110 % with 27.5 g of isolated product. The value above 100 % could be explained by a small volume of solvent or thionyl chloride remaining in solution.

A mass of 20.4 g of acyl chloride was then dissolved in 100 mL anhydrous dichloromethane prior to addition of 10.1 g of aluminum chloride (1 eq.). In another balloon under argon, 14.7 g of ferrocene (1 eq.) was dissolved in 150 mL of anhydrous dichloromethane. Acyl chloride mixture was added drop-wise to the ferrocene mixture for around 30 minutes at 0 o C. The resulting solution was stirred for 1 hour at 0 o C and followed by thin layer chromatography (solvent toluene). When all acyl chloride had disappeared, around 100 mL HCl 2 M was added gently until the solution stopped degassing. Organic and aqueous phases were separated. Aqueous phase was extracted with three fractions of 20 mL of tert-butyl methyl ether. Organic phases were dried with magnesium sulfate and evaporated under reduced pressure. Crude product (5) was purified by recristallisation in PE and filtration on celite with PE solvent. Three fractions were separated. The purified product (5) was identified in the first and second fractions. These solutions were evaporated under reduced pressure. The resulting product was purified with column chromatography (silica, PE, 2 %, 3 %, 5 % TMBE). Product (5) was identified with 1 H-NMR (CDCl

3 ): δ 1.2-1.5 (m, 10 H, Br -CH 2 - CH 2 -(CH 2 ) 5 -), δ 1.7 (m, 2 H, Br -CH 2 -CH 2 -(CH 2 ) 5 -CH 2 -), δ 1.8-1.9 (m, 2 H, Br -CH 2 -CH 2 -(CH 2 ) 5 -), δ 2.7 (t, 2 H, Fc -CO -CH 2 -), δ 3.4 (t, 2 H, Br -CH 2 -)
and δ 4.2-4.8 (3*s, 9 H, Fc-). The yield was 43 % which was still in the same range as in the procedure by Barrantes et al. (47-94 %). [START_REF] García-Barrantes | Synthesis and biological evaluation of novel fer-roceneâĂŞnaphthoquinones as antiplasmodial agents[END_REF] .

Step 2: Product (5) to [START_REF] Astruc | Why is Ferrocene so Exceptional?[END_REF] For the second step, we applied the same procedure as in the last step of F 6 TAB and F 11 TAB synthesis. Alkyl bromide (5) was converted in one step in product (8) by a Hoffmann alkylation reaction (Figure IV.4). Interpretations over experimental conditions are the same as in the last step of F 6 TAB and F 11 TAB synthesis.

In a 500 mL ballon, 12.4 g of alkyl bromide (5) was mixed with 56.3 mL of trimethylamine solution in ethanol (8 eq.)with 180 mL of ethanol and 180 mL of THF. The mixture was stirred under reflux at 40 o C for one day. Then, it was evaporated under vacuum. Product recrystallised after mixing vigorously in TBME. The purified product (8) was filtrated and dried overnight under vacuum. The dark yellow solid was permanently kept under argon. Product (8) was identified with 1 H-NMR (MeOD-4D):

δ 1.3-1.6 (m, 8 H, Br(CH 3 ) 3 N - CH 2 -CH 2 -(CH 2 ) 8 -), δ 1.8 (q, 2 H, Br(CH 3 ) 3 N -CH 2 -CH 2 -), δ 2.32 (t, 2 H, Fc-CH 2 -), δ 3.1 (s, 9 H, Br(CH 3 ) 3 N-), δ 3.33 (t, 2 H, Br(CH 3 ) 3 N -CH 2 -) and δ 4.1 (s, 9 H, Fc-).
The yield of this step was 100 % and the synthesis overall yield was 43 %. It is the first time that this surfactant is isolated.

IV.3 Characterisations

IV.3.1 Electrochemistry

As we have seen in Chapter 3, ferrocenyl surfactants, F n TAB (n = {6,11}) are redox-sensitive molecules. It means that they can loose (oxidation) or win (reduction) an electron depending on environmental conditions. The reduced form, called F n TAB + , is obtained after reduction or by fresh dilution of the synthesised product powder which is fully reduced ( For n = 6, (Figure IV.6 -A), we observed a classical voltammogram with a duck beak shape for F 6 TAB + and F 6 TAB 2+ . The anodic current was reaching a plateau for low and high potentials. Therefore, reductive potential (respectively oxidative potential) defined as the highest (respectively lowest) potential of this plateau at low (respectively high) potentials can be determined as -0.22 V (respectively + 0.22 V). For F 6 TAB + , we observed that the plateau current was almost zero at low potentials. It is known that the plateau current is proportional to the concentration of the reduced (respectively oxidised) form at low (respectively high) potentials by the following equation:

I = 4nF rDc
with I the plateau current (A), F the Faraday number (C mol -1 ), D the diffusion coefficient of the redox active molecule (m 2 s -1 ), r the radius of electrode (m), n the number of exchanged electrons and c the concentration of the redox active molecule (mol L -1 ).

Therefore, the F 6 TAB + oxidation rate (called ρ ox ) was equal to zero which agreed with the fact that the solution was freshly made. On the contrary, for F 6 TAB 2+ , we observe that the plateau current at high potentials was equal to zero while the plateau current at low potentials was around -4 nA. The oxidation rate was close to 100 % and the solution had thus been fully oxidised after chronoamperometry.

For n = 11 (Figure IV.6 -B), a similar behaviour was observed with a voltammogram displaying a duck beak shape for F 11 TAB + and F 11 TAB 2+ . The anodic current was reaching a plateau for low and high potentials. Therefore, the reductive potential (respectively oxidative potential) was found to be -0.22 V (respectively + 0.22 V). It was the same as for n = 6 because it corresponds to the one of ferrocene. [START_REF] Astruc | Why is Ferrocene so Exceptional?[END_REF] For F 11 TAB + , we observed that the plateau current was almost equal to zero at low potentials. Therefore, F 11 TAB + oxidation rate (called ρ ox ) was equal to zero which agreed with the fact that the solution was freshly made exactly as previously. On the other hand, for F 6 TAB 2+ , we observed that the plateau current at high potentials was + 1 nA while the current plateau at low potentials was around -4 nA. The oxidation rate was close to 80 % showing that the solution was not fully oxidised after chronoamperometry.

In a nutshell, we obtained information about the redox behaviour of the synthesised redox-sensitive surfactants as well as established a method for controlling their oxidation rate (chronoamperometry). In the following, we will present a method to determine the concentration and the oxidation rate of a F n TAB solution by using UV-visible absorbance.

IV.3.2 UV visible absorbance

In order to determine the F n TAB concentration in a given solution as well as its oxidation rate, we have determined UV-visible absorbance characteristics. The Beer-Lambert's law gives a relation between absorbance and concentration of an absorbing specie:

A(λ) = i i (λ) • c i • l
with A(λ) total absorbance at a given wavelength λ, i (λ) molar attenuation coefficient of molecule i at the same wavelength λ (L mol -1 cm -1 ), c i the concentration of i (mol • L -1 ) and l the cell length (cm).

Therefore, molar attenuation coefficients for reduced and oxidised molecule can be used to determine the concentration of the surfactant and its oxidation rate in a given solution. For F 6 TAB (Figure IV.7 -A), the oxidation was made with chronoamperometry in order to obtain the partially oxidised F 6 TAB 2+ solution (ρ ox = 0.58). It wasn't possible to use fully oxidised F 6 TAB 2+ solution with chronoamperometry, as its absorbance was higher than 1. The oxidation rate of the partially oxidised F 6 TAB 2+ solution was determined using a voltammogram. The reduced and oxidised F 6 TAB solutions corresponded to the ones shown in (Figure IV.6 -A). We observed that F 6 TAB + had a maximum absorbance wavelength at 437 nm while F 6 TAB 2+ had two maxima absorbance wavelengths at 437 nm and 627 nm. For F 6 TAB 2+ , the absorbance was stronger at 627 nm than at 437 nm. That is the reason why F 6 TAB + solution is orange while F 6 TAB 2+ solution is dark blue. These colours have been used in all the PhD's Figures to visually differentiate the oxidation forms. Finally, the Beer-Lambert's law was used to determine the molar attenuation coefficients at 437 nm and 627 nm for F 6 TAB + and F 6 TAB 2+ solutions (Table IV

.1). Chemical (437 nm) (L • mol -1 • cm -1 ) (627 nm) (L • mol -1 • cm -1 ) F 6 TAB + 99.3 0 F 6 TAB 2+ 172 353 F 11 TAB + 93.6 0 F 11 TAB 2+
125 340

Table IV.1: Molar attenuation coefficients for F 6 TAB + , F 6 TAB 2+ , F 11 TAB + and F 11 TAB 2+ at 437 nm and 627 nm, as determined by combining cyclic voltammetry and absorbance measurements.

For F 11 TAB (Figure IV.7 -B), we have used the same conditions as for F 6 TAB, except that we worked at 2 mM instead of 5 mM in order to avoid absorbance saturation for oxidised solutions. The oxidation rate was determined to be 80 %. F 11 TAB + and F 11 TAB 2+ solutions were the ones shown in Figure IV.6 -A). We observed exactly the same maximum absorbance wavelengths for F 11 TAB + and F 11 TAB 2+ compared with its shorter homolog (F 6 TAB). Indeed, the predominant group for absorbance is ferrocene and its environment is very similar in both molecules. By using Beer-Lambert's law, molar attenuation coefficients at 437 nm and 627 nm could be computed for F 11 TAB + and F 11 TAB 2+ (Table IV.1). In all the following, unless something else specified, we used F 11 TAB 2+ molar attenuation coefficient at 627 nm to determine the actual oxidation rate in any studied surfactant solution.

For F 11 OTAB (Figure IV.7 -C), a freshly made F 11 OTAB + solution in pure water was studied. We observed a maximum absorbance wavelength at 464 nm which is a little bit higher that 437 nm, the maximum absorbance wavelength of F 6 TAB + and F 11 TAB + . Indeed, a highly electro-attractive group (ketone) is close to the highly electrons rich ferrocenyl group in F 11 OTAB + contrary to F 6 TAB + and F 11 TAB + where only a saturated carbon chain is present. Thus, the structure was stabilised and it absorbed less energetic photons which corresponded to longer wavelengths. The corresponding molar attenuation coefficient for F 11 OTAB + at 464 nm was determined to be F 11 OTAB + (464 nm) = 71.4 L mol -1 cm -1 . It is slightly lower than the one of F 6 TAB + and F 11 TAB + at 437 nm which agrees with the stabilisation of ferrocenyl group in this structure. It is the first time that new F 11 OTAB surfactant UV-visible absorbance characteristics are reported.

In all the following experiments, the oxidation rate of an F n TAB (n= {6,11}) solution, ρ ox , was systematically measured by determining the absorbance at 627 nm. Molar attenuation coefficients of F n TAB 2+ (n= {6,11}) at 627 nm was used to extract the concentration of F n TAB + and F n TAB 2+ and determine the oxidation rate. Oxidation rate is defined as the ratio of oxidised surfactant concentration over the total surfactant concentration:

ρ ox = [F 6 T AB 2+ ] [F 6 T AB 2+ ] + [F 6 T AB + ] .
In the following subsection, the study of different chemically-driven oxidation reactions is presented.

IV.3.3 Ferrocenyl derivative surfactants chemical oxidation a) Context

In the previous subsection, we have seen that the oxidation rate of an F n TAB (n= {6,11}) solution can be controlled with chronoamperometry. However, as any electrochemical method, it requires a large amount of electrolyte salts. As salts can affect the coffee-ring effect (cf Chapter 1), that can be a problem for these experiments. Therefore, different chemical oxidations of ferrocenyl surfactants were studied: with environmental dioxygen, with hydrogen peroxyde and with iron (III) salts.

b) Oxidation with environmental dioxygen

Redox-sensitive surfactants were synthesised under pure reduced form as a yellow fine powder. However, as soon as the molecules were dissolved into pure water, they were slowly oxidising in time. The phenomenon was firstly observed with the slow colouration of an originally yellow F n TAB + (n= {6,11}) solution into a greenish solution. We were probably in presence of the following reaction between F n TAB + (n= {6,11}) and dissolved dioxygen.

O 2 + 2 H 2 O + 4 F n TAB + = 4 HO -+ 4 F n TAB 2+
To quantify surfactant oxidation in air, the oxidation rate of a F 6 TAB + solution in pure water was followed over time (Figure IV.8). The vial needed to remain open to allow dissolution of environmental dioxygen. The resulting evaporation was compensated by regular introduction of pure water. The procedure was suffering from a lack of accuracy and we estimated the error to be around 20 %.

We observed a slow increase of oxidation rate in time, which reached a value of only 15 % after 3 months. In conclusion, ferrocenyl surfactant oxidation in air is a slow but non-negligible phenomenon. Typical interfacial experiments performed with this molecule (study of Marangoni effects, self-propelled drops, and coffee-ring effects) will be achieved in a characterstic time ranging from seconds to a few hours. Therefore, although this method is inappropriate as an efficient actuator of the oxidation rate, it also offers the advantage of being sufficiently slow to be non perturbative for our experiments. For the sake of reproducibility, we have worked only with freshly made surfactants solutions. 

c) Oxidation with hydrogen peroxyde

In order to control oxidation rate, an other chemical can be considered. Hydrogen peroxide appears as a promising reactant as it is completely water soluble, it is also a strong oxidant and it is not bringing any counter ions in solution. The oxidation reaction is expected to be the following one: It can be explained as the vials were kept open during experiment to allow the dioxygen produced from hydrogen peroxyde dismutation to escape. Vials were filled regularly to compensate evaporation, but as in the previous experiment, this method was suffering from a lack of accuracy.

H 2 O 2 + 2 F n TAB + = 2 HO -+ 2 F n TAB 2+
2 H 2 O 2 = O 2 + 2 H 2 O
Finally, we found that the oxidation kinetics was too slow in both cases for a quantitative control of the oxidation rate. Indeed, it would be more convenient to have a system with a complete oxidation achieved within a few minutes. In the following, we describe a more adapted method to achieve this end by using iron (III).

d) Oxidation with iron (III)

Context A last type of chemical stimulation explored was an oxidation based on adding iron (III). Metallic ion iron (III) was conventionally used in literature for oxidation of ferrocenyl derivative surfactants as it allows a fast and quantitative oxidation [START_REF] Gallardo | Ferrocenyl surfactants at the surface of water: Principles for active control of interfacial properties[END_REF]:

F n TAB + + Fe 3+ = F n TAB 2+ + Fe 2+
The standard redox potential of the couple Fe 2+ /Fe 3+ is E 0 (Fe 2+ /Fe 3+ ) = +0.77 V . The one of F n TAB + /F n TAB 2+ is E 0 (FnTAB + /FnTAB 2+ ) = +0.22 V (cf previously). We note that E 0 (Fe 2+ /Fe 3+ ) > E 0 (FnTAB + /FnTAB 2+ ) . It can be explained as negatively charged cyclopentadienyl ligands are stabilising the positively charged iron atom. Therefore, ferrocene structure is more stable than the equivalent isolated iron atom and its standard redox potential is lower.

The constant of the reaction is defined by:

K 0 = e -∆rG 0 R T = e n 0.06 [E 0 (Fe 2+ /Fe 3+ ) -E 0 (FnTAB + /FnTAB 2+ ) ]
with K 0 the constant of the reaction, ∆ r G 0 free entropy of the reaction, n number of exchanged electrons, T temperature in Kelvin and R ideal gas constant. Numerical application at 293 K gives a value of K 0 = 9.2 10 7 which corresponds to a total reaction. It agrees with an observation by Gallardo et al.. [START_REF] Gallardo | Ferrocenyl surfactants at the surface of water: Principles for active control of interfacial properties[END_REF] We have chosen to use the salt Fe 2 (SO 4 ) 3 as sulfate counter ion is non-reacting in our redox conditions. It was for the same reason that we worked with electrolyte Li 2 SO 4 in the previous part.

Absorbance of counter-ions

As explained in the previous subsection, we were following the oxidation rate of the redox-sensitive surfactant solutions by using absorbance properties at 627 nm. We thus first studied absorbance properties of Fe 2 (SO 4 ) 3 and its reduced version Concerning Fe 2 (SO 4 ) 3 , a linear regression applied on absorbance plotted by concentrations at 437 nm and 627 nm (Figure IV.10-B), gave a molar attenuation coefficient for Fe 2 (SO 4 ) 3 of 7.5 L mol -1 cm -1 for 437 nm (R 2 = 0.998) and of 0 L mol -1 cm -1 for 627 nm (R 2 = 0.992). These values are reported in Table IV.2. Interestingly, we found that the attenuation molar coefficient at 627 nm was not detectable. So the presence of Fe 2 (SO 4 ) 3 in solution did not contribute to the absorbance at 627 nm used to determine the amount of F n TAB 2+ in solution, ensuring the validity of our method to estimate the actual oxidation rate of the solution.

Similarly as previously, for FeSO 4 , a linear regression applied to absorbance plotted by concentrations at 437 nm and 627 nm (Figure IV.10 -D), gave a molar attenuation coefficient for FeSO 4 of 6.5 L mol -1 cm -1 for 437 nm (R 2 = 0.991) and of 2.7 L mol -1 cm -1 for 627 nm (R 2 = 0.95). These data are also reported in Table IV.2. We observe that the molar attenuation coefficient at 627 nm is very low compared to the molar attenuation coefficient of For F 6 TAB (Figure IV.11 -A), we observed that the reaction was almost quantitative and ρ ox reached 1 at 1.2 equivalents of added iron (III). A similar behaviour was reported by Gallardo et al. [START_REF] Gallardo | Ferrocenyl surfactants at the surface of water: Principles for active control of interfacial properties[END_REF] with F 11 TAB + . It is hard to explain why the oxidation rate was not reaching 1 when 1 equivalent of iron (III) was added as we have seen before that the reaction was quantitative. This might be due to a side-reaction consuming some iron (III). Concerning the kinetics study (Figure IV.11 C), we found that the reaction was very fast under our experimental conditions (reaction half-time less than several seconds), meaning that we could use this method for interfacial applications as they were usually running for several minutes.

(437 nm)) (L • mol -1 • cm -1 ) (627 nm) (L • mol -1 • cm -1 )
For F 11 TAB (Figure IV.11 B -D), the same behaviour was observed. In summary, the oxidation of redox sensitive surfactants with iron (III) is a fast and almost quantitative reaction while allowing to follow the oxidation rate of F n TAB by absorbance. This method will thus mainly be used in this PhD for the chemical control of the oxidation rate excepted when written otherwise. Although the redox behaviours were found to be identical for both F n TAB (n = {6,11}), we will see in the following section that their interfacial properties are very different.

IV.3.4 Tensiometry and solubility

Context To characterize the interfacial properties of the synthesized surfactants, we have experimentally determined the interfacial energy of the liquid-gas interface at different concentrations of F n TAB in pure water, using the pendant drop method. The procedure and detailed explanations are available in Annex 2. Solubility First, we quickly determined the limit of surfactants solubility in water for all redox states at room temperature. In order to do it, we have simply tried to dissolve an increasing quantity of solid into pure water at room temperature using thorough mixing and sonication. Surfactants were completely oxidised by adding 1.2 equivalents of iron (III) atoms from Fe 2 (SO 4 ) 3 . The solubility limit of F 11 TAB + was found to be around 30 mM. We observed that F 11 TAB 2+ solubility was higher than F 11 TAB + , without precisely quantifying it, which is due to the more hydrophilic character of F 11 TAB 2+ compared to F 11 TAB + . The solubility of F 6 TAB at each redox state was expected to be higher than that of F 11 TAB at the respective redox state as F 6 TAB was more hydrophilic than F 11 TAB. We thus performed systematic measurements of the interfacial energy for both surfactants in their reduced and oxidized forms up to a maximal concentration of 30 mM.

Interfacial energy

Results of interfacial properties of F n TAB (n = {6,11}) are presented in Figure IV.12. On the one hand, with F 6 TAB (Figure IV.12-A), we observed a different profile of liquid-gas interfacial energy depending on the redox state. For F 6 TAB + , we found that the interfacial energy Γ was the same as that of pure water (70.8 ± 0.2 mN m -1 in the same conditions) for [F 6 TAB + ] < 1 mM. At higher surfactant concentrations (from 1 mM to 30 mM), Γ drastically decreased. Above 30 mM, solubility issues were observed and the critical micelle concentration (CMC) could not be reached in this system. For F 6 TAB 2+ (Figure IV.12-B), Γ remained constant and close to the value of pure water for the whole range of tested F 6 TAB 2+ concentrations (from 10 µM to 30 mM). We note that the interfacial energy of the control system, only made of iron (III), is following the same behaviour (Figure IV.12-C). These observations can be explained as the additional charge at the extremity of the tail strongly reduces the amphiphilic character of F 6 TAB 2+ and therefore its propensity to adsorb at the liquid-gas interface compared with F 6 TAB + . On the other hand, with F 11 TAB (Figure IV.12-B), we also observed a different profile of liquid-gas interfacial energy depending on the redox state. Contrary to F 6 TAB, both redox states of F 11 TAB were exhibiting interfacial properties. We first noted that F 11 TAB + exhibited a classical surfactant behaviour affecting the liquid-gas interfacial energy in a similar way as F 6 TAB + but with a detectable effect starting at a much lower concentration (around 100 µM , Figure IV.12-B). This can be explained by the longer hydrophobic tail that makes the surfactant more amphiphilic. The CMC of F 11 TAB + was found to be reached at around 800 µM, in agreement with previous reports [START_REF] Gallardo | Ferrocenyl surfactants at the surface of water: Principles for active control of interfacial properties[END_REF]. Contrary to its shorter-tail homolog, F 11 TAB displayed interfacial effects even in its oxidised form F 11 TAB 2+ . Indeed, Γ was decreasing from 70 mN m -1 to 41 mN m -1 when [F 11 TAB 2+ ] increased from 1 mM to 30 mM. With a longer carbon chain separating the two cationic charges at its extremities, F 11 TAB 2+ could thus act as a bolaform surfactant able to significantly reduce the liquid-gas interfacial energy. In summary, F 11 TAB has a stronger interfacial activity (lower Γ at identical concentration) and self-assembling capacity (lower CMC) than F 6 TAB. Notably, both surfactants can be used in a wide range of concentrations (typically around a decade) where the interfacial activity or self-assembling character can be significantly affected by a redox stimulation. By considering the evolution of the interfacial energy as a function of F 11 TAB + concentration (Figure IV.13), we observed a different behaviour depending on the presence or absence of the electrolyte. In the presence of the electrolyte, the evolution had a similar shape but was shifted from one order of magnitude to lower concentrations. This behaviour can be explained as at high salts concentrations, the electrostatic screening between surfactant hydrophilic head charges increases. Therefore, surfactants can form micelles more easily, which corresponds well to a lower CMC. In conclusion, we cannot neglect the influence of high salt concentrations on the surfactants interfacial properties and this will have to be taken into account when performing applications requiring the presence of salts, which is typically then case when an electrochemical actuation is needed.

Salt influence on interfacial energy

IV.3.5 Magnetic susceptibility

As the synthesized ferrocenyl surfactants molecules were made with an oxidised iron atom, they might display interesting responses to a magnetic stimulation. This can be placed in the context of the current quest by many research groups to identify a way to create magneto-sensitive surfactants. For instance, Brown et al. [START_REF] Brown | Magnetic control over liquid surface properties with responsive surfactants[END_REF][START_REF] Brown | Properties of New Magnetic Surfactants[END_REF][START_REF] Brown | Magnetic surfactants[END_REF][START_REF] Brown | Magnetic surfactants as molecular basedmagnets with spin glass-like properties[END_REF][START_REF] Brown | Magnetic Surfactants and Polymers with Gadolinium Counterions for Protein Separations[END_REF][START_REF] Brown | Magnetic and Phase Behavior of Magnetic Water-in-Oil Microemulsions[END_REF] claimed to have successfully obtained such molecules by replacing the counter ions of conventional surfactants with paramagnetic ones. However, as counter ions are separated from the surfactant in a solvent with a high dissociative power as water, the claim that these species are actual magnetic surfactants able to drain magnetic sensitivity toward interfaces is highly questionable. As demonstrated by our group, their results were probably due to volume effects and a misinterpretation of pendant drop data. [START_REF] Hayakawa | Effect of moderate magnetic fields on the surface tension of aqueous liquids: a reliable assessment[END_REF] More recently, some studies focused on polyoxometalates (POM) containing a paramagnetic atom coupled with surfactants. [START_REF] Le Moigne | A new type of surfactants. The annelides. Characterization of organized metal ion assemblies obtained by cationic complexation at the micelle subsurface[END_REF] These structures were however very large and it would be better to obtain a small surfactant molecule being intrinsically paramagnetic and/or have its amphiphilic properties depending on the application of an external magnetic field. sample χ (m 3 • g -1 ) magnetic nature surfactant? F 11 OTAB + -4.5 ± 0. We thus measured the magnetic susceptibility, χ, of synthesised surfactants as well as iron based salts using a Evan's balance (Table IV.3). The detailed procedure can be found in Annex 3. We found that, as expected, FeCl 2 and FeCl 3 exhibited a high and positive magnetic susceptibility, thus demonstrating a marked paramagnetic character. Ferrocene had also a paramagnetic behaviour but with a magnetic susceptibility ten times lower than the one of iron salts. On the contrary, F 11 OTAB + and F 11 TAB + exhibited a low and negative magnetic susceptibility value denoting a diamagnetic behaviour. This can be explained by their long carbon chain prevailing over the ferrocenyl group for the resulting magnetic response. Finally, F 6 TAB + had a low but positive magnetic susceptibility. F 6 TAB + is thus slightly paramagnetic and advantageously combines a surfactant nature with the paramagnetic property of its ferrocenyl group. This surfactant was thus used in an attempt to magnetically control some interfacial behaviours. This will described in the following part.

IV.4 Exploring some interfacial properties IV.4.1 Attempt of interface magnetic actuation

In literature, some strategies have already been developed to control interfaces using magnetic actuation. In our lab, we showed for instance that it was possible to control a liquid marble movement at air-liquid interface with a magnet [START_REF] Anyfantakis | Evaporative Optical Marangoni Assembly: Tailoring the Three-Dimensional Morphology of Individual Deposits of Nanoparticles from Sessile Drops[END_REF]. A liquid marble is a drop of liquid covered with a hydrophobic thin powder that isolate it from outside and strongly reduces its wetting. In that work, it was deposited on a very concentrated HoCl 3 solution.

The solution surface was deformed by a magnet depending on HoCl 3 concentration. If the HoCl 3 concentration was low, the solution was diamagnetic and a depression formed under the magnet where the liquid marble was trapped. In contrast, when HoCl 3 concentration was high, a bump was formed at the interface under the magnet and the liquid marble was pushed away. Two other strategies have been proposed: the use of nanoparticles [START_REF] Yang | Systems of mechanized and reactive droplets powered by multi-responsive surfactants[END_REF] or the use of polyoxometalates [START_REF] Giner-Casares | Polyoxometalate Surfactants as Unique Molecules for Interfacial Self-Assembly[END_REF]. All these approaches demonstrated successful magnetic actuation but they all relied on bulk effects. If one wants to achieve such actuation through interfacial effects, e.g. the generation of a Marangi flow, it would be advantageous to use a true magnetosensitive surfactant.

For this aim, Brown et al. have proposed to use a common surfactant with a paramagnetic counter ion [START_REF] Brown | Magnetic control over liquid surface properties with responsive surfactants[END_REF][START_REF] Brown | Properties of New Magnetic Surfactants[END_REF]. However, the experimental observations were subjected to a misinterpretation of pendant drop data leading to wrong estimations on the way the surface tension was affected by the applied magnetic field [START_REF] Hayakawa | Effect of moderate magnetic fields on the surface tension of aqueous liquids: a reliable assessment[END_REF]. In addition, a such system cannot be strictly considered as an actual paramagnetic surfactant as water is a polar enough solvent to completely separate the added magnetic counter ions from the surfactant itself. Thus, there was no clear evidence that the surfactants could actually drive a high quantity of paramagnetic counter-ions to the interface and induce significant magnetic response there.

By considering the magnetic susceptibility properties of F 6 TAB + , F 11 TAB + and F 11 OTAB + from previous section, we saw that F 6 TAB + was slightly paramagnetic. Thus, it could be a good candidate for the magnetic actuation of interfacial phenomena. In order to check this hypothesis, a first qualitative experiment was made (Figure IV.14). A liquid marble made of 1 µL drop of pure water covered with lab-made fluorosilicated hydrophobic silica particles was gently deposited on a 10 mL freshly made 1 mM solution of F 6 TAB + or pure water (control) inside a 10 cm diameter glass Petri dish. A magnet was quickly brought close to the interface with a pressured air system underneath the Petri dish. We observed the formation of a depression localized at the vertical of the approaching magnet and where the liquid marble was trapped. The same phenomenon was observed both with and without F 6 TAB + but the effect was more pronounced in the presence of F 6 TAB + . The formation of a depression is a signature of a diamagnetic response of the liquid substrate. The presence of F 6 TAB + thus decreased the diamagnetic response of pure water. A second experiment has been performed to more closely look at the behaviour of interface under magnetic actuation.

To this end, we deposited hydrophobic particles on the liquid-gas interface and followed their behaviour over time, with or without F 6 TAB + and in the absence or presence of the magnetic actuation created by the approached magnet (Figure IV.15). We observed that all Fig. IV.14 Scheme (A) and picture (B) of the device used to study F 6 TAB + interfacial magnetic actuation. A glass Petri dish (10 cm diameter) is fixed at a middle elevation on a support (Thorlabs lab-made). A cover is placed on the Petri dish to avoid air flow disturbances during the experiment. An air controlled pressure system is placed under the Petri dish in order to quickly (around 100 ms) bring a magnet from 10 cm away to 2 millimetres under Petri dish bottom. A camera (Canon 5D) is fixed above the system to record videos. B). It agreed with the fact that water is diamagnetic and a depression was forming at the interface when the magnet was brought close to the interface. In the presence of F 6 TAB, the aggregation was faster with and without the magnetic field, which agrees with the fact that the surfactant was slightly decreasing interfacial energy and thus amplified the interface deformability (Figure IV.15 -F 6 TAB -B). However, there was no detectable difference in the response to the magnetic actuation that could be attributed to a paramagnetic contribution of the ferrocenyl surfactant. The role of F 6 TAB + in directing the magnetic response was thus negligible at the studied concentration and it might be interesting to explore in future the situation at a higher concentration.

Other experiments have been conducted in a coffee-ring system (cf Chapter 5) with F 6 TAB at different concentrations and with a magnetic field. However, no significant results can be reported on the potential influence of magnetic field on the coffee ring effect. By considering the low value of F 6 TAB + magnetic susceptibility, it is probably necessary to work at a very high surfactant concentrations (around 100 mM) [START_REF] Anyfantakis | Evaporative Optical Marangoni Assembly: Tailoring the Three-Dimensional Morphology of Individual Deposits of Nanoparticles from Sessile Drops[END_REF] in order to get significant effects on interfacial magnetic actuation. As F 6 TAB + solubility limit is very low (around 30 mM), it might be difficult to obtain such an actuation with that compound. In the following section, we exploit redox sensitivity of synthesised ferrocenyl surfactants to explore whether interfacial flows could be generated by applying a redox stimulus.

IV.4.2 Electrochemical Marangoni a) Context and procedure

Marangoni flow definition A Marangoni flow is defined as a current that appears at interfaces when there is a gradient of interfacial energy. This surface flow goes from the lower to the higher interfacial energy. A recirculation is observed in closed systems and the current is keep going up to the complete homogenisation of the interfacial energy all along the interface. A famous example of this phenomenon is the "soap boat experiment". [START_REF] Renney | Easy demonstration of the marangoni effect by prolonged and directional motion: "Soap boat 2.0[END_REF] In this experiment, a container is originally containing pure water. Interfacial energy is then homogenous and around 72 mN m -1 . Then, a small floating boat with a piece of soap attached to its stern is introduced in the middle of the container. As soon as the boat is on water, the soap is dissolving into it which locally reduces interfacial energy. A Marangoni current is created and bring the boat to the high interfacial energy borders of the containers. When using an insoluble surfactant that sublimes or evaporates into air instead of dissolving in water (e.g., using a piece of camphor), the boat motion can be maintained as long as the surfactant fuel is available.

Context

In the previous subsection, we have seen that F n TAB + has a lower CMC than F n TAB 2+ . Therefore, if we work at a concentration between these two values, we can drastically change interfacial energy by switching redox conditions (Figure IV.12). In this section, we have exploited this property to generate Marangoni currents at liquid-gas interface with redox stimulus. The setup was largely inspired from Bennett et al.. [START_REF] Bennett | Dispensing Surfactants from Electrodes: Marangoni Phenomenon at the Surface of Aqueous Solutions of (11-Ferrocenylundecyl)trimethylammonium Bromide[END_REF] In their system, a F 11 TAB 2+ solution was placed in a Petri dish with a three electrodes where the working electrode was at the center of the Petri dish (Figure IV.16 -A). Thus, when reduction took place on the electrode, F 11 TAB + was generated and locally reduced the interfacial energy as F 11 TAB + interfacial energy was lower than F 11 TAB 2+ . A Marangoni current was generated from the center to the border of the Petri dish and it was observed by placing small hydrophobic particles on the interface (Figure IV.16 -C). However, the presence of the electrode may create a bump at the interface due to the meniscus and it could be then difficult to separate the effect of the meniscus from the Marangoni current of the reduction. That is the reason why, we have studied both reduction ( Procedure The same setup as in Bennett et al. [START_REF] Bennett | Dispensing Surfactants from Electrodes: Marangoni Phenomenon at the Surface of Aqueous Solutions of (11-Ferrocenylundecyl)trimethylammonium Bromide[END_REF] was used (Figure IV.16 A). A 20 mL F 6 TAB solution containing 100 mM of Li 2 SO 4 was placed inside a 10 cm diameter glass Petri dish. Hydrophobic particles (lycopodes) were added on the air-liquid interface several minutes before the beginning of experiment. The glass Petri dish was covered with a plastic Petri dish cover containing holes to let electrodes pass through and modelling clay to hold the electrodes vertically. Details about the electrochemical experiments can be found in Annex 1. The following electrodes have been used:

• Reference electrode (RE): 1 mM diameter silver wire covered with AgO.

• Working electrode (WE): 1 mM diameter platinum wire.

• Counter electrode (CE): 1 mM diameter platinum wire.

b) Oxidation

In a first experiment, an oxidation in a freshly made 5 mM F 6 TAB + solution containing 100 mM Li 2 SO 4 was conducted (Figure IV.17 -A). We didn't observe any significant motion of particles toward the working electrode. However, some progressive particle aggregation was observed but it was not due to the ferrocenyl surfactant as the same behaviour was observed in a control system only made of pure water. This absence of movement could be explained by the fact that the surfactant concentration was too high, resulting in a difficulty to significantly convert it into the oxidized form.

In a second experiment, an oxidation in a freshly made 0.1 mM F 6 TAB + solution in 100 mM Li 2 SO 4 was conducted (Figure IV.17 -B). As previously, no particle motion was observed. In principle, [F 6 TAB + ] = 0.1 mM was too low to expect any interfacial effect according to tensiometry properties (Figure IV.12). Indeed, we observed a decrease in liquid-gas surface tension from [F 6 TAB + ] = 1 mM. However, according to tensiometry study with Li 2 SO 4 (Figure IV.13), this concentration should be 10 times lower. Therefore, at [F 6 TAB + ] = 0.1 mM, F 6 TAB + and F 6 TAB 2+ should exhibit the same interfacial energy. It can explain the observations. In the following, Marangoni current were generated using an oxidation instead of a reduction. 

c) Reduction

In this third experiment, exactly as in the study by Bennett et al. [START_REF] Bennett | Dispensing Surfactants from Electrodes: Marangoni Phenomenon at the Surface of Aqueous Solutions of (11-Ferrocenylundecyl)trimethylammonium Bromide[END_REF], a reduction was conducted on a freshly made 0.1 mM F 6 TAB 2+ solution with 100 mM Li 2 SO 4 (Figure IV.17 -C). The solution had been previously oxidised from a freshly made 5 mM F 6 TAB + mother solution with 1.5 equivalent of FeCl 3 (FeCl 3 (H 2 O) 6 CAS 10025-77-1). Again, we did not observe any particle motion. As previously, it can be explained by the fact that the surfactant concentration was too low.

Moreover, the counter ions of the oxidizing entity, FeCl 3 , may also play a role as chloride ions can be oxidised on the counter electrode.

Cl 2 + 2 e -= 2 Cl - Standard potential of this half redox reaction is E 0 = 1.36 V. So the oxidation should not occur at the counter electrode in the experiment. Just in case, the same experiment was reproduced using Fe 2 (SO 4 ) 3 instead of FeCl 3 .

In a fourth experiment a reduction in a freshly made 0.1 mM F 6 TAB 2+ solution in 100 mM Li 2 SO 4 was made (Figure IV.17 -D). The solution was previously oxidised from a freshly made 5 mM F 6 TAB + mother solution with 1.5 equivalents of Fe 2 (SO 4 ) 3 . Sulfate counter ions should not react at the counter electrode. In that case too, no significant particle motion was observed. This experiment should be reproduced at [F 6 TAB 2+ ] = 1 mM in order to obtain a clear interfacial effect according to tensiometry data. Also, using the couple F 11 TAB + /F 11 TAB 2+ instead of the couple F 6 TAB + /F 6 TAB 2+ is more promising as both redox states of the first surfactant are exhibiting interfacial properties contrary to the second one.

IV.4.3 Self-propelled drops

Self-propelled drops are capable of motion without external intervention. They were discovered and developed in the 90's [START_REF] Chaudhury | How to Make Water Run Uphill[END_REF][START_REF] Bain | Rapid motion of liquid drops[END_REF][START_REF] Brochard-Wyart | Spontaneous motion of a reactive droplet[END_REF][START_REF] Santos | Free-Running Droplets[END_REF][START_REF] Shanahan | Start-up of a reactive droplet[END_REF]. One strategy consists in covalent functionalization of the substrate with a reagent present in the droplet. An other strategy is to use a previously prepared substrate. Both are exhibiting an interfacial energy gradient that allow the drop motion. Before my PhD, I had shown that it was possible to induce a drop movement only by using positively charged surfactants inside a water drop on bare glass slide. [START_REF] Galy | Self-Propelled Water Drops on Bare Glass Substrates in Air: Fast, Controllable, and Easy Transport Powered by Surfactants[END_REF] For my PhD, I explored whether self-propelled motion could also be obtained with F 11 TAB + instead of alkyl trimethyl ammonium bromide surfactants on bare glass slide (Figure IV.18 A).

To this end, we deposited a drop of F 11 TAB + on a bare glass slide and observed a spontaneous drop motion (Figure IV.18 A). I We can assume that the mechanism of the movement was similar to the one in our previous study with conventional surfactants. et al.

In this out-of-equilibrium system, F 11 TAB + surfactants were electrostatically adsorbing on the negatively charged glass substrate to expose their hydrophobic tails and form a dynamic monolayer which created a contact angle gradient between the rear (high amount of surfactant, high hydrophobicity, large contact angle) and the front of the drop (lower amount of surfactant, lower contact angle). This resulted in a drop motion that maintained the gradient of interfacial energy beneath the drop. The motion with the highest speed was observed at [F 11 TAB + ] = 0.1 mM, which was ten times lower than its CMC. This remarkably corroborates what we found with conventional surfactants, at 0.1 CMC the concentration is large enough to create a significant gradient but not too high to induce fast adsorption of a homogenous bilayer. [START_REF] Galy | Self-Propelled Water Drops on Bare Glass Substrates in Air: Fast, Controllable, and Easy Transport Powered by Surfactants[END_REF] The maximum speed was around 2 mM s -1 (Figure IV .18 B) showing that this principle can be used for efficient drop transport and observation. Interestingly, this value is similar to the speed observed for hexadecyl trimethyl ammonium bromide (C 16 TAB), the surfactant that have the closest CMC to the one of F 11 TAB + .

The system seems to be promising for developing redox controlled self-propelled drops. We have also tried to induce a drop motion of an 0.1 mM F 11 TAB + solution on diverse redox active substrates as copper, zinc, iron or steel without success for now. It would also be interesting to try to induce a 1 mM solution of F 11 TAB 2+ on diverse reductive substrates as for example freshly scratched zinc or aluminium.

IV.5 Discussion and conclusion

In this chapter, we have described the complete synthesis of three ferrocenyl cationic surfactants, (6-ferrocenylhexyl) trimethyl ammonium bromide (F 6 TAB), (11-ferrocenylundecyl) trimethyl ammonium bromide (F 11 TAB) and (11-ferrocenyl hex-10-one) trimethyl ammonium bromide (F 11 OTAB). We improved the existing protocols to achieve a better yield and ensure safer synthesis conditions and the isolation of (F 11 OTAB) was described for the first time.

Then, physical and chemical properties of these molecules were studied. Electrochemical analyses revealed that these molecules did exist into two forms, a reduced and an oxidised one. The reductive oxidative potential was the same for the three synthesized surfactants as it was their end ferrocenyl group that controlled their redox activity. A UV-visible spectrophotometry method was developed to quantify both the surfactant concentration and its oxidation rate in any given solution of interest. We showed in particular that, after establishing the molar attenuation coefficient of the oxidised form at 627 nm by combining cyclic voltammetry and absorbance spectrostocopy, measuring the absorbance at that wavelength was a quantitative and robust way to extract the oxidation rate. Different chemical oxidation reactions were also studied with various oxidants such as air, hydrogen peroxyde and iron (III). We found that air oxidation was by far too slow to perturb regular interfacial experiments with F n TAB surfactants while the chemical oxidation with iron (III) could be used as a fast and quantitative way to control their redox state. Interestingly, detailed tensiometry studies demonstrated that both the self-assembling properties (CMC) and interfacial activity (surface tension) of F n TAB were strongly dependent on their redox state, allowing to affect these properties upon oxidation or reduction in a large range of concentrations. Switching from n = 6 to n = 11 (i.e., increasing surfactant tail hydrophobicity) or adding salts (i.e., screening the repulsion between the surfactant polar hears) resulted in a decrease in the characteristic CMC, thus expanding the range of concentrations and surface tensions for which a redox actuation can be achieved. We measured the magnetic susceptibility of the synthesised surfactants and found in particular that F 6 TAB + was a paramagnetic surfactant, a challenging property that is actively sought for in the current surfactant research community and which has only been reported in a few debated and questionable cases.

Finally, we explored whether these interesting redox-and magnetosensitive surfactants could be used to control interfacial phenomena, such as Marangoni surface flows or selfpropelled drops, with a magnetic or redox stimulation. Our attempts to generate flows were not successful in both cases, probably due to improper surfactant concentration or experimental design. We could achieve however an efficient self-propelled water drop system using F 11 TAB + as a fuel. Working on untreated bare glass, and being intrinsically redox-sensitive, this system is promising for developing a novel concept for digital microfluidics, where drops self-propel with a motion that can depend either on an applied voltage (user-defined programmable drop manipulation) or the redox state of their content or their environment (smart drop sensing). We did not look further to improve these different approaches but we believe the redox-sentive surfactants developed in this Chapter to be very useful for various applications involving redox-or magnetic-responsive interfacial or self-assembly phenomena.

Initially developed to control the coffee-ring effect, we then extensively studied how ferrocenly surfactants can affect this phenomenon and be exploited to control particle deposition from drying drops by a redox stimulus for the first time. This study is described in the next chapter.

Chapter V

Control of coffee ring effect with redox sensitive surfactants

The coffee-ring effect (CRE), which denotes the accumulation of non-volatile compounds at the periphery of a pinned sessile drying drop, is a universal and ubiquitous, yet complex and hardly predictable phenomenon. It is crucial to better understand and control it, either to avoid its various deleterious consequences in many processes requiring homogenous deposition or to exploit it for applications ranging from controlled particle patterning to low-cost diagnosis.

In this chapter, we report for the first time the use of a reduction-oxidation (redox) stimulus to cancel the CRE or harness it, leading to a robust and tunable control of particle deposition in drying sessile drops. This is achieved by implementing the previously synthesised surfactants in drying drops containing anionic colloids. Varying surfactant hydrophobicity, concentration and redox state allows us not only to control the overall distribution of deposited particles, but also to modify the microscopic organization of particles inside the deposit. Notably, all other parameters being fixed, this method allows the adjustment of the deposited particle patterns, from polycrystalline rings to uniform disks, as a function of the oxidation rate.

We show that the redox control can be achieved either chemically by addition of oxidants, or electrochemically by applying a potential for additive-free and reversible actuation in a closed system. This correlation between the redox state and the particle pattern opens perspective for both redox-programmable particle patterning and original diagnosis applications based on the visual determination of a redox state. It also contributes to clarify the role of surfactant charge and its amphiphilic character in directing particle deposition from drying suspensions.

V.1 Introduction

As we have seen in Chapter 1, the coffee ring effect (CRE) denotes the accumulation of non-volatile compounds at the periphery of a pinned sessile drying drop, which only requires the pinning of the contact line on the substrate. It is a universal and ubiquitous, yet complex and hardly predictable phenomenon. It is crucial to better understand and control it, either to avoid its various deleterious consequences in many processes requiring homogenous deposition or to exploit it for applications ranging from controlled particle patterning to low-cost diagnosis. [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF][START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF] As we have seen in Chapter 2, perturbing evaporation or contact line pinning using external triggers was shown to be efficient [START_REF] Mampallil | Control of evaporating complex fluids through electrowetting[END_REF][START_REF] Wray | Electrostatic Suppression of the "Coffee Stain Effect[END_REF][START_REF] Malinowski | Dynamic Control of Particle Deposition in Evaporating Droplets by an External Point Source of Vapor[END_REF] but is not easily implementable. In contrast, formulation approaches using proper additives, such as polymers or binary mixtures, [START_REF] Talbot | Control of the particle distribution in inkjet printing through an evaporation-driven sol-gel transition[END_REF][START_REF] Sáenz | Dynamics and universal scaling law in geometrically-controlled sessile drop evaporation[END_REF] offer easy solutions but can perturb the system at high concentration and usually lack external addressability. Among additives, surfactants are thus particularly interesting candidates, firstly because they can be effective at a low concentration (typically micro-to millimolar). Indeed, surfactants have been shown to be very efficient to control or cancel the coffee ring effect, either by creating interfacial energy gradients leading to Marangoni flows, [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF] or by inducing particle adsorption at the drop liquid-gas interface through a combination of electrostatic and hydrophobic effects. [START_REF] Anyfantakis | Dynamic photocontrol of the coffee-ring effect with optically tunable particle stickiness[END_REF][START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF][START_REF] Anyfantakis | Manipulating the Coffee-Ring Effect: Interactions at Work[END_REF] It is generally believed that a more hydrophobic surfactant is more efficient, i.e., a lower concentration is needed, to affect or cancel the coffee-ring effect because it has stronger surface activity and its cooperative assembly on oppositely charged particles is favoured. But what would happen for a surfactant of given chain length but higher electrostatic charge, which would result in a lower hydrophobicity but higher electrostatic interaction? This open question has yet to be solved if one wants to understand how charged surfactants determine the patterns of particle deposits from drying suspension drops.

Secondly, some surfactants can be stimulus-responsive, thus offering the advantageous possibility to dynamically tune their properties in a user-controlled fashion. This was for instance successfully applied with photosensitive surfactants [START_REF] Diguet | Photomanipulation of a droplet by the chromocapillary effect[END_REF] to efficiently photocontrol the CRE [START_REF] Anyfantakis | Dynamic photocontrol of the coffee-ring effect with optically tunable particle stickiness[END_REF] as well as to direct particle assembly on surfaces [START_REF] Varanakkottu | Light-Directed Particle Patterning by Evaporative Optical Marangoni Assembly[END_REF][START_REF] Anyfantakis | Evaporative Optical Marangoni Assembly: Tailoring the Three-Dimensional Morphology of Individual Deposits of Nanoparticles from Sessile Drops[END_REF] using an external light stimulus. However, the approach lacked practicability as an azobenzene-based molecule coupled to UV-stimulation was necessary for this purpose. Surprisingly, no other types of stimulusresponsive surfactants have been explored as possible alternatives to photosensitive ones, and controlling the CRE has thus been mainly limited to more conventional formulation approaches.

To address the two-fold challenge of rationalizing the roles of surfactant amphiphilicity and electrostatics in the CRE and exploring a totally new way of controlling it, we studied the deposition pattern from aqueous sessile drops containing particles and a surfactant with a charge and amphiphilic character that depend on its reduction-oxidation (redox) state (cf Chapter 4 -FigureV.2). As we have seen in Chapter 3, redox-sensitive surfactants have been investigated for various applications, such as stimulus-responsive micelles and emulsions [START_REF] Saji | Reversible formation and disruption of micelles by control of the redox state of the surfactant tail group[END_REF][START_REF] Hoshino | Electrochemical Formation of Thin Film of Viologen by Disruption of Micelles[END_REF][START_REF] Takahashi | Demulsification of Redox-Active Emulsions by Chemical Oxidation[END_REF], DNA compaction [START_REF] Hays | Reversible Condensation of DNA Using a Redox-Active Surfactant[END_REF] or interfacial flow control [START_REF] Gallardo | In Situ and Reversible Control of the Surface Activity of Ferrocenyl Surfactants in Aqueous Solutions[END_REF][START_REF] Bennett | Dispensing Surfactants from Electrodes: Marangoni Phenomenon at the Surface of Aqueous Solutions of (11-Ferrocenylundecyl)trimethylammonium Bromide[END_REF][START_REF] Bai | Role of desorption kinetics in determining Marangoni flows generated by using electrochemical methods and redox-active surfactants[END_REF], but have never been reported for directing the deposition of particles in general nor controlling the CRE in particular. In Chapter 4, we synthesized and characterized three redox-sensitive cationic surfactants of different chain lengths (Figure V.1). In this Chapter, we first describe the conditions of CRE experiments, especially the importance of some parameters. Then, we analyse the patterns obtained from evaporating drops containing anionic particles and the synthesised surfactants at different concentrations and redox states (Figure V.2). Various methods for controlled oxidation rate have been used and compared. This allowed us to efficiently control the drop deposition patterns, including the full cancellation of the CRE, with a redox stimulus for the first time. At a fundamental level, this study also contributed to disentangle the respective roles electrostatics and amphiphilicity in surfactant-based control of particle deposition from drying drops. 
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Fig. V.2 Redox states of F n TAB (n = {6,11}). Reduced state is called F n TAB + .
Oxidised state is called F n TAB 2+ . Interfacial energy at air water interface is higher for F n TAB + than F n TAB 2+ (cf Chapter 4).

V.2 Deposition conditions V.2.1 Procedure

In all the PhD, except if stated otherwise, we used the same procedure for CRE experiments. Milli-Q water (Millipore, 18.2 MΩ cm -1 ) was used for all experiments. A suspension of negatively charged polystyrene particles (diameter 1 µm, concentration 40 mg mL -1 ) bearing a high density of carboxyl functional groups on their surface was purchased from Life Technologies (CML latex, catalogue number C37255) and used as received. Prior to each experiment, the particle suspension was mixed by mixing (1 min) (vortex), sonicated in an ultrasound bath (1 min) and mixed again (30 s). Usual final colloidal concentration in CRE experiments is 4 mg mL -1 .

Fig. V.3

The procedure used to make coffee ring effect patterns. Particles are simply mixed with a surfactant. A small drop of the solution is left to dry on a glass substrate in environmental conditions under a box to avoid air flow.

Particles are eventually mixed with additives to reach the desired concentration. Thus, a 1 µL drop of the resulting solution is deposited on a glass substrate (cover-slip Menzel Glaser 24 x 60 mm). The sample is left to dry in environmental conditions (21 ± 6 o C and 45 ± 20 % relative humidity) under a box in order to avoid air flows (Figure V.3). After the end of evaporation, patterns are observed with a transmission optical microscope Zeiss with a 4x lens. The role of the substrate has been studied and is discussed in the following subsection.

V.2.2 Role of the substrate a) Choice of the substrate

The substrate used in the coffee ring experiment was always glass except if stated otherwise.

Glass is an amorphous solid phase of silica SiO 2 and there are many companies providing glass substrates like glass slides or cover-slips. Therefore, a first experiment consists in checking how different models of glass sides or cover-slips from different brands can affect the deposition patterns (Table V.1).

A drop of colloids is left to dry on different glass substrates (Figure V.4). We can observe that all Knittel cover-slips and two Menzel Glaser (M60 and O25) lead to contact line receding and drop depinning. Moreover, Knittel glass slides seems very hydrophilic and lead to contact line advancing and drop spreading during evaporation. As drop pinning and a fixed Moreover, a given brand and model can have interfacial properties that vary a lot from one box to another and from one side to the other. [START_REF] Galy | Self-Propelled Water Drops on Bare Glass Substrates in Air: Fast, Controllable, and Easy Transport Powered by Surfactants[END_REF] Because of the fabrication process, one side of the cover-slip is much more hydrophilic than the other one. In the following, only the less hydrophilic side of cover-slips has been systematically used. In addition, for the study of one parameter, only one box was used. In the following, contact angles have been measured on glass substrates in order to characterise the surface properties needed for reproducible CRE experiments.

b) Contact angle measurements

As we have seen previously, CRE experiments requires a specific glass substrate where colloids-containing aqueous drops are pinned during all the evaporation. In this subsection, we characterise the contact angle corresponding to these conditions. More precisely, advancing and receding contact angles have been recorded for pure water and F 6 TAB solutions at various concentrations at two oxidation rates on Menzel Glaser 24 x 60 mm glass cover-slips (Figure V.5). The definitions and experimental details about advancing and receding contact angles can be found in Annex 2.

Regarding pure water, we observe an advancing contact angle of around 70 o . As the limit between a hydrophilic and a hydrophobic substrate is usually fixed at 90 o , this value is quite high. On the other hand, the receding contact angle is around 50 o . A receding contact angle is expected to be lower than an advancing contact angle. Also, the hysteresis, defined as the difference between advancing and receding contact angle, is around 20 o here, which is a classical value.

Concerning samples containing F 6 TAB, and according to tensiometry data (cf Chapter 4 -Figure IV.12), F 6 TAB should not have any interfacial effect below 1 mM. Therefore, we can Indeed, small defects on the substrate can drastically change the results even in advancing and receding experiments that are more reliable than direct contact angle measurements (cf Annex 2)). At higher surfactant concentrations ([F 6 TAB] = {1000,5000} µM), advancing contact angle, receding contact angle and hysteresis are in the same range than previously observed values.

Nevertheless, regarding hysteresis contact angles, we observe lower values at extreme concentrations ([F 6 TAB] = {0,10,5000} µM). A low hysteresis contact angle value is usually correlated with a higher unpinning probability. Thus, we see in the next sections that these low hysteresis contact angle values at extreme concentrations are correlated with patterns in CRE experiments.

V.2.3 Role of temperature

Coffee ring patterns have been generated in environmental room conditions. However, it can vary a lot over the years as the lab is not properly air conditioned. In summer, the temperature can reach 30 o C and 40 % relative humidity while in winter, it can decrease to 15 o C and 60 % relative humidity. In order to study more quantitatively the influence of temperature, CRE experiments have been done on a substrate at various temperatures (Figure V.6).

As the working concentration is very low in this experiment (0.4 mg mL -1 ), some depinning can also be observed at 20 o C. However, we also observe an increase of drop depinning frequency with temperature increase. This observation can be explained as the surface tension decreases when the temperature increases. Therefore, the hysteresis contact angle (cf previous subsection) increases and we observe more depinning. That is the reason why ex- periments have been done at room temperature in the following. Also, a higher colloidal concentration (4 mg mL -1 ) is used to reduce depinning probability at room temperature. In the following, we will determine the usual kinetics of evaporation in environmental conditions.

V.2.4 Evaporation kinetics

In this subsection, evaporation kinetics have been studied in order to get an estimation of evaporation time in our experiments. A 1 µL drop of surfactants at various concentrations is deposited on a glass substrate at 20 0 C and 40 % relative humidity. the following surfactants have been used: Theoretically, we does not expect the surfactants to have any role in the evaporation process. Indeed, all sample reveal the same order of magnitude for their evaporation time, around 3500 ± 800 seconds. This order of magnitude is the same as pure water. In particular, we observe no difference between the couple C 16 TAB ( More interestingly, we observe that series of drops deposited at the extremities of the cover-slips (Figure V.7 -D) have a significantly lower evaporation time than the one at the centre of the cover-slips. Therefore, the proximity of other drops during evaporation has an influence on evaporation time. When the drop is in the middle of other drops, local humidity rate is higher and the evaporation time increases. On the contrary, when a drop has fewer neighbour drops, the local humidity rate is lower than in the previous case and evaporation time decreases.

•
In a normal CRE experiment (cf previous subsection), a cover is placed on the samples in order to avoid air flows. Therefore, evaporation rate may be underestimated in this experiment as we worked without a cover in order to allow video recording. In any case, an evaporation time of 1 hour can be considered for CRE experiments. In the following subsection, reproducibility of CRE experiment is studied.

V.2.5 Reproducibility

In this experiment, the reproducibility of CRE experiments has been studied. In order to do it, drops containing the same colloidal concentration are left to dry on the same glass substrate and patterns are observed (Figure V.8). Despite some depinning phenomena, we observe that patterns are quite similar. The frequent depinning here can be explained by the fact that a low colloidal concentration is used in this experiment (0.4 mg mL -1 ). Therefore, a higher colloidal concentration is used

V.3 Controlling the CRE with reduced surfactants

In this section, the influence of ferrocenyl derivate surfactants under reduced form on CRE is studied in detail. In a first experiment, patterns are generated in classical CRE conditions with various concentrations of the three synthesised surfactants: F 6 TAB + , F 11 TAB + and F 11 OTAB + (cf Chapter 4) (Figure V.9). The redox stimulus is not studied here and we worked with freshly made surfactant solutions at a very low oxidation rate. Regarding F 11 TAB + and F 11 OTAB + , we observe ring-shaped patterns and depinning at low concentrations. Depinning is systematically more frequent at low concentrations in all CRE experiments, which is due to a high hysteresis angle. The patterns' shape switches from a ring to a disk around 50 µM. At high concentrations ([F 11 TAB + ] = 140 µM and [F 11 OTAB + ] = 300 µM), we see the patterns' shape switch back from a disk to a ring. For F 11 OTAB + at a very high concentration (6 mM), the width of ring is increases. This is due to the influence of a high salt concentration. We discuss this point in detail in the next section. The behaviours of these two surfactants agree with the classical surfactant behaviours described in literature. [START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF] Regarding F 6 TAB + , we observe ring-shaped patterns and some depinning at low concentrations, similarly to F 11 TAB + and F 11 OTAB + . The patterns' shape switches from a ring to a disk around 100 µM. Contrary to F 11 TAB + and F 11 OTAB + , the patterns' shape does not switch back from a ring to a disk at high concentrations (500 µM). Instead, a beautiful depinning containing many symmetrical planes is observed systematically. The behaviour of F 6 TAB + is original and measures of electrostatic properties are necessary to explain it. Therefore, the zeta potential ζ of particles in the experiment conditions has been measured for F 6 TAB + and F 11 TAB + . We expect the results for F 11 TAB + and F 11 OTAB + to be very similar and thus measures have not be done for Concerning F 6 TAB + (Figure V.10 -A), and contrary to F 11 TAB + , we observe that ζ measure stays negative at all F 6 TAB + concentrations and slightly get closer to zero. We interpret this observation by the fact that F 6 TAB + can neutralise the surface charges of the colloid but is not able to form surfactants multilayers like F 11 TAB + . It is supported by tensiometric data (cf Chapter 4 -Figure IV.12) where we have seen that F 6 TAB + liquid-gas interfacial energy starts to decrease only at 1 mM, which means that its interfacial properties are limited at lower concentrations as here.

By using the previous electrostatic properties, we are able to interpret the formation of observed patterns (Figure V.10 -B). At low F n TAB (n = {6,11}) concentrations, negatively charged particles stay in the bulk and are transported by the evaporation-driven flow to form typical ring patterns (classical coffee ring effect, cf Chapter 1). Both F 6 TAB + and F 11 TAB + can interact with particles: they have the same cationic charge in their reduced form, but F 11 TAB + , due to its longer hydrophobic tail, has a higher amphiphilic character. F 11 TAB + can thus neutralize the colloids and induce the formation of uniform disks (cancellation of the coffee ring effect, cf Chapter 1) at a lower concentration than F 6 TAB + . At high F n TAB (n = {6,11}) concentrations, F 11 TAB + can form multilayers on the particles surface due to its high propensity to self-assemble. The resulting overcharged particles become hydrophilic and ring-shaped deposits are formed again. In contrast, F 6 TAB + has a much lower self-assembly ability. The charge of particles remaining close to neutrality, a disk is maintained in the high F 6 TAB + concentration regime. We explain the depinning observed at high F 6 TAB + concentration by the increase in hysteresis contact angle (cf previous section).

To conclude, changing the concentration of reduced surfactants allows to control the coffee ring effect. F 11 TAB + and F 11 OTAB + exhibit a classical ring-disk-ring behaviour [START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF] while F 6 TAB + exhibits an original ring-disk behaviour. All these effects can be explained with electrostatic and tensiometric properties. In the following, we focus on the effect of changing oxidation rate with different redox conditions. We observe that the results are very similar to the ones obtained in the previous section with F 6 TAB + . It is due to the fact that the oxidation rates are still low in this experiment. Indeed, as we have seen it in the previous Chapter, oxidation by air is long (several months), non-precise (an error applies the final solution volume because of evaporation) and only allows to reach ρ ox = 20 % after 3 months (cf Chapter 4 -Figure ??).

Therefore, we observe a classical ring-disk-ring pattern form by varying the surfactant concentration. The ring-disk transition occurs around 40 µM and the disk-ring transition occurs around 100 µM. Both of these observations agree with the values obtained in the previous section which at least shows the reproducibility of these CRE experiments.

Concerning [F 6 TAB + ] > 60µM, we note the same original symmetrical depinning patterns for ρ ox = 2 % than in the previous experiment. In addition, we see much less depinning for ρ ox = 15 % than ρ ox = 2 % in this experiment. Thus, we have assumed that this depinning at high surfactant concentration is specific to F 6 TAB + .

In order to have a better interpretation of the effect of surfactant on the CRE, electrostatic properties have been determined with zeta potential measurements (Figure V.12). Details about zeta potential measurements can be found in Annex 4. At low F 6 TAB concentration, zeta potential, ζ, is negative which corresponds to the natural negative surface charges of the colloids. As we increase F 6 TAB concentration, we observe that the ζ of ρ ox = 15 % solution becomes positive at [F 6 TAB] = 100 µM whereas the one of ρ ox = 2 % solution reaches 0 only at 2 mM. This difference can be explained by the increase in surfactant charge upon oxidation. Indeed, F 6 TAB + exhibits one positive charge while F 6 TAB 2+ exhibits two positive charges. It is interesting to compare the evolution of ζ with the patterns formation. Indeed, with conventional surfactants, the neutralisation of particles corresponds to the apparition of disk-shaped patterns. [START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF] However, here, the neutralisation of particles appears at an higher concentration than the ring-disk transition concentration. We have explained this difference as we have worked with a 10 times lower particle concentration in zeta potential experiments than in the CRE experiments. We haven't been able to work with a higher colloidal concentration for zeta experiments for financial reasons.

To conclude, we have seen that particle neutralisation occurs at a lower and lower concentration as the oxidation rate increases. In the following, more experiments with a much wider range of oxidation rates are needed. To this end, an other oxidation method has been used in the following: hydrogen peroxide.

V.4.2 Oxidation by hydrogen peroxide

We have already seen in the previous Chapter that hydrogen peroxide allows a 5 mM freshly made F 6 TAB + solution to oxidise up to 50% in several days by following the reaction:

F 6 TAB + + H 2 O 2 = F 6 TAB 2+ + 2 HO -
In this experiment, we have studied the influence of H 2 O 2 in a freshly made F 6 TAB + solution for a CRE experiment (Figure V.13).

By using fluorescent particle, we observe more precisely particles repartition on dried patterns. For [H 2 O 2 ] = 0 µM, we have no difference between the sample containing F 6 TAB + and the control. However, for [H 2 O 2 ] = 1 M, we note a particle repartition that is much more uniform for F 6 TAB + than the control sample. This observation can be explained by the partial oxidation of F 6 TAB + which leads to more uniform deposits at this concentration according to the previous subsection. It is particularly interesting to consider the difference between the pattern containing F 6 TAB + at [H 2 O 2 ] = 0 µM and the one at [H 2 O 2 ] = 1 M. Between these two samples, only the quantity of hydrogen peroxide varies and we observe a much more uniform repartition of colloids in the sample containing H 2 O 2 at high concentration. Therefore the introduction of hydrogen peroxide at high concentration leads to the modification of the CRE.

In conclusion, we have seen that we can introduce hydrogen peroxide at high concentrations to modify the CRE. However, since F 6 TAB + oxidation by hydrogen peroxide requires several days, the method cannot be used to reach high redox sensitive surfactants oxidation rates.

V.4.3 Oxidation with electrochemical methods a) Classical influence of salts in the coffee ring effect

The electrochemical oxidation, explained in detail in the previous chapter, can be a more quantitative way to control the oxidation rate. However, in order to do it, we need to use an electrolyte at high concentration to allow charge transfer in solution. For instance, in this Chapter, lithium sulfate has been chosen at 0.1 M. In this subsection, we explore the influence of such high salt concentrations on drying patterns (Figure V.14). We can see a classical ring shape for low concentrations of salts. The pattern changes to a more homogenous one between 0.5 mM to 10 mM for HoCl and between 10 mM to 0.1 M for NaCl. Such an apparition of homogenous patterns can be explain by the screening of latex colloids surface charges.

At higher concentrations, patterns are getting back to a kind of ring shape (particularly visible for NaCl). We can also note that at concentrations higher than 0.1 M, nice cubic salts crystals appear, especially in the border of the patterns. This effect may be explained as particles, which concentration are higher on the border with CRE, might be a nucleation point for salt crystals.

b) Influence of pH in the coffee ring effect

In the previous Chapter, we have seen that air oxidation can increase oxidation rate but the reaction is slow and limited. We assume that it is due to the formation of hydroxyl anions in solution that are themselves limited by an equilibrium with water autoprotolysis. In this subsection, we explore the influence of pH in CRE experiments.

Solutions for CRE experiments are prepared at different estimated pH (Table V.2). Fluorescent colloids have been used to determine precisely the position of particles in the resulting pattern. Some solutions contain F 6 TAB + in order to understand the role of the surfactant (Figure V medium pHs (3 to 11). A ring pattern similar to the one observed for CRE experiment with salts (see subsection above) is observed for high pHs (12 to 13) and low pHs (0 to 2). As previously, we assume that high concentrations of NaOH and HCl, which are salts, allow the screening of colloidal surface charges. At very high pH [START_REF] Beattie | The pristine oil/water interface: Surfactant-free hydroxide-charged emulsions[END_REF], we obtain a homogenous yet unusual pattern. It can be explained by a potential latex colloid in situ decomposition at such a high pH.

Regarding patterns containing F 6 TAB + , we see that patterns are homogeneous for all pHs. They are particularly homogenous at middle range pHs (6 to 8), which shows an effect of surfactant compared to the previous patterns. The surfactant concentration used here corresponds to a homogenous pattern according to CRE experiments with reduced surfactants (cf previous section). Therefore, it is coherent to get homogenous patterns at middle-range pHs here.

In conclusion, we see that pH is another parameter that modifies the coffee ring effect. But this effect will not be predominant in our system where pH stays in middle ranges.

c) Electrochemical control with a high electrolyte concentration

In this subsection, we control the oxidation rate for a CRE experiment with an electrochemical device (Figure V.16). We oxidise and then reduce a mother solution of F 6 TAB + with a high electrolyte (Li 2 SO 4 ) concentration with chronoamperometry. Details about this method can be found in Annex 1. A 100 µL sample is regularly taken for a CRE experiment and the oxidation rate is determined with absorbance (cf Chapter 4). We have mixed these surfactant mother solution samples at various oxidation rates with a Li 2 SO 4 solution at 100 mM and latex particles. We have used latex fluorescent colloids so as to identify the particles inside the patterns under a fluorescent microscope. We have generated patterns of these resulting solutions according to classical CRE experiments (Figure V.17). We expect to have ring-shaped patterns, disk-shaped patterns, and a transition between them varying with the F 6 TAB concentration and oxidation rate, ρ ox . However, it is very hard to attribute a shape for each pattern in this experiment as the high salt concentration makes the patterns homogenous and containing star-like crystallised structures. Thus, more experiments are required at a lower electrolyte concentration, which is what we do in the next subsection. Nevertheless, for ρ ox < 40 %, we observe a systematic depinning for [F 6 TAB] > 200 µ M. This observation agrees with results from the previous section where we have seen that F 6 T AB + systematically produces depinning patterns above 200 µM. Hence, we conclude that this depinning effect is specific to F 6 T AB + and not F 6 T AB 2+ .

d) Electrochemical control with medium electrolyte concentration

F 6 TAB We have made the same experiment than previously but we worked at a two times lower electrolyte concentration for the CRE experiment ([Li 2 SO 4 ] = 50 mM). We expect to be able to better determine a characteristic shape for the resulting patterns. A first series of patterns is made for the two extreme oxidation rates and for a large F 6 TAB concentration range and is presented on We observe ring-shaped patterns for low concentrations and disk-shaped patterns for high concentrations. All patterns contain a high salt concentration, which makes them less contrasted than the ones from a regular CRE experiment. However, we define the ring-disk transition to be the transition between a ring-shaped pattern similar to the control ([F 6 TAB] = 0 µM) and a more homogenous but still ring-shaped pattern. We note a transition at [F 6 TAB] = 40 µM for ρ ox = 3.2 % and at [F 6 TAB] = 10 µM for ρ ox = 87 %. Therefore, for a concentration fixed between these two values (for instance [F 6 TAB] = 15 µM) we can switch from a ring-shaped pattern to a more homogenous pattern only by changing the oxidation rate. It is the first proof of the coffee ring effect control with a redox stimulus.

We have decided to reproduce these promising results in a narrow range of surfactant concentrations, at many oxidation rates. Indeed, we expect to follow more precisely the changes in patterns following the variations of oxidation rate (Figure V.19). Unfortunately, we observe no clear ring-disk transition in this experiment. Hence, it is difficult to consider the previous results as reliable. In the following, the same experiment have been done with an other redox-sensitive surfactant, F 11 TAB. In this experiment, we find it very hard to determine if a pattern is ring-shaped or disk-shaped. We note that patterns at high surfactant concentration ([F 11 TAB] = 10 µM) seem to be more homogenous than the ones at low concentration ([F 11 TAB] = 60 µM). Also, patterns at high oxidation rates (ρ ox > 30 %) are different from the ones at low oxidation rates (ρ ox < 30 %). It may be an effect of the surfactant, but it is complicated to conclude here. In the following, we do a similar experiment at a much lower electrolyte concentration. As we have seen previously that salt concentration has a strong effect on the CRE (cf previous sections), we expect to observe a much clearer effect of surfactant with a significantly lower salt concentration.

e) Electrochemical control with low electrolyte concentration

In this subsection, we have made the same experiment than previously except that we worked with F 6 TAB and that the dilution was made with water instead of Li 2 SO 4 solution. We oxidised and then reduced a mother solution of F 6 TAB; samples are taken along the process in order to get solutions of F 6 TAB at different oxidation rates. These solutions are diluted to the desired surfactant concentration with water, and particles are added such that the final particle concentration is constant. Hence, the electrolyte concentration is different for all surfactant concentrations (Table V.3). We have left a drop of these solution to dry to get patterns according to a classical CRE experiment ( First, we observe clear ring-shaped patterns for all controls. It means that the electrolyte concentration does not modify the CRE at these concentrations. Therefore, modifications of drop shape are only due to surfactants. At [F 6 TAB] = 20 µM, we observe ring-shaped patterns at all oxidation rates. Thus, the concentration of F 6 TAB is not high enough to induce interfacial effects. On the contrary, at [F 6 TAB] = 160 µM, we have quite homogenous disk-shaped patterns for all oxidations rates. So, F 6 TAB concentration is high enough to induce interfacial effects at all oxidation rates. Interestingly, at a middle range [F 6 TAB] = 60 µM, we observe ring-shaped patterns at all oxidation rates. However, we see that these patterns are more homogenous for ρ ox > 90 %. As F 6 TAB 2+ has one more positive charge than F 6 TAB + , it can neutralise negatively charged particles at lower concentrations. Thus, it is logical to observe a more homogeneous pattern at high oxidation rates.

These results agree with the ones from the previous subsection got at a medium electrolyte concentration with F 6 TAB + . It is the first demonstration of CRE fine control with a redox stimulus. However, we cannot reach a 100 % oxidation rate with electrochemical control. So, in the next section, we use chemicals to control the redox-sensitive surfactant oxidation rate. V.3) and oxidation rate ρ ox varies horizontally. The series called "C" (control) is made with the same dilutions as other patterns but from a mother solution containing Li 2 SO 4 at 100 mM. Four replicates are made and the most representative pattern is presented. Scale bar is 1 mm.

V.4.4 Oxidation with iron oxide and magnesium sulfate a) Principle

In this section, we use a chemical agent, Fe 2 (SO 4 ) 3 , to control oxidation rate of redox sensitive surfactants solutions for CRE experiments. We have studied in detail the oxidation of redoxsensitive surfactants with Fe 2 (SO 4 ) 3 in Chapter 4 (n = {6,11}):

F n TAB + + Fe 3+ = F n TAB 2+ + Fe 2+
In a nutshell, we have determined that the reaction is fast and almost quantitative. We have also seen that oxidation rate can be determined by a measure of absorbance at 627 nm. Hence, we introduce 1.2 eq. of Fe 2 (SO 4 ) 3 to a F n TAB + solution in order to get the desired oxidation rate. However, using Fe 2 (SO 4 ) 3 produces remaining SO 2- 4 and Fe 2+ ions in solution. In order to decrease the influence of these ions, MgSO 4 have been introduced such as SO 2- 4 is constant for all F n TAB solutions at all oxidation rates. Using this method, we have made five mother solutions at different oxidation rates (Table V We have diluted these mother solutions in order to get the desired final concentration, and colloids (1 µm diameter latex colloids covered with carboxylate groups) are added such that the final colloidal concentration is constant (4 mg mL -1 ). According to the classical CRE procedure (cf previous sections), a 1 µL drop of this solution is evaporated on a glass substrate (Menzel-Glaser 24 x 60 mM) in environmental conditions (20.7 o C and 34 % relative humidity) and the patterns are observed with a transmission microscope. In the following, we discuss the results from different surfactants: V.4). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate in environmental conditions (20.7 o C and 34 % relative humidity). F 6 TAB concentration varies horizontally and oxidation rate, ρ ox , varies vertically. Scale bar is 1 mm.

With F 6 TAB (see Figure V.23), we observe two types of patterns : ring-shaped patterns at low F 6 TAB concentrations and disk-shaped patterns at high F 6 TAB concentrations. In the previous section, we have seen that this modification of the pattern shape can be explained by the neutralisation of colloidal surface charges as the surfactant concentration increases. These results agree with this explanation. In addition, we define the ring-disk transition concentration, C RD , for an oxidation rates as the concentration corresponding to the pattern shape evolution. We observe that C RD decreases when ρ ox increases (from C RD = 100 µM at ρ ox = 0 % to C RD = 40 µM at ρ ox = 80 %). This observation confirms the results obtained in the previous subsection with electrochemical control. If we fix the concentration of F 6 TAB at 60 µM for instance, we can switch from a ring-shaped to a disk-shaped pattern by changing the oxidation rate. It is a very reliable method to control the coffee ring effect using redox conditions.

Fig. V.24 Ring Factor

To have a more quantitative follow-up of the pattern evolution, we compute the so-called ring factor (RF). It is a useful tool for coffee ring patterns analysis. The parameter is defined by a quotient of pixels intensity from a pattern picture obtained with transmission microscopy (see Figure V with I 1 is the average pixel intensity at its maximum radius R max from the pattern's centre, I 2 is the average pixel intensity at the radius r = [0, 0.7 R max ] from the pattern's centre and I 3 is the average pixel intensity outside the pattern.

It is interesting to consider the evolution of RF as a function of the oxidation rate for different F 6 TAB concentrations (Figure V.25). We neglect the results at [F 6 TAB] = 1 mM as the high salt concentration yields strange patterns. We see a general decrease in RF value with an increase of [F 6 TAB] for all oxidation rates. A high RF value is coherent with a ringshaped pattern and a low one with a homogenous pattern. So the observation is coherent with the previous conclusion. By comparing all oxidation rates curves, we can see that RF cancellation appears at lower concentration for high oxidation rates (60 µM for ρ ox = 80 %, 100 µM for ρ ox = {40, 60} %, 2000 µM for ρ ox = 20 % and 400 µM for ρ ox = 0 %). This data corresponds well to the evolution of C RD with the oxidation rate.

We explain this effect by electrostatic properties. In Chapter 2, we have seen that both interfacial properties and electrostatic properties play a role in colloidal interactions in CRE systems. Here, F 6 TAB 2+ has one more positive charge than F 6 TAB + . Therefore, at the same concentration, F 6 TAB 2+ neutralises more efficiently the negative charges on colloid surface than F 6 TAB + . As neutralised colloids lead to a homogenous patterns, It explains why we observe a transition from ring-shaped to disk-shaped patterns as oxidation rate increases. We have measured zeta potential to confirm this assumption (Figure V.26).

On zeta potential plots (Figure V.26), we observe a neutralisation of zeta potential at [F 6 TAB] = 2 mM for ρ ox = 0 % and at [F 6 TAB] = 600 µM for ρ ox = 80 %. As the zeta potential corresponds to the local charges around colloids, increasing oxidation rate indeed decreases the F 6 TAB concentration necessary to observe a neutralisation. As a neutralisation of colloids leads to disk-shaped patterns, these measures are coherent with the previous observations and assumption.

In order to get microscopic information about patterns (Figure V.23), we have performed scanning electron microscopy (SEM) on some samples (cf Annex 5 / Figure V.27). For ring-shaped patterns ([F 6 TAB] = 60 µM and [F 6 TAB] = 160 µM at ρ ox = {0, 20} %), a classically organised colloidal structure can be found on the border. [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF] For disk-shaped patterns ([F 6 TAB] = 400 µM and [F 6 TAB] = 160 µM at ρ ox = {40,60,80} %), we observe that the border is not organised anymore and that the pattern's centre is homogeneously covered with non-organised colloids. This observation is coherent with a neutralisation of colloids due to an increase of charges of surfactants with its oxidation, as detailed in the In conclusion, we have successfully controlled the CRE with a redox stimulus by using F 6 TAB both at macroscopic and microscopic scales. With this method, it is possible to switch from a ring-shaped to a disk-shaped deposit only by adding iron (III). However, according to tensiometry measurements (cf Chapter 4), F 6 TAB does not exhibit a strong surfactant behaviour. In the following, we reproduce this experiment with a redox-sensitive surfactant with stronger interfacial properties, F 11 TAB. As previously, we explain the C RD evolution by the fact that oxidised F 11 TAB 2+ has one more charge than reduced F 11 TAB + . Therefore, F 11 TAB 2+ can neutralise colloid surface charges at a lower concentration than F 11 TAB + . Many details about this interpretation can be found in the previous section or in Chapter 2. Nevertheless, we note that C RD values are considerably lower with F 11 TAB than F 6 TAB. In Chapter 4, we have seen that the critical micellar concentration of F 11 TAB is much lower than F 6 TAB. Therefore, at a fixed concentration and oxidation rate F 11 TAB can make the particles more hydrophobic than F 6 TAB. Finally both electrostatic properties and interfacial properties explains C RD evolution.

Concerning C DR , we have seen in previous section and Chapter 2 that this transition appears when surfactants can form multi-layers. As F 11 TAB 2+ have a U-shape conformation due to its double charge, [START_REF] Gallardo | Ferrocenyl surfactants at the surface of water: Principles for active control of interfacial properties[END_REF] it is less able to form multi-layers than F 11 TAB + . That is the reason why C DR increases as the oxidation rate, i. e. F 11 TAB 2+ prevalence over F 11 TAB + , increases. We even observe no C DR for ρ ox = 80 %, which agrees with the previous interpretation.

In order to quantify the particles neutralisation ability of F 11 TAB, zeta potential measurements have been recorded for the experiment ( V.4). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate in environmental conditions (20.7 o C and 34 % relative humidity). F 11 TAB concentration varies horizontally and oxidation rate, ρ ox , varies vertically. Scale bar is 1 mm. 10 µM, we observe that ζ is negative and slowly increases to reach zero at ρ ox = 80 %. These data agree with observed patterns shapes as we got a disk-shaped pattern for ρ ox = 80 % and a ring-shaped pattern otherwise. However the positive ζ value at ρ ox = 0 % cannot be explained and is probably due to an experimental issue. Regarding [F 11 TAB] = 60 µM, we observe a kind of constant value of ζ which is coherent with the disk-shaped patterns that we observe at all oxidation rates for this concentration. Both control plots of ζ values remains negative in these conditions which means that residual Mg 2+ , SO 2- 4 , Fe 2+ and Fe 3+ do not disturb the system.

In conclusion, we have seen in the previous subsection that electrostatic properties of F 6 TAB are vital to control the CRE. In this subsection, we observe that both electrostatic and interfacial properties of F 11 TAB plays a role in the CRE experiment. Interestingly, the transition concentration C RD decreases when oxidation rate increase. As F 11 TAB 2+ CMC is much higher than F 11 TAB + CMC, we think that the electrostatic properties control the pattern shape more than the interfacial properties. It is a novel and important discovery for the field. V.4). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate in environmental conditions (20.7 o C and 34 % relative humidity). The C 16 TAB concentration varies horizontally and the oxidation rate, ρ ox , varies vertically. Scale bar is 1 mm.

In this experiment, we have performed a control experiment with a cationic and non redox-sensitive surfactant (Figure V.30). We wanted to check that the effects observed in the previous experiments were due to redox properties. We have chosen C 1 6TAB because its CMC (800 µM) [START_REF] Galy | Self-Propelled Water Drops on Bare Glass Substrates in Air: Fast, Controllable, and Easy Transport Powered by Surfactants[END_REF] is very close to the one of F 6 TAB + . We observe classical disk-shaped patterns at [C 16 TAB] = 10 µM for ρ ox = {0, 20, 40, 60} % and ring-shaped patterns otherwise. This observation agrees with the classical surfactant behaviour in CRE experiments Chapter V described in Chapter 2. [START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF] For [C 16 TAB] = 10 µM and ρ ox = 80 %, we observe a ring-shaped pattern. It is due to the presence of high concentration of trivalent cation Fe 3+ which increases a lot the ionic strength of the solution and decreases the neutralisation concentration of our surfactant. Thus, this patterns is located after the C DR transition. We also observe more homogenous patterns for ρ ox = 60 % at all concentrations. In the following, we do a control without any surfactant in order to understand these patterns. We observe that we only get ring-shaped patterns for surfactant concentrations strictly above 100 µM. Even above this value, we observe a coffee ring cancellation at 60 % oxidation rate, at 160 µM for 80 % oxidation rate and above 200 µM for other concentrations. Thus, we explain the disk-shaped patterns observed in the control with C 16 TAB at ρ ox = 60 % by the presence of Fe 2+ , Fe 3+ , Mg 2+ and SO 2- 4 . All other observations are due to the effects of surfactants.

e) Results without surfactants

As the evolution of ionic strength is not obvious and might lead to some misinterpretations, we complete this study in the following. The same experiment is performed without MgSO 4 . We expect to have a higher ionic strength difference between high oxidation rates and low oxidation rates.

V.4.5 Oxidation with iron oxide a) Principle

In this subsection, we have performed the exact same experiment as in the previous subsection but without MgSO 4 . We have used a 2 mM [F n TAB] (n = {6,11}) mother solutions at different oxidation rates by adding 1.2 eq. of Fe 2 (SO 4 ) 3 . Then, we have diluted these solutions and added latex colloids such that the final colloidal concentration is 4 mg mL -1 .

We have also made a control solution with water and Fe 2 (SO 4 ) 3 (Table V We have taken some pictures of the mother solution (Figure V.32). First, we observe that the control solutions are blurred for ρ ox = {20, 40, 60, 80} % (Figure V.32 -A). That is due to the fact that the concentration of Fe 2 (SO 4 ) 3 in these solution is above the solubility at room temperature. So in all my experiments, these solution have been thoroughly mixed just before use at all dilutions. The problem does not exist in F 6 TAB and F 11 TAB solutions as the trivalent cation Fe 3+ reacts with the redox-sensitive surfactant to give divalent cation Fe 2+ which is more soluble at room temperature than Fe 3+ . By comparing F 6 TAB (Figure V.32 -B) and F 11 TAB (Figure V.32 -C) solutions, we note that the meniscus is much more predominant in F 11 TAB solutions. This observation agrees with the tensiometric data of these two molecules (cf Chapter 4). 

b) Results without surfactants

In this first experiment, the mother solution without surfactant (only containing Fe 2 (SO 4 ) 3 ) has been used and diluted in the exact same way as for F n TAB (n = {6,11}). Thus, it is a control of the following experiments with surfactants (Figure V.33). Only the Fe 2 (SO 4 ) 3 concentration varies but we kept the notation "X" and "ρ ox " in order to make the comparison easier with the following experiments containing surfactants. In order to clarify the role of Fe 2 (SO 4 ) 3 , the corresponding Fe 3+ concentration has been computed for all these samples (Figure V.34). We observe (Figure V.33) that only ring-shaped patterns for surfactant concentrations strictly under "100 µM". Indeed, at low "concentrations", the presence of Fe 2 (SO 4 ) 3 does not modify patterns. On the contrary, above "100 µM", we see disk-shaped patterns for all non-zero values of "ρ ox " at high concentration. As we have seen in the previous sections of this Chapter, salts have as strong influence on the CRE as ions screen the surface charges of colloids. In this case, we assume that the trivalent ion Fe 3+ strongly screen the surface charges of colloids and lead to homogenous patterns.

More precisely, we observe a ring-disk shape transition concentration, C RD , which decreases from "600 µM" at "ρ ox " = 20 % to "160 µM" at "ρ ox " = 100 %. We assume that the trivalent ions Fe 3+ strongly screen the surface charges of colloids and lead to homogenous patterns. As the Fe 3+ concentration increases with "ρ ox " in this experiment, it accounts for the observed evolution of C RD . We have measured zeta potential, ζ, at different concentrations and oxidation rates in order to verify this assumption (Figure V. 35 -A). Details about zeta potential measurements can be found in Annex 4.

We observe that ζ increases with "ρ ox " for all "X". The sample at 8 µL does not display a clear increase and we interpret this observation by an experimental issue. Indeed, we have used the zeta potential cells several times. Thus, despite a thorough cleaning, some may have been contaminated. The general trend confirms that surface charge of colloids is neutralised V.5). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate (Menzel Glaser cover-slips 24 x 60 mm) in environmental conditions (22 ± 2 o C and 45 ± 5 % relative humidity). The concentration of Fe 2 (SO 4 ) 3 varies horizontally and corresponds to the ones in F n TAB solutions (n = {6,11}, Table V.5). That is the reason why the parameter is called "X". The corresponding theoretical oxidation rate, ρ ox , varies vertically. "C" is a pattern from a solution only containing colloids. Scale bar is 1 mm.

with the increase concentration of iron (III).

Another way to understand these patterns is to create a phase diagram that reports the coffee ring shape against residual Fe 3+ concentration (Figure V.36). We indeed observe that we get only ring-shaped patterns when Fe 3+ < 60 µM. On the contrary, we get only disk-shaped patterns when Fe 3+ > 150 µM. These observations confirm that a high concentration of Fe 3+ generates disk-shaped patterns. In addition, we note that patterns generated only with Fe 2 (SO 4 ) 3 are really different from patterns generated with both Fe 2 (SO 4 ) 3 and MgSO 4 (cf previous subsection). We can see retrospectively that MgSO 4 compensation was quite efficient to avoid apparition of disk-shaped patterns in the control experiment.

We observe microscopic colloidal structures in this experiment using SEM (Figure V.37). Details about this method are available in Annex 5. For ρ ox = 0 %, we observe a classical ring shape pattern with local colloidal crystallised structures on ring border [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF]. For ρ ox = 100 % at "X" = 20 µM, we observe that the border is less organised and local colloidal crystals phases have disappeared. For ρ ox = 100 % at "F n TAB" = 80 µM, we observe an accumulation of particles at the centre of the pattern. In these conditions, the border is not organised. All these observations agree with previous interpretation. The concentration of trivalent cation Fe 3+ increases with oxidation rates. Therefore, colloidal surface charges are neutralised and the colloids are less organised and form aggregates during evaporation. As we better understand the consequences of Fe 3+ in this experiment, we study the influence of redox-sensitive surfactants in the following.

c) Results with F 6 TAB

We have done this experiment according to the conditions described in the "Principle" previous sub-subsection with F 6 TAB (Figure V.38). Similarly to the patterns obtained in MgSO 4 experiment (cf previous subsection -Figure V.23), we observe ring-shaped patterns at low surfactant concentrations and ring-shaped patterns at high surfactant concentrations. We note that the transition concentration, C RD exists, but C DR doesn't. We explain it by the fact that F 6 TAB does not exhibit sufficient interfacial properties (cf Chapter 4 -Figure IV.12). Similarly as in the reduced F 6 TAB experiment (cf previous section), we observe beautiful depinning shapes at high F 6 TAB concentrations but only at ρ ox = 0 %. Regarding the evolution of C RD , we notice a decrease of it with an increase in oxidation rate : from [F 6 TAB] = 160 µM at ρ ox = 0 % to [F 6 TAB] = 60 µM at ρ ox = 100 %. Therefore, exactly as in the previous MgSO 4 experiment (cf previous subsection), at F 6 TAB = 80 µM for instance, we can switch from a ring-shaped pattern to a disk-shaped pattern only by changing the oxidation rate. We use the same interpretation based on surfactants electrostatic properties to explain these effects. We have measured the zeta potential to confirm it (Figure V.35 -B).

On zeta potential plots, we observe only negative values for all plotted concentrations and oxidation rates. It corresponds to the observed ring-shaped patterns. Zeta potential seems to slightly increase at a given concentration while oxidation rate is increasing. Moreover, zeta potential values are very close to zero for [F 6 TAB] = {60, 80} µM at all oxidation rate. These data agree with the assumption of neutralised colloids. Indeed, a zero value of the zeta potential means that colloid surface charges are neutralised by the polar head of F 6 TAB. Therefore, colloids become hydrophobic and they aggregate at liquid-gas interface during evaporation to generate disk-shaped patterns. More details about this effect can be found in Chapter 2.

Microscopic information can be obtained for patterns by using SEM (Figure V.39). More details about electron microscopy method can be found in Annex 5. For ring-shaped patterns at ρ ox = 0 %, classical local organised colloidal structure can be found at the pattern's border. [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF] At [F 6 TAB] = 80 µM, we observe that the pattern's centre evolves from an almost empty structure at ρ ox = 0 % to a big aggregate of unorganised colloids at ρ ox = Chapter V 100 %. At the same concentration, we see the border microscopic structure evolving from the classical organised structure with localised colloidal crystal phase at ρ ox = 0 % to an unorganised border at ρ ox = 100 %. The kind of pointy shape sometimes observed at the border is a remain of some small depinning occurring during evaporation. As negatively charged colloids crystallise on drop borders during evaporation [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF] and as neutralised colloids aggregate at liquid-gas interface during evaporation [START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF], these observations agree with the previous interpretation.

In a nutshell, using F 6 TAB is a robust method to control the coffee ring effect. However, according to tensiometric data (cf Chapter 4 -Figure IV.12), F 6 TAB does not exhibit strong interfacial properties. Thus, we are sure that changes in patterns shape is only due to electrostatic properties. In the following, we will reproduce this experiment with an other redox sensitive surfactant, F 11 TAB which have stronger interfacial properties. Moreover, C RD values are much lower with F 11 TAB than with F 6 TAB. We explain it by the fact that F 11 TAB has a much lower CMC than F 6 TAB whatever is the oxidation rate. We have used the same interpretation for evolution of C RD in this experiment than in the experiment with MgSO 4 . Electrostatic properties of F 11 TAB are predominant over the interfacial properties of the surfactant to determine the pattern's shape. Indeed, colloids are more neutralised by F 11 TAB 2+ than with F 11 TAB + as F 11 TAB 2+ has two positive charges and they form aggregate at liquid-gas interface more easily. But colloids are also more hydrophobic with F 11 TAB + than with F 11 TAB 2+ as F 11 TAB + is more amphiphilic and they are trapped more efficiently at liquid-gas interface. As we observe a decrease of C RD with an increase of ρ ox , it means that electrostatic properties of F 11 TAB 2+ prevails on interfacial properties of F 11 TAB + to get a disk-shaped pattern at a lower concentration. However, these values could be a little bit overestimated as we gave worked with a colloidal concentration of 0.4 mg mL -1 which is ten times lower than the concentration in the CRE experiment (4 mg mL -1 ). This experimental choice has been made for financial reasons. Concerning [F 11 TAB] = {20, 40, 80} µM, we note slight decrease of ζ with an increase of the oxidation rate. We interpret this result as the bolaform F 11 TAB 2+ exhibits a "U" shape at interfaces. [START_REF] Gallardo | Ferrocenyl surfactants at the surface of water: Principles for active control of interfacial properties[END_REF] As a consequence, the molecule is much more efficient at adsorbing on colloid surface but it cannot form multi-layers. Interestingly, this entropic limitation effect was not observed with the much smaller molecule F 6 TAB. Finally, these observations agrees with the previous interpretation and support it.

We have observed the microscopic structure in patterns by using SEM (Figure V.42). At [F 11 TAB] = 20 µM and ρ ox = 0 %, we see a classical ring-shaped pattern with an empty centre and an organised border with local colloidal crystal [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF]. At [F 11 TAB] = 20 µM and ρ ox = 100 %, we observe a ring-shaped pattern but the border is less organised and colloidal crystal phase has disappeared. This observation agrees with the previous explanations and may be due to the presence of counter-ions. For [F 11 TAB] = 80 µM and ρ ox = 0 %, we observe a disk-shaped pattern with a centre full of aggregated particles and a border non organised which is similar to previous observations. Nevertheless, at [F 11 TAB] = 80 µM and ρ ox = 100 %, we observe a classical ring-shaped pattern with a few particles in the centre and an organised border. These evolutions confirm the previous macroscopic observations on pattern shapes as crystallised colloids are due to negative surface charges and non-organised colloid aggregates to neutralised ones. We study in details the crystallisation of colloids in Chapter 7. 

V.5 Discussion and conclusion

In this fifth Chapter, we have reported for the first time the use of a reduction-oxidation (redox) stimulus to cancel the CRE or harness it, leading to a robust and tunable control of particle deposition in drying sessile drops. We have achieved it by implementing the previously synthesised surfactants in drying drops containing anionic colloids. We have varied surfactant hydrophobicity, concentration and redox state not only to control the overall distribution of deposited particles, but also to modify the microscopic organization of particles inside the deposit. Notably, all other parameters being fixed, this method has allowed for the adjustment of the deposited particle patterns, from polycrystalline rings to uniform disks, as a function of the oxidation rate. We have shown that the redox control can be achieved either chemically by addition of oxidants, or electrochemically by applying a potential for additive-free and reversible actuation in a closed system. This correlation between the redox state and the particle pattern opens perspectives for both redox-programmable particle patterning and original diagnosis applications based on the visual determination of a redox state. On a more fundamental perspective, it also contributes to clarify the role of surfactant charge and its amphiphilic character in directing particle deposition from drying suspensions.

Part C

Beyond cancellation of coffee ring effect: Methods to control patterns in drying drops

Chapter VI

Janus particles

The third part still focuses on the role of the liquid-gas interface but proposes to explore both some fundamental features and original approaches beyond simple cancellation of the coffee ring effect by surfactants. In Chapter 6, we describe the fabrication of intrinsically amphiphilic so-called "Janus" particles and their use to clarify the role of particle adsorption at the liquid-gas interface in the absence of surfactants. This simple yet original experiment allows us to demonstrate that sole particle adsorption is enough to cancel the coffee ring effect. This finding is then exploited to control the distribution of different types of particles mixed in the same drying drop: Janus particles are uniformly distributed in the resulting deposit while hydrophilic particles are concentrated on the edges. This results in novel hybrid ring-disk deposition patterns, which, to our knowledge, cannot be obtained by classical drying deposition methods. Interestingly, the final position of the particles in the deposit is thus encoded in the nature of the particle (Janus or not) and not under control of an external stimulus, thus opening new perspectives for programmable and unsupervised self-assembly of particles into desired patterns.

VI.1 Introduction

In the previous part, we have seen that the coffee ring effect can be controlled with a redox stimulus by using redox-sensitive surfactants. The liquid-gas interface plays a crucial role as well as the colloidal surface properties. However, the cancellation of the coffee ring effect is only possible in the presence of surfactants. In this Chapter, we use amphiphilic particles, Janus particles, in the coffee ring effect. The aim is to get rid of surfactants for the effect cancellation.

In history, Janus is a Roman god with a head having two faces: one looking at the past and the other looking at the future. He is the god of beginning, transitions, time and doorways. However, his exact role in Roman Pantheon is still a little unclear. [START_REF] Scullard | Festivals and Ceremonies of the Roman Republic[END_REF] In physical chemistry, the name Janus particle has been given in reference to that God to particles which have two sides with opposite properties. The shape of particles can be as various as spherical, cylindrical, disk-shaped or even 3/4 of a sphere. The properties can be a difference in charge, hydrophobicity or conductivity, for instance. [START_REF] Walther | Janus Particles: Synthesis, Self-Assembly, Physical Properties, and Applications[END_REF] These particles have been developed for many applications especially active colloids. [START_REF] Poon | From Clarkia to Escherichia and Janus: the physics of natural and synthetic active colloids[END_REF] However in this PhD, I will focus on one type of Janus particle made with four different materials. The colloids used are spherical and their substrate are:

• Silica

• Silica containing paramagnetic iron oxyde clusters

• Latex covered with carboxylate negatively charged groups

• Latex covered with carboxylate negatively charged groups and containing fluorescent molecules.

They will all be covered with a platinum surface. Hence, the Janus particles that I will use should have one hydrophobic side (platinum) and the other hydrophilic (silica, latex), and may be amphiphilic. Therefore, we expect to be able to cancel the coffee ring effect induced with these colloids without any surfactant which have never been done.

In addition, platinum half-covered colloids are usually used for their self-properties behaviour in hydrogen peroxide solution. They are usually called active colloids. But this property will not be studied in details here as the coffee ring effect is the main topic.

In this chapter, we will first describe the process of fabrication for Janus particles, then we will study its classical properties and finally we will see how these properties can affect the coffee ring effect. We will see that studying these particles may us improve the understanding of the ubiquitous phenomenon.

VI.2 Janus particles fabrication VI.2.1 General procedure

The preparation of Janus particles half covered with metal is usually [START_REF] Walther | Janus Particles: Synthesis, Self-Assembly, Physical Properties, and Applications[END_REF][START_REF] Jiang | Janus Particle Synthesis, Self-Assembly and Applications[END_REF] made in three steps whatever the substrate.

• Step 1 : Deposition of a colloid monolayer on a substrate.

•

Step 2 : Sputtering metal on half of the colloid.

• Step 3 : Desorption of the colloids and preparation of a desired solution. Step 1 Glass slides (Knittel Glass 26x76 mm) are thoroughly cleaned with a surfactant solution (5 minutes sonication and rinsing) and water (5 minute sonication and rinsing). Then, they are dried under air flow using isopropanol. Glass slides are activated for 5 minutes in a plasma oven (air, 360 mmHg). A solution of desired silica particles in water at 4 mg mL -1 is prepared (see Table VI Table VI.1: Description of silica particles size and type used for Janus particle fabrication. Paramagnetic silica colloids are spherical beads made of 80 % silica and 20 % of iron oxide incorporated inside the silica matrix.

VI.2.2 Silica-based Janus particles

Step 2 The resulting glass slide covered with a monolayer of particles is deposited in a sputtering device system in a clean room. A layer of around 4 nm of titanium ( 30 For all particles, we observe a darker background and roundish particles with a dark and a bright side. In SEM, a brighter element corresponds to a more conductive element. Thus, the bright side of particle corresponds to the one covered in platinum and the dark one corresponds to the one not covered in metal, i.e. naked silica. We also note that the border between the bright and the dark side is gradual and not sharp. That is due to the fact that particles are not half protected during the sputtering phase and so there is a gradation in the metal covering transition. Finally, we observe that the picture corresponding to 0.1 µm diameter colloids is really blurry. That is due to the low resolution of the SEM device, a tabletop microscope that doesn't allow precise observation below 1 µm (cf Annex 5).

VI.2.3

Latex-based Janus particles a) Fabrication procedure The overall procedure was very similar to the one for silica Janus particles except regarding the first step. Indeed, as latex has a similar density as water, it is almost not submitted to sedimentation and it is submitted to the coffee ring effect. Therefore, the monolayer deposition step is the most challenging one for this type of colloids. We have made a lab-made system to capillary adsorb of colloids on a substrate into an organised monolayer. However many parameters have to be finely tuned such as the colloidal concentration, temperature, volume, and speed. The procedure after optimisation is described in the following.

Glass slides (Knittel Glass 26x76 mm) are thoroughly cleaned and activated similarly. Then, a solution of the desired latex particles covered with carboxylic groups in water is prepared (see Table VI optical microscope. The rest of the procedure is exactly the same as for silica Janus particles. Quality of monolayer deposition after the first step is controlled with optical microscope (Zeiss lens 4x) (Figure VI.4 -C). We observe a homogeneous layer for the small diameters {0.13, 0.5, 0.5 fluo} µm. For 0.5 µm diameter particles, we get a monolayer whereas 0.13 µm diameter particles are too small to be distinguish using this microscope. However, as the sample exhibits structural colours in the centre and not on the border, we assume that it is also an organised monolayer 2D structure. Indeed, structural colours only appear on organised micro-and nano-structures. It can correspond to 2D crystals, but 3D crystals cannot be excluded. Regarding the picture for 1 and 1.9 µm diameter fluorescent particles, the pattern seems to be clean enough to consider it as a monolayer. For big particles with a 3.6 µm diameter, we see that the pattern is not homogenous : some areas have no particles and some others seems to be full of dark multilayers. Even by changing many parameters like speed and concentration, we weren't able to get rid of the multilayer formation even while working at really low concentrations (2 mg mL -1 ). That may be explained as big particles tends to be submitted to stronger capillary forces that force them to aggregate easily. Therefore, we worked at the indicated conditions (Table VI.2) and as much as possible of multilayers were removed before Step 2.

b) Qualitative characterisation

The quality of particles is observed using SEM in a similar way as for silica particles (cf Annex 5). A 1 µL drop of the previous solution is deposited on a 1.5 cm diameter Menzel Glaser covers-lip and left to dry under a box in environmental conditions (temperature 22.9 o C and humidity rate of 33 %). Sample is then covered with silver in a sputter device at [START_REF] Rebiere | A convenient method for the preparation of monolithioferrocene[END_REF] As previously, the bright side of the particle corresponds to the one covered in platinum and the dark one corresponds to the one not covered in metal, i.e. with naked latex. We observe that pictures corresponding to {0.13, 0.5, 0.5 fluo } µm diameter particles are really blurry. Exactly as with silica colloids, that is due to the low resolution of the used SEM (cf Annex 5). I have also observed than latex particles tend to be less stable under the electron beam than silica particles for precise observation. They may need a wider metal coverage before SEM observation and a stronger adsorption. We observe that all diameters particles are covered in metal and so the Janus fabrication is satisfying for further experiments.

c) Particle quantitative characterisation

Context The most classical method to determine a mass concentration after making a colloidal solution is by weighting and drying a small volume of it. The idea is to weight a very small and light container, m 0 . Then we take a small and precise volume of our solution, v, and make it dry in the container to finally measure the new container weight, m d . Finally we get trivially access to the colloidal mass concentration, C mass , as

C mass = m d -m 0 v .
There are convenient commercial devices that allow a weight measure in real time of the well-designed container while drying. Unfortunately, these fancy machines or even a precise enough balance (0.1 mg accuracy) were not available during this PhD and an other method had to be developed.

Principle In this context, I have developed an other method. We use a mother colloidal solution with a known mass concentration, and a bench of new Janus particles solutions with an unknown concentration. The mother colloidal mass concentration, C mass , is converted into a particular colloidal concentration C part . The conversion equation can be founded by following the coming steps.

The mass of a colloid, m col , can be written as

m col = 4 3 π R 3 col ρ col = π 6 D 3 col ρ col
with R col its radius, D col its diameter and ρ col its density.

In addition, we have by definition

C part = C mass m col .
By combining the two previous equations, we get

C part = 6 C mass π D 3 col ρ col .
Then, we take 20 µL of all of these solutions and inject it into a commercial cell counter. Pictures of the cell counter are taken under a transmission microscope. The counted number of particles on each image is trivially proportional to the particular concentration of my solution C part . Therefore, by counting number of Janus particles and the number of colloids from the mother solution, we can determine the particular concentration of Janus particles solution with a basic cross product.

Experimental challenges

The experimental challenge is to be very accurate on the particle counting. In order to do it I have used different strategies.

• Particles are vigorously shaken for 1 minute, sonicated for 1 minute and shaken for 30 seconds just before injection into cell counter in order to avoid particle aggregation and sedimentation.

• Dilution was necessary for some solutions very concentrated as Janus particles with a 0.13 µm diameter.

• A very large number of particles and cells are counted in order to get more precise measures.

• Therefore, we have automatised the counting process over ten pictures in order to be as accurate as possible. We used Image J software. The background was first subtracted, then a threshold was carefully applied in order to keep all particles but not include noise. An object detection was used on the last binary image (Figure VI.6). 

Results

Final results of the concentration determination of Janus particles solutions is summarised in a Table (Table VI.3). We observe that the final particular concentration is similar for all diameters which agree with the use of original mass concentrations (Table VI Density The mass of a Janus particle can be defined as

m Janus = m 0 + m 1 + m 2 = V 0 ρ 0 + V 1 ρ 1 + V 2 ρ 2
with m n the mass and ρ n the density of the material M n (n = {0,1,2}). We get

m Janus = 4 3 πR 3 0 ρ 0 + 2πR 2 0 R 1 ρ 1 + 2πR 2 0 R 2 ρ 2
The density of Janus particles is defined as

ρ Janus = m Janus V Janus with V Janus = V 0 + V 1 + V 2 the
total volume of a Janus particle.

However as R 1 << R 0 and R 2 << R 0 we assume that V Janus = V 0 . We get then

ρ Janus = 4 3 πR 3 0 ρ 0 + 2πR 2 0 R 1 ρ 1 + 2πR 2 0 R 2 ρ 2 4 
3 πR 3 0 which simplifies as

ρ Janus = ρ 0 + 3R 1 2R 0 ρ 1 + 3R 2 2R 0 ρ 2
Numeral application Let's take the previous equations to estimate the value of ρ Janus and m Janus with M 0 latex or silica, M 1 titanium and M 2 platinum (Table VI.4).

• R 1 = 4 nm • R 2 = 20 nm • ρ latex = 1010 kg m -3 • ρ Si = 2650 kg m -3 • ρ Fe 3 O 4 = 5240 kg m -3 • ρ Ti = 4500 kg m -3 • ρ Pt = 21000 kg m -3 .
Results show that metallic layer, even if they are really thin compared to the width of the colloid (a few nanometres compared to a micron) cannot have their weight neglected. They may be responsible of a large sedimentation phenomenon that we will describe in the next section.

VI.3.2 Sedimentation

Second Newton's law As all colloids, Janus particles are submitted to gravity and fall with time. In this section, I propose to review the basic theory and order of magnitudes about it. Let's consider a homogenous particle in a container. We assume to be in an inertial frame of reference and we will use Cartesian coordinates. Previous equation can be written as

4 3 πR 3 0 ρ p v = 4 3 πR 3 0 ρ p g - 4 3 πR 3 0 ρ f g -6πηR 0 v
using ρ p the density of particles and ρ f the density of the fluid.

The previous equation can be rearranged into the following first-order differential equation 4 3

πR 3 0 ρ p v + 6πηR 0 v = 4 3 πR 3 0 (ρ p -ρ f )g.

Transitory regime

In the transitory regime, we can neglect the right-hand part of the previous equation, which yields

4 3 πR 3 0 ρ p v + 6πηR 0 v = 0.
The equation can be written as

v + 9η 2ρ p R 2 0 v = 0 A simple solution of this differential equation is v(t) = A exp - 9η 2ρ p R 2 0 t
with A a constant that can be easily determined with the general first order differential equation to finally give

v(t) = 2R 2 0 g(ρ p -ρ f ) 9η 1 -e -t τ .
with τ a time constant defined as

τ = 2ρ p R 2 0 9η .
Let's take the following value to estimate the value of τ for a 1 µ diameter Janus particle of density ρ p :

• R 0 = 0.5 µm • ρ p = 2300 kg m -3 for Janus particles (see previous section) • η = 0.001 kg m -1 s -1 at 20 o C for water

We get τ = 127 ns, which is extremely fast, so we should consider only the steady state regime in our coffee ring experiments that last for 20 minutes to one hour depending on evaporation conditions.

Steady state case

In a steady state, the first order differential general equation can be rearranged as

v = 2R 2 0 g(ρ p -ρ f ) 9η .
Let's take the following values to estimate the value of v for many type of colloids and Janus particles of density ρ p (Table VI.4). Results are presented in the following Table (Table VI.5).

• g = 9.81 m s -2 gravitational acceleration

• ρ f = 1000 kg m -3 for water at 20 0 C • η = 0.001 kg m -1 s -1 for water at 20 0 C • ρ latex = 1010 kg m -3 • ρ Si = 2650 kg m -3 • ρ Fe 3 O 4 = 5240 kg m -3 • ρ Ti = 4500 kg m -3 • ρ Pt = 21000 kg m -3
We find the same order of magnitude than in our experiments. That is the reason why we thoroughly agitated colloids and sonicate them before any experiment in order to avoid aggregation and homogenise particles concentration. 

Type diameter v col v Janus v Janus v col (µm) (m s -1 ) (m s -1 ) () Si 0.

VI.3.3 Adsorption at liquid-gas interface a) Adsorption at the interface of a drying drop

In this PhD, two methods have been used in order to observe the possible particle adsorption at liquid-gas interface. The first experiment simply consists in an optical observation of the liquid-gas interface during the drying of an aqueous colloidal solution drop (Figure VI.7). A 1 µL drop of particle solution in water is deposited on a glass cover-slip (Menzel Glaser 24 x 60 mm) under environmental conditions (temperature 22 o C and 38 % relative humidity).

The observation has been conducted using transmission microscope for usual particles and fluorescent excitation (Lumencolor Green colour filter and multi-band HEDFRhC5) for fluorescent particles (λ ex = 580 nm and λ em = 605 nm). The particular concentration is the same for colloids and Janus of a same diameter.

For 0.13 µm diameter particles, we observe that colloids are really difficult to see but Janus particles could be seen at the liquid-gas interface. For 0.5 µm diameter particles, colloids and Janus particles seem to be present at liquid-gas interface but it is difficult to see if they are organised there. For 1 µm diameter particles, colloids tends to absorb at the liquid-gas interface during evaporation time, which is well-known in literature. [START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF] On the contrary, we see that Janus particles absorb very quickly at the liquid-gas interface or on a glass cover-slip and only a few particles remain in the bulk. For 1.9 and 3.6 µm diameter particles, it seems that colloids and Janus both sediment on the substrate. That may be due to their big size and high sedimentation speed (cf previous section).

In a second experiment, we study the behaviour of 0.5 and 1 µm diameter colloids and Janus particles, fluorescent or not, at 8 10 12 u L -1 particular concentration, in the same conditions as previously (Figure VI.8 -A).

As previously, we observe that particles tend to adsorb at liquid-gas interface during evaporation. We also note that fluorescent 1 µm diameter colloids and Janus form a monolayer crystallised aggregate at liquid-gas interface. We find that Janus particles at all diameters adsorb and organise significantly more than colloids of the same size. An other interesting observation is that fluorescent Janus particles adsorbed are darker than the ones in the bulk, which is coherent with the fact that their platinum non-fluorescent hydrophobic side is facing us in the air when they are adsorbed while their hydrophilic latex side remains in water. In addition, fluorescent Janus particles have been observed to turn very quickly on themselves when they are adsorb on the contact line (Figure VI.8 -B)). We assume that it is due to strong local chaotic flows.

b) Adsorption at the interface of a liquid inside a well

Another way of studying the absorption properties of colloids and Janus particles is to use the procedure developed in the lab for colloidal crystallisation (Figure VI.9 -A). [START_REF] Vialetto | Photoswitchable Dissipative Two-Dimensional Colloidal Crystals[END_REF] A volume of 200 µL of a particle solution is deposited into a 64 well plate. Then, the well plate is flipped upside down and we wait for 3 hours to let the particles sediment. The solution sticks to the well because of interfacial energy as the walls are around several millimetres wide and as the capillary length is around 3 mm in these conditions. Finally the 64 well plate is flipped again and we may observe the liquid-gas interface using a lab made microscope with a centimetre-long working distance from the top (Figure VI.9 -A). In a first experiment, we work with Janus and latex colloids 1 µm diameter at 1.2 ± 0.6 10 9 u L -1 and another solution twice as concentrated (Figure VI.9 -B). The solution is deposited inside the well and the liquid-gas interface is observed. Focus is made on the middle of the interface and on the border. As expected, we observe an accumulation of particles at the centre of the meniscus. Particles seem to be trapped at the liquid-gas interface but they are not organised. However, we see that the mother solution of latex Janus particles is containing many impurities. A centrifugation would be necessary to clean up the particle solution.

In a second experiment, we will use the same procedure to study the difference between silica colloids and the corresponding Janus particles at different diameters. Mother colloids and Janus particles at the same particular concentration are diluted ten times and 200 µL of the resulting solution is placed into a 64 well plate (Figure VI.10). For the colloidal solution, . This organisation is due to the fact that silica colloids are slightly negatively charged and so they may interact to form a colloidal crystal by a collective sinking process. More details on the phenomenon can be found in Chapter 7. We also note that a lot of colloids are on the bottom of the well at the solid-liquid interface where they form organised patterns (Figure VI.10 -Top line -Middle and Right). Regarding the Janus particles solution (Figure VI.10 -Bottom line), we observe that particles are trapped at the liquid-gas interface for all diameters but none of the patterns exhibit an organised pattern. This effect can be explained by the presence of a lot of visible impurities in the samples that disturb capillary interactions. These samples should be cleaned up by a careful centrifugation. Indeed, a moderate centrifugation is enough to separate most impurities without loosing particles. It will be done for the following coffee ring experiment.

We have seen that Janus particles can be trapped at the liquid-gas interface. However, Janus particles are known for their ability to be activated in a hydrogen peroxyde solution. In the following subsection, we study the activation of Janus particles both theoretically and experimentally. The aim is to see if this behaviour can induce original effects in a drying drop.

VI.3.4 Janus particles activation a) Theory on colloids diffusion coefficients

Introduction In a liquid phase, all small particles are submitted to a Brownian motion, which makes them move randomly in three dimensions. Einstein was the first scientist to observe and characterise the motion during his PhD. [START_REF] Einstein | Über die von der molekularkinetischen Theorie der Wärme geforderte Bewegung von in ruhenden Flüssigkeiten suspendierten Teilchen[END_REF] Here I propose a small recall on statistical physics in order to estimate diffusion coefficient of our particles theoretically and experimentally. In addition, Janus particles half covered with platinum are known [START_REF] Walther | Janus Particles: Synthesis, Self-Assembly, Physical Properties, and Applications[END_REF] to catalyse hydrogen peroxide decomposition in solution following

2 H 2 O 2(aq) Pt (Janus) -----→ 2 H 2 O (l) + O 2(g) .
Thus, in a hydrogen peroxide solution, a difference of chemical potential is created on the two sides of the particle and its diffusion coefficient should theoretically increase. We will determine it in the second subsection.

Barometric equation A canonical ensemble is defined as a statistical ensemble that represents the possible states of a mechanical system in thermal equilibrium with a heat bath at a fixed temperature. Here, let's consider particles of a fluid in a canonical ensemble at a temperature T in an inertial frame of reference with Cartesian coordinates. The probability of finding a particle j at an altitude h j (noted P j ) is given by

P j = e - E j k B T Z
with the partition function

Z = i e - E i k B T ,
k B the Boltzmann constant and the energy of each particle j defined as E j = m p gh j if gravity is the only force that applies on it (m p is the mass of particle and g the Earth's gravitational constant). Let's take two random particles i and j, the ratio of their probabilities is

P j P i = e - mpg(h j -h i ) k B T
For a high number of particles, the density of particles is acting as a probability and we get

ρ(h) = ρ 0 e - mpgh k B T
where ρ 0 is the density of particles at altitude h = 0.

Equation of diffusion

With Fick's law, we trivially show that the density of particles as a function of space (1D) and time is given by the diffusion differential equation

∂ρ ∂t = D ∂ 2 ρ ∂ 2 x
with D the diffusion coefficient, homogenous to a squared length over a time and depending on the material's physical properties and temperature. We can easily check that the previous equation can be solved with the solution

ρ(x, t) = A √ Dt e -x 2 4Dt .
with A a constant. It is a Gaussian form with a variance σ 2 = 2Dt with σ homogenous to a length. In particular for a 1D diffusion, we get x 2 = 2Dt.

Fick's law Fick's law gives a relationship between the mass density of the particle current in volume, J, the diffusion coefficient, D, and the density of particles, ρ:

J = -D grad(ρ).
On the other hand, we have by definition J = ρv with v the velocity of particles.

Combining the two previous equations, we get ρv = -D grad(ρ).

Let's project the previous equation on the vertical coordinate and use the barometric equation. We get

ρ(h, t) v = -D ∂ρ(h, t) ∂h = -D - m p g k B T ρ(h, t)
and so v = Dm p g k B T .

Conclusion

Let's consider again the system used in the sedimentation section. Here we will apply the Newton's second law on a fluid particle in an inertial frame of reference with Cartesian coordinates. Contrary to the previous section about sedimentation, we chose here to neglect Archimedes' principle and we get by projection on the vertical coordinate

m v = m p g -6πηR 0 v
with R 0 the radius of a particle and m p the mass of a particle as previously.

We have seen previously that the transitory regime is extremely fast in out system. Let's consider the permanent regime where m v = 0. We obtain v = 6πηR 0 m p g .

Combining this equation with the one from Fick's law, we get

D = k B T 6πηR 0 .
Numerical applications Numerical applications can be made with our colloids (Table VI.6). We observe that smaller colloids have a much higher theoretical diffusion coefficient than big ones. The question is how hydrogen peroxide may increase the diffusion of Janus particles. R 0 (µm) 0.10 0.13 0.50 1.0 1.9 2.0 3.6 5.0 D (m 2 s -1 ) 2E-12 1.7E-12 4.3E-13 2.1E-13 1.1E-13 1.1E-13 6E-14 4.3E-14 Table VI.6: Computed diffusion coefficient of synthesised colloids and Janus particles in water at 20 o C from the previous equation. For these numerical applications, we have taken the following values: η = 0.001 kg m -1 s -1 and k B = 1.38 10 -23 m 2 kg s -2 K -1 .

b) Experimental colloids diffusion coefficients

In this experiment, we observe the Brownian motion of Janus particles in a solution containing or not hydrogen peroxide. By following the coordinates' evolution, we may be able to determine the diffusion coefficients in both cases. A lab-made PDMS cell is pasted on a glass slide with plasma activation. A 100 µL aqueous solution of 1 µm diameter latex Janus particles eventually containing 0.1 % wt of hydrogen peroxide is made and immediately placed within the cell. The cell is sealed with a cover-slip in order to avoid air flows. For both samples (with and without hydrogen peroxide), 20 particles are followed over time. Their distance to origin, noted r(t), is recorded in Image J and plotted in time. The mean square displacement is simply plotted versus time as r 2 (t). Nevertheless, we have seen before that the mean square displacement obeys to r 2 (t) = 2Dt in in the stationary regime in one dimension. In two dimensions, the equation becomes

r 2 (t) = 2Dt
Therefore we simply use the slope of the mean square displacement plots in order to extract the diffusion coefficient D of Janus particles both for water and hydrogen peroxide solutions. We obtain the following values by the meaning the 20 samples. The error is evaluated as a mean square value here.

• Solution of Janus particle with hydrogen peroxide:

D = 1.3 ± 1.0 µm 2 s -1
• Solution of Janus particle without hydrogen peroxide: D = 0.37 ± 0.36 µm 2 s -1

We observe that these values suffer from a huge lack of accuracy as the error is sensibly equal to the value itself. That is due to the fact that my method lacks of precision. However, we can see that the order of magnitude is correct. The solution containing hydrogen peroxide indeed activate Janus particles. We observe a diffusion coefficient almost 4 times higher for the hydrogen peroxide solution than for water. It agrees with the previous equation. 

VI.4 Coffee ring effect with Janus particles VI.4.1 Classical coffee ring effect

In all the following, we work only with latex colloids and Janus particles covered with carboxylate groups. For a given particular concentration, we study how patterns can be different after evaporation in a drop containing either Janus particles or homogenous colloids in water.

In order to do so, a solution of 1 µm diameter latex Janus particles at 1.2 ± 0.6 10 11 u mL -1 is prepared, as well as a corresponding solution of latex colloids. A drop of latex colloids or latex Janus particles in water is deposited on a glass substrate and left to dry under a box in environmental conditions (Figure VI.12). For colloids (Figure VI.12 -Line up), we observe a classical ring-shaped patterns. The ring factor (defined in the previous part) was computed to be 0.48 ± 0.05 for these five patterns. It is a relatively high value agreeing with the observed ring-shaped pattern. For Janus particles (Figure VI.12 -Line bottom), we observe a much more homogenous pattern. The ring factor was determined to be 0.02 ± 0.01 for these five patterns. It is a relatively low value agreeing with the observed homogeneous pattern.

The behaviour observed can be explained as follows (Figure VI.13). Latex colloids are negatively charged, so they remain inside the bulk where water molecules stabilise them. Therefore, they are dragged by evaporation currents to the border of the drop where they accumulate to form a ring-shaped pattern. On the contrary, the corresponding Janus particles are amphiphilic as their platinum side is neutral and hydrophobic and their polymer side is negatively charged and hydrophilic. During evaporation, they can then be trapped at liquid-gas interface where they decrease the interfacial energy. After drying, a homogenous pattern is formed. We have confirmed this interpretation by a qualitative observation of particles in the drop during evaporation under the microscope. It is the first time that this adsorption can be controlled without introducing any additive such as surfactants (cf Chapter 2). In the following, we have changed parameters as size and concentration to see if this explanation remains valid.

VI.4.2 Influence of the size

In this part, we study the dependence of the size of Janus particles and the corresponding colloids on patterns after a drop drying. A drop of colloids or Janus particles in water is deposited on glass substrate and left to dry under a box in environmental conditions. In a first experiment, a relatively low particle concentration has been used (Figure VI.14). We observe a lot of depinning for colloids for all sizes as the generated ring-shaped pattern is really small and sometimes open (Figure VI.14 Line up). For Janus particles, we also observe less depinning and the formation of a homogenous shape pattern (Figure VI.14 Line bottom). The observed homogenous patterns for all Janus particles diameters agrees with the previous section assumption. Interestingly, for 1 µm diameter Janus particles at 8 10 11 u L -1 , we observe an original shape inside the pattern forming a "bolt". During evaporation, we see qualitatively under a transmission microscope that a small part of the contact line is depinning at the very end of drying. Therefore, particles are driven to the new border that takes this specific "bolt" shape. In order to avoid as much as possible of depinning, we work with concentrations ten times higher in the next experiment. In a second experiment, relatively high particle concentrations have been used in order to avoid depinning (Figure VI.15). On the one hand, for colloids patterns, we observe clear ring-shaped patterns for all diameters. We can note that despite a relatively similar concentration for all diameters (varying from 1 10 12 u L -1 to 2.5 10 13 u L -1 ), the visual aspect of the patterns are radically changing. For 0.13 µm diameter colloids, the pattern is almost transparent and small. It can be easily explained by the fact that such small colloids do not adsorb a lot of light compared to bigger ones (transparency). Moreover, for an equal particular concentration, smaller colloids generate more depinning than bigger ones as their small surface less stabilises the triple point. For 1.9 and 3.6 µm diameter colloids, the ringshaped pattern becomes really dark with a very thick ring. It can be explained by the fact that these big colloids absorb a lot of light and take a much higher volume than smaller ones which leads to thick borders.

On the second hand, concerning Janus patterns, we observe homogenous patterns for all diameters which agrees with the previous section assumption. Reproducible depinning is occurring for big 3.6 µm diameter particles. The difference between Janus and corresponding colloids is particularly clear for 0.5 µm diameter particles at 8 10 12 u L -1 and for 1 µm diameter particles at 8 10 12 u L -1 . In these conditions, we observe a ring-shaped pattern for colloids and a homogenous pattern for corresponding Janus particles. So, we used these particles in the following studies. A first question is what is the detailed effect of the particular concentration on the obtained patterns.

VI.4.3 Influence of the concentration

In this subsection, Janus particles with a diameter of 0. Regarding colloids patterns (Figure VI.16), we observe a lot of depinning of the contact line, especially for fluorescent particles. The experiment was reproduced three times, but the phenomenon was always predominant despite high particle concentrations. We have often observed that a stronger depinning occur with some boxes of cover-slips. At this point of the PhD I had only one box remaining, so if the box was producing a lot of depinning, it may be an explanation for the observation. However, we note a clear ring-shaped pattern for all particles at all concentrations. For a given type of particles, patterns are darker at higher concentrations than at smaller ones. It can be easily explained by the fact that particles absorb light, and thus increasing the amount of particles in a drop tends to produce a darker pattern. Regarding Janus patterns (Figure VI.17), we also observe some depinning. It may also been explained by the substrate. In addition, the probability of depinning seems to be higher for smaller particle concentrations. The phenomenon is well-known as more particles tend to help the contact line to be pinned. As previously, patterns are darker as the quantity of particles increases. Otherwise, we note that the patterns are much more homogenous in these patterns than for colloid patterns (Figure VI.16). As in the previous part, we can assume that the amphiphilic Janus particles can adsorb at the liquid-gas interface where they are not driven by evaporating flows to the contact line. In conclusion, this experiment shows that the control of the coffee ring effect with Janus particles is only possible with high particles concentrations in order to avoid depinning (around 8 10 12 u L -1 ). In the following, only high concentrations are used.

VI.4.4 Hybrid patterns

Particle separation is a very important question for physicists and chemists in soft matter [START_REF] Möbius | Size separation of granular particles[END_REF]. Classically, particles are separated using centrifugation or column where they interact with a substrate through weak forces. Here, I suggest to separate Janus particles from the corresponding latex particles covered with carboxylate groups by using the coffee ring effect. Indeed, we have seen in the previous subsection that Janus particles adsorb at liquid-gas interface while classical colloids remains in the bulk. Therefore, by introducing these two types of colloids inside the drying drop, we should be able to separate them by areas : colloids accumulate on the contact line while Janus particles are homogeneously dispersed in the centre on the pattern.

Experimentally, we use 0.5 and 1 µm diameter particles Janus and corresponding colloids and their fluorescent version (λ ex = 580 nm, λ em = 605 nm) at 8 10 11 u L -1 (Figure ??) and at 8 10 12 u L -1 (Figure ??). The idea is to mix fluorescent Janus particles with nonfluorescent colloids at the same concentration. Thus it is possible to see where the Janus particles are fixed on the resulting patterns. We also do the contrary, mixing non-fluorescent Janus particles with fluorescent colloids. We work with 0.5 and 1 µm diameter particles. A 1 µL drop the desired particles in water is deposited on a glass substrate (Menzel Glaser 24 x 60 mm) and left to dry under a box in order to avoid air flow in environmental conditions (temperature 21.3 o C and 31 % relative humidity). Four replicates have been made but only the most representative one is represented. Fluorescence is observed with a multiband DAPI/FITC/Cy3/Cy5 filter and an excitation LED from Lumencolor Yellow device.

On the one hand, we consider the patterns obtained at 8 10 11 u L -1 (Figure VI.18 -Top panel). On the left part, corresponding to a mix of fluorescent colloids and non-fluorescent Janus particles, we observe that colloids accumulate on the border of the ring, which is coherent with a classical coffee ring effect. For 0.5 µm diameter colloids, we moreover note that non-fluorescent, Janus, particles are present in the centre of the pattern by comparing the three pictures. On the right part, corresponding to a mix of non-fluorescent colloids with fluorescent Janus particles, we note a clear accumulation of Janus particles in the pattern's centre, visible on fluorescence microscopy picture, whereas colloid accumulate only on the border of the pattern visible with transmission microscopy. However, the Janus particle concentration is too small to be clearly observed, especially for 0.5 µm diameter. Thus, a second experiment working with particles concentration ten times higher is performed.

On the second hand, we consider the patterns obtained at 8 10 . The bottom (magenta) panel corresponds to a particular concentration, C part , of 8 10 12 u L -1 . For each panel, there are two lines. On the top line, we work with 0.5 µm diameter particles. On the bottom line, we work with 1 µm diameter particles. The three leftmost column group "colloids fluo + Janus" corresponds to a mixture of fluorescent (λ ex = 580 nm, λ em = 605 nm) colloids with non-fluorescent Janus particles. The three rightmost column group "colloids + Janus fluo" corresponds to a mixture of non-fluorescent colloids with fluorescent Janus particles. For each sample, there are three columns. For each sample, the left-hand column corresponds to an observation of fluorescence alone, "fluo", while the right-hand column corresponds to an observation by transmission of white light, "trans". The scale bar is 1 mm.

Bottom panel).

As previously, we observe some depinned patterns and similar other observations can be made. However, as Janus particle concentration is higher in this experiment, they are more visible, for instance in left panel pattens. These observations agree with the explanation involving adsorption of Janus particles at the liquid-gas interface detailed in previous section. It is the first time that Janus particles can be separated from homogenous colloids only with the coffee ring effect.

VI.5 Discussion and conclusion

In the sixth thesis Chapter, we have made and used intrinsically amphiphilic so-called "Janus" particles in order to demonstrate the role of particle adsorption at the liquid-gas interface in the absence of surfactants. We have shown that this behaviour can be exploited to control the distribution of different types of particles mixed in the same drying drop without any additive: Janus particles are uniformly distributed in the resulting deposit while hydrophilic particles are concentrated on the edges. We have been able to separate for the first time these two types of particles in a hybrid pattern format. These results are promising for the control of the coffee ring effect in industry as well as patterning technologies.

VII.1 Introduction

Colloidal crystals are 2D or 3D periodic structures made of colloids. Colloids are mesoscopicsize (around 1 µm) objects in solution. Researchers have been actively looking for methods to organize colloids in ordered 2D arrays, either to integrate particles in functional device or to exploit electronic, magnetic or optical properties emerging from their organization, ranging from collective to coupling properties. For instance, many technologies requires a crystal of micrometer-size elements such as optical filters, [START_REF] Flaugh | Development of a New Optical Wavelength Rejection Filter: Demonstration of its Utility in Raman Spectroscopy[END_REF] switches [START_REF] Chang | Preparation and Properties of Tailored Morphology, Monodisperse Colloidal Silica-Cadmium Sulfide Nanocomposites[END_REF] and band gap materials. [START_REF] Vos | Strong effects of photonic band structures on the diffraction of colloidal crystals[END_REF] In last two decades, many improvements have been achieved in order to increase the size of colloidal crystals [START_REF] Van Blaaderen | Template-directed colloidal crystallization[END_REF][START_REF] Palacci | Living crystals of light-activated colloidal surfers[END_REF] and better understand their formation mechanism (Figure VII. 1 -A). [START_REF] Gasser | Crystallization in three-and two-dimensional colloidal suspensions[END_REF] The formation of 2D colloidal crystals at a fluid interface is challenging (interface deformation, capillary phenomena, etc) yet very attractive, for instance to create dynamic and actuable systems. This is usually achieved by applying external forces (e.g., Langmuir through) on particles added on a liquid surface to constrain the colloidal organization. This leads to highly-quality and tunable crystals of large dimensions but is a quite invasive approach and difficult to be integrated in real devices. Interestingly, our group has recently described a new self-assembly method where particles adsorb and spontaneously form colloidal crystals at liquid-gas interface without any external forces other than gravity. [START_REF] Vialetto | Photoswitchable Dissipative Two-Dimensional Colloidal Crystals[END_REF][START_REF] Vialetto | From bulk crystallization of inorganic nanoparticles at the air/water interface: tunable organization and intense structural colors[END_REF] This versatile and robust approach leads to millimeter-sized polycrystalline assemblies of nanometric to micrometric particles, which can also be placed under control of an external stimulus, such as light or temperature. However, a key-step in this approach is the preparation of a horizontal liquid-gas interface and the difficulty to transfer the obtained polycrystalline assemblies on a solid substrate (Figure VII.1 -B). 

VII.2 Colloidal concentration to get a monolayer

In any colloidal crystal system, concentration plays a key role. Indeed, if the concentration is too low, we cannot obtain a nice large colloidal crystal area. On the contrary, if the concentration is too high, a colloidal structure may form multiple layers. However, the particle concentration is varying during evaporation as the drop volume is increasing. Therefore, many particles can be trapped at the liquid-gas interface while drying simply because the liquid-gas interface is getting closer to the substrate. In the following, we determine the theoretical optimal colloidal concentration in order to get a homogenous colloidal crystal monolayer labelled C mono in the following. The area of the pink diamond is defined as

A diamond = ha = √ 3 2 a 2 .
Moreover, each diamond contains one colloid in average, resulting from the sum of twice one third of a colloid and twice one sixth of a colloid. The total pattern area is defined by A pattern = πR 2 and is made by a total number of colloids defined as N . Thus, if we neglect border effects, we can estimate N as:

n = A pattern A diamond = 2πR 2 √ 3 a 2 .
Finally, the optimal concentration, C mono , is given by

C mono = N V dep = 2πR 2 √ 3 a 2 V dep
Numerical application can be worked out by considering the following experimental values:

• a = 1 µm • R = 1 mm • V dep = 1 µL
We get C mono = 3.63 10 12 u L -1 . We will use this colloidal concentration throughout this chapter.

VII.3 Experimental observations

VII.3.1 Generalities

CRE conditions

In all the sequel, unless specified otherwise, patterns have been made as follows. A 1 µL drop of 1 µm diameter latex colloids covered with carboxylate groups at C mono = 3.63 10 13 u L -1 possibly containing other chemicals was deposited on a glass substrate (Menzel Glaser coverslip 24 x 60 mm). The drop was let to dry in environmental conditions under a box in order to protect from air flows.

During my PhD I observed by a happy accident the formation of a colloidal crystal at air water interface in a solution containing (6-ferrocenylhexyl) trimethyl ammonium bromide (F 6 TAB, a surfactant) at a specific concentration. In the following, I will first explain how it occurs and how we can explain it. Then, we generalise this observation with other surfactants (Figure VII.3). In particular, we will describe how surfactant concentration is changing the micro-structure of the border or the center of a pattern. 

VII.3.2 (6-ferrocenylhexyl) trimethyl ammonium bromide

In Part 2 of the PhD, we have seen how ferrocenyl derivatives surfactants can be used to control the coffee-ring effect. Hence, we studied F 6 TAB completely reduced at different concentration in order to see how the patterns were affected. Surprisingly, we observed a very homogenous pattern for a F 6 TAB concentration around 60 µM which revealed an ordered structure under scanning electron microscopy (SEM). This led us think that crystallization could occur in uniform patterns and not only in the rings, as it was previously believed. However, in that study, a high concentration of latex colloids was used and the structure was multilayered. In order to study the emergence of 2D colloidal crystallization we thus chose 1 µm diameter latex colloids at the optimal concentration C mono = 3.63 10 13 u L -1 have been used. The patterns were observed using scanning electron microscopy (SEM) to access the microscopic organisation (Figure VII.5). For a low F 6 TAB concentration like 0 or 50 µM (Figure VII.5), we observe, as expected, that the centre of the drop was almost empty. On the outer border of the drop, a classical organised structure was observed, due time left by the first deposited repulsive particles to organize and pack in the ring. [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF] For a high F 6 TAB concentration as 120 or 200 µM (Figure VII.5), we found that the centre of the drop contained a large amount of non-organised particles and that the border was much less organised than the patterns obtained at lower F 6 TAB concentrations. This can be explained by the fact that, at this concentration, particles were neutralized and hydrophobized by adsorbed surfactants on their surface, leading not only to their adsorption at the liquid-gas interface but also to a strong reduction of their interparticle repulsion potential. Particles were thus adsorbing at the liquid-gas interface, and deposited on the surface, without repulsing each other. We were thus in a regime of "sticky particles". At 400 µM, the pattern was depinning, which was reproducibly observed under our conditions in this range of F 6 TAB concentration. Again we observed "sticky" particles trapped in a solidified surfactant phase on the border without organisation. The observed systematic depinning was however difficult to explain as it was not occurring at this F 6 TAB concentration for the higher particle concentrations tested in the previous chapters. Since we have empirically observed that, all other parameters being constant, a higher particle concentration tended to stabilize the contact line against depinning, the specific chosen particle concentration thus may be a bit too small to maintain a strong pinning at high surfactant concentrations.

Very interestingly, for the intermediate F 6 TAB concentrations of 70 and 90 µM (Figure VII.5), we observed that particles were organised both on the border and on the centre. In the centre of the pattern, we observed a close packing organization. Even if a few excess particles were protruding on the top of the monolayer, it is the first time to our knowledge that uniform disk of cristallized particles are obtained from a pinned drying sessile drop. We may wonder if the colloidal crystal was formed at the liquid-gas interface during evaporation or at the very end of the drying process as for the rush-hour effect on the drop contact line that explains the crystallization in the outer part of coffee rings. [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF] Thus, transmission microscopy observation was conducted at liquid-gas interface during the drying of a 60 µM F 6 TAB solution (Figure VII.6). At the focal plane corresponding to the glass substrate, we observed that the contact line was very slightly depinning (Figure VII.6 -Left). At a higher position (Figure VII.6 -Center-Right), we could focus at the liquid-gas interface and observed that colloids were trapped and accumulating there. Remarkably, we observed that the adsorbed particles were not amorphously distributed but formed a large number of close compact 2D crystals. This shows that colloidal crystallisation was occurring at the liquid-gas interface during the drop drying, and not upon particle deposition on the substrate. The organization in center of the dry deposits observed by SEM (Figure VII.5) was thus generated at the liquid-gas interface prior to the deposition itself. This explains why, when a larger amount of surfactants was used, amorphous deposits were obtained as the particles neutralized by adsorbed surfactants were accumulated in the liquid-gas interface without interacting, in agreement with was what described in previous publications looking at the behaviour of particle at the liquid-gas interface during the coffee-ring effect.

We can explain this new effect by looking at similar phenomena that were explained in the literature. Indeed, a similar system with 1 µm diameter latex colloids in an aqueous solution containing surfactant has already been studied at liquid-gas interface by Vialetto et al.. [START_REF] Vialetto | Photoswitchable Dissipative Two-Dimensional Colloidal Crystals[END_REF] However, the system was a horizontal, slightly concave interface in a well without any evaporation. Particles were brought to the interface either by a very long diffusive process or forced by gravity, and the concave nature of the interface was strongly determinant to confine particles and induce their crystallizaiton. In our system, we highlight two important differences: i) the interface was highly curved and convex which unfavored particle confinement but ii) the drop was evaporating thus creating an efficient trapping of the particles by the descending interface.

Latex colloids were negatively charged because they were covered with carboxylate groups. In addition, even if this point is highly debated in literature, [START_REF] Beattie | The pristine oil/water interface: Surfactant-free hydroxide-charged emulsions[END_REF][START_REF] Petersen | Evidence for an Enhanced Hydronium Concentration at the Liquid Water Surface[END_REF] we can assume that liquid-gas interface is negatively charged with water and air. Moreover, the surfactant used here, F 6 TAB, is positively charged with its quaternary ammonium hydrophilic head. Then, at very low surfactant concentrations ([F 6 TAB] = 20 µM), both the colloids and the liquidgas interface were negatively charged and the colloids could not adsorb at the descending interface due to the electrostatic adsorption barrier. They were thus submitted to the usual evaporation-driven flow toward the contact line where they accumulated to give a ring-shaped pattern (Figure VII.7 -A).

By increasing the surfactant concentration ([F 6 TAB] = 80 µM), an increase number of cationic surfactants accumulated at the liquid-gas interface to minimise interfacial energy. This resulted in a screening of the electrostatic adsorption barrier, in the way as salts do but at a much smaller concentrations, leading adsorption and accumulation of colloids at the descending liquid-gas interface. Interestingly, the surfactant concentration was still too low to fully neutralize the adsorbed particles, which could interact and forme organized crystals. An interesting question is what was the confinement force that brought the repulsive particles together at the liquid-gas interface. We suppose that, at the size of the crystallite, the overall convexe shape of the drop was not important. In contrast, trapped colloids could locally deformed the interface into a concave shape by a collective deformation of the interface. This self-amplifying mechanism, called the collective sinking effect, is known to be very important to induce self-crystallization of colloids at fluid interface. Although it was well described in initially macroscopically concave interface, it would be the first described situation with a convexe interface. At the last stages of evaporation, the organised structure was deposited from the interface onto the substrate to generate an extended crystalline pattern (Figure VII.7 -B).

By increasing the surfactant concentration further ([F 6 TAB] = 300 µM), colloids became neutralized by the increased amount of adsorbed surfactants on their surface. This resulted in poorly interacting, "sticky" colloids forming amorphous aggregates at the liquid-gas interface during evaporation. Aggregates were deposited on the substrate at the end of drop drying to give conventional amorphous disk-shaped patterns (Figure VII.7 -C).

In summary, we discovered an unknown colloidal crystallization phenomenon at the liquid-gas interface of a drying pinned sessile drop containing a specific redox-sensitive surfactant at a particular intermediate concentration range. Our suggested mechanism mainly involved the cationic nature of the surfactant that promoted the adsorption of anionic colloids at the liquid-gas interface without neutralizing them. To asses whether this principle could be generalized, we kept the same colloidal suspension conditions and studied the effects of adding various other cationic surfactants.

VII.3.3 (11-ferrocenylundecyl) trimethyl ammonium bromide

In this subsection, we have made the same experiment as previously except that we used a similar redox sensitive surfactant, F 11 TAB, having the same polar head but longer and more hydrophobic than F 6 TAB. First, patterns were generated in the usual conditions with a colloidal concentration of C mono = 3. In the middle range of F 11 TAB concentrations (between 50 µM and 400 µM), a more homogenous disk-shaped pattern was obtained. The explanations about these different pattern morphologies can be found in Chapter 6. The only difference here was that the drop was depinning more frequently at high F 11 TAB concentrations because of the lower particular concentration used in these experiments. The patterns were the observed in detail with SEM (Figure VII.9). For [F 11 TAB] = 0 µM, we observed a ring-shaped pattern with an expected organised structure on the border and almost no particles in the centre. We note that the drop had slightly depinned, probably due to a substrate effect. At higher concentrations ([F 11 TAB] = {50,60,70,80,90} µM), we observed a high density of particles in the centre of the pattern as well as on the border of it. In the centre of the pattern, the density was increasing with the surfactant concentration. On the border of the pattern, particles were less and less organised while surfactant concentration increased. Both observations were in agreement with the previous ones in the presence of [F 6 TAB], at both low and high concentrations. However, we could not detect the occurrence of crystallization in the F 11 TAB we have tested. Since this crystallization was found to occur in a very narrow concentration range, it is most likely that we have not tested it yet. As shown in Chapter 6, increasing the length of the hydrophobic tail of F n TAB, by enhancing cooperative binding on oppositely charged surfaces, tended to decrease all characteristic concentrations were a given phenomenon occurred (e.g., formation of disk). Since the proposed mechanism of crystallization is strongly dependent on electrostatic effects at both the anionic liquid-gas interfaces and the anionic colloid surfaces, we might anticipate the concentration range where it should occur with F n TAB might be significantly smaller than that with F 6 TAB (around 60-80 µM). We could thus expect a F 11 TAB concentration lower than 50 µM was need and this is what we will have to explore in future. We thus studied in the following whether colloidal crystallisation could occur with non-redox-sensitive surfactants.

VII.3.4 Dodecyl trimethyl ammonium bromide

We thus explored the situation of very conventional cationic surfactant, dodecyl trimethyl ammonium bromide (DTAB, CAS 1119-94-4, Sigma Aldrich, purity > 97 % used without further purification). First, patterns were generated in usual conditions with a colloidal DTAB concentrations, we obtained ring-shaped patterns. For middle-range concentrations (between 20 and 800 µM), we observed homogenous disk-shaped patterns, due to the surfactantinduced neutralization and hydrophobization of particles that accumulated at the liquid-gas interface. At higher concentrations (1000-2000 µM), rings were obtained again, a wellestablished phenomenon du to the overcharging of particles at a high surfactant concentration. However, we observed a difference here with quite homogenous patterns for very high concentrations ([DTAB] > 5000 µM), which we attributed to the very high concentration of surfactant that crystallised during the drying. We also observed a systematic drop depinning at the low transition concentration between ring-shaped patterns and homogenous disk-shaped patterns ([DTAB] = {20,40} µM). SEM observations were thus conducted not only to better understand what was happening but also to look whether crystallization could also occur in this system.

SEM observations were been conducted on the previously obtained patterns in the middle range of DTAB concentration where crystallization had the highest probability to occur (Figure VII.11). Interestingly, for [DTAB] = 50 µM, we observed a closely packed organised colloidal structure in the centre of the pattern and an order classical structure on the border of the pattern. [START_REF] Marín | Order-to-disorder transition in ring-shaped colloidal stains[END_REF] On the centre of pattern, the degree of organization tended to decrease with an increase in DTAB concentration. At the border of the pattern, the colloidal structure was less and less organised as DTAB concentration increases. These two observations were coherent with the previous observations using F 6 TAB. Increasing surfactant concentration thus promoted their adsorption on particle surface, leading progressively to less and less interacting particles and de facto decreasing their propensity to form ordered assemblies at both liquid-gas interface upon their adsorption and on the solid surface upon their deposition. In conclusion, the new colloidal crystallization at the liquid-gas interface of a drying sessile drop was also observed in the presence of a simple and conventional positively charged surfactant. The observation agrees with a possible general character of the phenomenon. In the following, we extend our exploration to an other positively charged surfactant, but carrying an additional photo-sensitive character.

VII.3.5 AzoTAB

In this section, a photo-sensitive positively charged surfactant, ethyl ether azobenzene-4'-(oxy-2-hydroxypropyl) trimethylammonium bromide (AzoTAB), was used (Figure VII.12). It has been widely studied to control interfacial phenomena with light[51, [START_REF] Diguet | Photomanipulation of a droplet by the chromocapillary effect[END_REF][START_REF] Diguet | Photosensitive surfactants with various hydrophobic tail lengths for the photocontrol of genomic DNA conformation with improved efficiency[END_REF][START_REF] Diguet | Photoreversible fragmentation of a liquid interface for micro-droplet generation by light actuation[END_REF][START_REF] Baigl | Photo-actuation of liquids for light-driven microfluidics: State of the art and perspectives[END_REF][START_REF] Vialetto | Photoswitchable Dissipative Two-Dimensional Colloidal Crystals[END_REF] including CRE. [152] [6] The molecules possesses a double nitrogen bond that can be switched from trans conformation to cis conformation with UV light (365 nm) and reversed with blue light (475 nm). Due to the higher polarity of the hydrophobic tail of the cis conformation, at a given concentration, the interfacial energy of the trans conformation is lower than the one of cis conformation. Similarly, the critical micelle concentration is lower for trans con-formation (CM C trans = 12.6 mM) than for cis conformation (CM C cis = 14.5 mM).

Fig. VII.

12 A) Structure of the photosensitive surfactant AzoTAB with its two photo-depent conformations. B) Typical time evolution of surface tension of white light-illuminated AzoTAB solutions at different concentrations, before and after application of a UV light stimulus (dashed line). A pendant drop was formed (t = 0 s) under homogeneous white light exposure and at about t = 91 s (dashed line), the UV beam was switched on. [START_REF] Anyfantakis | Evaporative Optical Marangoni Assembly: Tailoring the Three-Dimensional Morphology of Individual Deposits of Nanoparticles from Sessile Drops[END_REF] Patterns obtained under usual conditions at various AzoTAB concentrations under UV and blue light at two particle concentrations (7.63 10 12 u L -1 and 3.63 10 12 u L -1 ), were observed by transmission microscopy (Figure VII.13). For the higher particle concentration (7.63 10 12 u L -1 ), we observed an interesting photodependent behaviour. Under blue light (i.e. trans-AzoTAB), we observe ring-shaped patterns for low (< 20 µM) and high (> 600 µM) AzoTAB concentrations whereas patterns in middle-range concentrations (between 60 and 200 µM) exhibited a homogenous disk shape. This evolution is typical of the effect of a cationic surfactant on the coffee-ring effect with the successive formation of rings, disks and rings when colloids are unaffected, neutralize and overcharged, respectively, by the increasing amount of oppositely charged surfactant. Under UV light (i.e. cis-AzoTAB), the same evolution was observed but the transitions were shifted to higher concentrations, with ring-shaped patterns for [AzoTAB] < 100 µM, homogenous disks between 200 and 1000 µM, and rings again for [AzoTAB] > 2000 µM. This UV-induced shift is explained by the lower interfacial and self-assembly activity of the cis compared to the trans isomer.

We then compared the patterns obtained at 7.63 10 12 u L -1 and those obtained at 3.63 10 12 u L -1 colloidal concentrations. It appears that the surfactant concentration range for the different types of patterns was similar for the two colloidal concentrations. However, drops depinned more frequently with 3. On the border of the patterns, regardless of the irradiation conditions, we observed that the colloidal structure was less and less organised as AzoTAB concentration increased. It is coherent with the observations made with other surfactants and the same interpretation can be proposed, i.e., adding surfactants promoted their efficiency to neutralize particles thus decreasing both the interparticle repulsive interaction and their ability to crystallize. At the centre of the patterns, we observed either a low density of particles for ring-shaped patterns and a much higher density of particles for disk-shaped patterns. Interestingly, we observed a colloidal crystal for cis-AzoTAB at 40 µM while the order was loss for higher concentrations. This confirms our previous observation that a low amount of cationic surfactant can induce both adsorption and crystallization at the liquid-gas interface during the drying of a pinned sessile drop. At higher concentrations, the order was progressively lost, in agreement with the observations made with other cationic surfactant. This concentration also corresponded to the transition allowing to switch from a homogenous disk to a ring one upon application of a UV stimulus. This observation is very promising as it demonstrate the possibility to control colloidal crystal formation in a coffee-ring effect system with light. With cis-AzoTAB, as for F 11 TAB, we did do not observe clear colloidal crystal patterns probably because the phenomenon occurred at a concentration much lower than 40 µM, which we did not explore. Some new experiments needs to be performed to determine it. 

VII.4 Conclusion

In this chapter, we have reported the first observation and analysis of the crystallization of anionic colloids occurring at the liquid-gas interface of a drying and pinned sessile drops containing low amounts of cationic surfactant. We demonstrated that this phenomenon occurred with at least three different kinds of surfactants, with a reproducible and robust effect of surfactant concentration and we proposed the following mechanism. Without surfactant, the drop is subjected to the coffee-ring effect with particles mainly accumulating at its border where they crystallize upon deposition, especially in the outer part of the ring. Upon adding an ultra low but sufficient amount of cationic surfactant, the cationic surfactant accumulates at the liquid-gas interface to screen the electrostatic adsorption barrier, allowing particles to accumulate and adsorb at the descending liquid-gas interface. In this regime, colloids remain negatively charged and there repulsively interact each other. By collectively pulling the interface through the collective sinking mechanism, they self-confine and crystallize at the interface, prior to their deposition to form an ordered pattern. Upon increasing surfactant concentration, the particles are progressively neutralize by adsorbing on their surface. The loss of their repulsive interaction is accompanied by a progressive loss of the order in both the outer ring and the inside disk pattern. With a further increase in surfactant contentration, particles become overcharged and form crystalline rings again. Observed with three different surfactants, this constitutes a new robust method to produce colloidal crystal at the liquidgas interface and deposit them on a solid substrate without loosing its internal structure. As colloidal crystallisation can be induced with redox-or photosensitive surfactants, it opens great perspectives for controlling colloidal crystallisation in evaporating drops with redox or light stimuli. Overall this study expands the repertoire of methods allowing to organize particles at interface with the advantage of being particularly simple and robust. Based on self-assembly, and not application of external forces, it offers an easy implementation and straightforward applicability to various systems. Finally, it confirms the important role of electrostatic interactions in interfacial phenomena, and emphasize in particular how the anionic nature of the liquid-gas interface appears as a key factor in templating the organization of colloids there.

VIII.1 Introduction

Since the beginning of this PhD, we have only considered the situation of liquid drops evaporating in a gaseous phase, like the majority of studies available in literature. Thus, the generally admitted picture is that at least two ingredients are essential for the CRE to occur: drop evaporation and contact line pinning. The combination of both leads to a radial evaporation-driven flow that transports all the non-volatile compounds toward the contact line where evaporation is stronger.

Fig. VIII.1

First reported liquid-liquid coffee-ring effect observed with pinned sessile drops of water containing particles dissolve in ether to form rings of packed particles. A) Sessile drops on glass contain silica particles (diameter: 560 nm) at a concentration of 0.5 % wt and dissolve in ether. B) Sessile drops are produced in a few seconds by emulsification in ether and sedimentation onto a glass substrate. C) Transmission optical microscopy image of the particle deposits obtained after full drop dissolution. D) Scanning electron microscopy (SEM) images with a 120 o incident angle of a broken deposit to reveal its morphology and content. [START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF] However, a recent study by Poulichet et al. has challenged this picture by considering a new system. [START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF] They have created small sessile drops containing particles inside another partially miscible liquid, where the liquid inside the drop could be dissolved but not the particles. Strikingly, they observed that a "liquid-liquid coffee-ring effect" (LLCR) occurred in such a situation (Figure VIII.1). They analysed the deposit morphology, the transport of particles during solvent dissolution as well as the way particles organised in the deposit, and compared these features to the signatures of conventional evaporative CRE in air. They found that the system was strikingly similar to the usual coffee ring effect in gas and proposed an expansion of the definition of the coffee-ring effect. However, they considered only a few general aspects of the coffee-ring effect and almost none is known about key parameters such as the role of the solvent, substrate, particle concentration or influence of surfactants. Moreover, no exploitation of the liquid-liquid nature of the interfaces has been demonstrated.

In this chapter, we perform an extensive characterization on the effect of different parameters Firstly, we justify the procedure used by Poulichet et al.. [START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF]and improved it by analysing other possible procedures, and parameters such as solvent, time scale and hydration rate. Secondly, we introduce additives such as surfactants, proteins and salts and analyze how they affect the LLCR and compare it to what is known for the conventional CRE system. Finally, we show a promising example of liquid-liquid interfacial control only possible in LLCR and not in CRE.

VIII.2 Procedure and parameters

VIII.2.1 General procedure

The general procedure for LLCR is detailed here for all the chapter (Figure VIII.2). A solution of silica colloids of diameter 1 µm or 560 nm (microParticles GmbH) at 5 or 50 mg mL -1 was prepared. It was agitated for 1 minute, sonicated for 1 minute and agitated for 30 seconds before being used. The water used was dispensed by a Milli-Q system (Millipore, resistivity: 18.2 M Ω cm). A 10 µL of aqueous solution of silica colloids was deposited on a modified observation cell (Figure VIII.2 A (1)). The observation cell was made from a modified 8 mL screw-top glass vial (Kimble, screw thread, Opticlear). The observation window of the cell consisted of a screw cap that was hollowed and glued onto a microscope slide with epoxy glue (Loctite, Hysol 3430). All cells were washed and rinsed successively with Milli-Q water, ethanol (Sigma-Aldrich, absolute 99.8 %), and acetone (Sigma-Aldrich, for HPLC 99.8%) prior to use. Glass vial was filled with 8 mL of diethyl ether (CAS 60-29-7, Sigma-Aldrich, anhydrous, 99.7 % used without further purification). The solvent was dried just before use by vigorous agitation with excess of anhydrous MgSO 4 (CAS 7487-88-9, Sigma-Aldrich, anhydrous, 99.5 % used without further purification) followed by a filtration under reduced pressure on a fritted glass funnel. 6)). The patterns were transluscent because of the refractive index of diethyl ether (Figure VIII.2 -B -Center). We will refer to these patterns as "dissolved patterns". Then, the vial was reverted, the cap was unscrewed and let to dry for several hours under the hood. Dried patterns could then be observed again under transmission microscope (Figure VIII.2 -A ( 7)). The obtained patterns were much darker as the refractive index of silica particles was lower in air (Figure VIII.2 -B -Right). We refer to these patterns "dried patterns". In most experiments, patterns were observed after diethyl ether drying in order to have a better visibility and also in order to avoid diethyl ether accidental evaporation during observation under the microscope. First, we wondered whether a simpler procedure was possible for LLCR to occur. In the following section, we analyze an alternative procedure and the limits of it.

VIII.2.2 Alternative device

Instead of the previously described general procedure, we devised a simpler procedure. Some 1 µL drops of silica colloid solution at 5 mg mL -1 were deposited on a glass substrate (Menzel Glaser coverslips 24 x 50 mm) immersed in diethyl ether inside a 15 cm diameter glass B). However, diethyl ether was still escaping in the environment as its low interfacial energy with glass and air allowed its meniscus to go out of the Petri dish. Therefore, the solvent was completely evaporated after 10 minutes and we assumed that the LLCR had the time occur. C). We note a strong and systematic depinning. Here are some values at 298 K: interfacial energy between water and diethyl ether Γ water/de = 11 mN m -1 , interfacial energy between air and diethyl ether Γ de/air = 17.2 mN m -1 and interfacial energy between water and air Γ water/air = 72 mN m -1 .[17, 137] As we observe a lot of depinning, it is possible that diethyl ether complete evaporation occurs before the end of liquid-liquid pattern formation.

The assumption about a LLCR formation time lower than 15 minutes is probably wrong. In the following section, we study in detail the kinetic of the system.

VIII.2.3 Kinetic and in situ following

Since LLCR is a new system, its kinetic and some parameters are not known well. In this subsection, we study the influence of organic solvent hydration rate on the kinetics of the system.

Diethyl ether at three different hydration rates, called ρ H2O , is used. • Medium hydration rate: Diethyl ether was taken from its original Sigma Aldrich bottle. It should be anhydrous. However, the bottle was 5 years old and the septum was used incorrectly. Then, according to the company's technical file, we expect to have the solvent partially hydrated (Figure VIII.4 -B).

• Fully hydrated diethyl ether: Diethyl ether taken from its original bottle was shaken vigorously with an equal volume of water. Then, the solvent was separated from water phase with a separatory funnel and used (Figure VIII.4 -C).

According to the previously described procedure, drops were observed in situ just after their deposition (Figure VIII.2 Step (4) to ( 6)). Concerning dry diethyl ether (Figure VIII.4 -A), we clearly observed a water drop without deposited particles at 0 minute. Then, we observed a clear accumulation of particles at the contact line between 6 and 9 minutes as the border appears and its width increases. It was thus very similar to the usual CRE in air. [START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF][START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF] The water was completely evaporated after 9 minutes as we can see most of particles forming a clear ring pattern on the glass substrate. The transfer time was low compared to usual evaporation time for CRE in air (around 20 minutes to one and a half hour depending of temperature and humidity rate). The system thus appears to be promising if we want to deposit particles in a short time in a system where hydration rate can be controlled.

For medium hydration rate (Figure VIII.4 -B), we observed the complete transfer of water into diethyl ether after 25 minutes. The transfer time was much higher in this system than in the previous one. The behaviour was very similar to the one in air where an increase of humidity rate lead to an increase in evaporation time at a fixed temperature.

For the fully hydrated diethyl ether (Figure VIII.4 -C), we observed an even higher transfer time, around 47 minutes. This observation is supporting the previous conclusion. In the following, we exclusively work with freshly dried diethyl ether. But there are other parameters like solvent, substrate and the influence of the shaking that need to be studied.

VIII.2.4 Emulsion

In this section, the influence of the shaking step of the LLCR procedure ( At all F 6 TAB concentrations, we observe that patterns were smaller when the vial was shaken more vigorously. Also, patterns were more homogenous in their morphological characteristics (shape and size) with a better shaking. For the following experiments, we have shaken very vigorously all samples.

VIII.2.5 Solvents and colloidal concentration

The original procedure for LLCR was involving diethyl ether and no other solvent was described. We thus screened different solvents and analyzed whether they may be usable for LLCR procedure. In order to do it, we compare some physical properties between some solvents (Table VIII.1).

First, we have to consider the density of the solvent. All solvents denser than water (chloroform, dichloromethane, 1-2-dichloroethane) cannot be used for LLCR in our experimental configuration. Indeed, it was impossible to form a water droplet on the bottom of the vial with such a dense solvent. A second important property to consider is polarity. If the solvent is not polar at all, water may not be soluble at all in it. As we need a small transfer In a first experiment, a high colloidal concentration has been used. A 10 µL aqueous solution of 1 µm diameter silica colloids at 50 mg mL -1 was used for emulsion in 8 mL of different solvents: cyclohexane, hexane and toluene (Figure VIII.6). We observed small patterns for cyclohexane and diethyl ether samples, and larger ones for hexane and toluene. Patterns were very dark for all solvents and it was very difficult to notice an accumulation of particles on the border. However we can say that patterns obtained with toluene seemed to be homogeneous whereas patterns obtained with cyclohexane, diethyl ether and hexane were more ring-shaped.

In a second experiment, we work with smaller and less concentrated colloids. A 10 µL aqueous solution of 560 nm diameter silica colloids at 5 mg mL -1 was used for emulsion in 8 mL of four different solvents dried just before use with MgSO 4 (cf previous subsection): cyclohexane, hexane, toluene and mineral oil (Figure VIII.7). We observed relatively big patterns for cyclohexane, hexane and toluene samples. It may be due to a non-sufficient shaking during the procedure (cf previous subsection). Moreover, patterns were much lighter than the ones in the previous experiment, which means that 5 mg mL -1 and 560 nm diameter colloids are better conditions for LLCR. They were used in the following sections. We observed a homogeneous pattern for toluene and a characteristic ring-shaped pattern for cyclohexane, diethyl ether and hexane. Regarding mineral oil, we have never observed the water phase complete transfer into the oil even after 1 month. So mineral oil is not a good choice for LLCR system. In conclusion, we can use diethyl ether, cyclohexane or hexane for LLCR to occur, which expands the applicability of the LLCR in this deposition procedure. Hereafter, we used only diethyl ether for safety reasons as cyclohexane and hexane vapours are much more dangerous than diethyl ether ones. In the following, we need to consider the importance of glass substrate.

VIII.2.6 Hydrophilic or hydrophobic substrate

In this section, we investigated the influence of substrate properties on the patterns obtained with LLCR. A 10 µL aqueous silica colloids of 560 nm diameter solution at 5 mg mL -1 was used for emulsion in 8 mL of diethyl ether dried with MgSO 4 . The substrate has been treated to be covered with hydrophilic hydroxyls groups ("Plasma") or chloride groups ("TMSCl") (Figure VIII.8). Substrates covered with hydroxyls groups ("Plasma") were made with the following procedure. Glass cover-slips (Menzel Glaser 24 x 60 mm) were thoroughly washed with acetone, ethanol and dried under air flow. Then, they were activated for 5 minutes in a plasma oven in ambient air (380 mmHg). Substrate covered by a hydrophobic self-assembled monolayer ("TMSCl") were made with the following procedure. Some plasma activated cover-slips were immersed immediately after the plasma activation into toluene containing 2 % v of chlorotrimethylsilane (CAS 75-77-4, TMSCl, Sigma Aldrich, > 98 % used without further purification) inside a glass Petri dish. The system was isolated by using a parafilm tape between the cover and the bottom. The system was let for three hours at room temperature. Then, TMSCl solution was gradually replaced with acetone while being careful not to let the system dry. Glass substrates were thoroughly rinsed with ethanol, dried under air flow and let for 30 minutes in the 72 o C oven to ensure a complete polymerisation of remaining TMSCl.

For the "plasma" substrate, we observed relatively large patterns. As the substrate was very hydrophilic, the drops were "spreading" upon their deposition on the substrate, leading to larger patterns. In addition, we clearly saw an accumulation of particles on the border of the pattern, as expected for usual LLCR and CRE in air with hydrophilic substrates. On the contrary, for "TMSCl" substrate, we observe relatively small patterns. As the substrate was very hydrophobic, the drops contract when they reached the substrate, leading to smaller patterns. In addition, we observed clear homogeneous patterns. It is coherent with the expected behaviour of CRE in air on hydrophobic substrate: drops depin and contract during evaporation until they reach a critical particle concentration where the drop is pinned and particles are deposited in an homogeneous way. [START_REF] Wu | Generation of the smallest coffee-ring structures by solute crystallization reaction on a hydrophobic surface[END_REF][START_REF] Mampallil | A review on suppression and utilization of the coffee-ring effect[END_REF] It is the first time that such a behaviour is described in the LLCR format.

Partial conclusion

In this section, we have first defined the procedure that will be used in all the following experiments (Figure VIII.2). A vigorous shaking was vital to get reproducible results. An aqueous 560 nm diameter silica colloids solution at 5 mg mL -1 was used as it was leading to reproducible and clear patterns. After a comparison with many organic solvents, we have seen that diethyl ether, and for the first time cyclohexane or hexane), allowed LLCR to occur, and we chose diethylether for safety and convenience. In addition, we have noticed that a proper drying of solvent with excess of anhydride MgSO 4 allows a faster water transfer. Interestingly, the transfer rate can be tuned by simply adjusting the amount of water in the outer solvent. Finally, we have seen that a hydrophilic clean glass substrate favored the obtention of a clear LLCR. In the following section, we studied some parameters known to affect the evaporative CRE and analyzed how it applied to the LLCR format.

VIII.3 Coffee ring effect phenomena in liquid-liquid systems VIII.3.1 CRE with proteins

Many studies have already studied the influence of proteins on the formation of CRE in air. [START_REF] Sobac | Structural and evaporative evolutions in desiccating sessile drops of blood[END_REF][START_REF] Gorr | Lysozyme Pattern Formation in Evaporating Drops[END_REF][START_REF] Devineau | Protein Adsorption and Reorganization on Nanoparticles Probed by the Coffee-Ring Effect: Application to Single Point Mutation Detection[END_REF] Proteins can be involved in the CRE in two ways. On the one hand, they can behave as colloids and simply accumulate at the edge to form protein rings when protein solution drops dries on a substrate. On the other hands, proteins can be used as additive in a colloidal suspension drop and, by interacting with the particles in suspension dramatically affect the CRE. [START_REF] Devineau | Protein Adsorption and Reorganization on Nanoparticles Probed by the Coffee-Ring Effect: Application to Single Point Mutation Detection[END_REF] Fig. VIII.9 A 10 µL aqueous silica colloids of 560 nm diameter solution at 5 mg mL -1 containing BSA is used to prepare drops in 8 mL diethylether previously dried with MgSO 4 . BSA concentration varies horizontally. The upper line shows a large view (scale bar is 500 µm) and the lower line shows a magnified picture of a representative pattern (scale bar is 50 µm).

We studied bovine serum albumine (BSA) patterns formed in liquid-liquid system with silica colloids (Figure VIII.9). At low BSA concentrations, we observe homogenous patterns. We assume that this shape is induced by the low charge of silica colloids. As the BSA concentration is increasing, we observe larger and larger patterns that tend to exhibit a ring shape. These patterns are very similar to the ones observed with CRE in air. [START_REF] Devineau | Protein Adsorption and Reorganization on Nanoparticles Probed by the Coffee-Ring Effect: Application to Single Point Mutation Detection[END_REF] It could be explained by the fact that proteins are adsorbing at the interface of silica colloids to make them more charged and more hydrophilic.

In conclusion, it is the first time that the influence of proteins is described in LLCR system and these first observations showed that protein adsorption onto particle surface affect how particles distributed in the dry deposit, in marked agreement with what is known with conventional CRE in air. In the following section, we have similarly studied the influence of salts.

VIII.3.2 Salts

The influence of salts on CRE in air is very well-known in the literature as we By considering patterns obtained in LLCR with NaCl (Figure VIII.10), we observed that the patterns were switching from a regular ring shape to a more homogeneous shape at 1 mM. The patterns were completely homogeneous and contained NaCl crystals at 0.1 M. In CRE in the air system (cf Part B Figure V.14), we have seen that the transition between classical ring shape pattern and a more homogeneous one occurs at around 10 mM. As diethyl ether is better than air at stabilising charged groups, we expect the partially screened colloids to be trapped the at liquid-liquid interface at lower salt concentrations than the same system in air. This explain why the beginning of the transition between ring-shaped patterns occurs at a lower concentration in a liquid-liquid system (1 mM) than in the CRE in air (10 mM).

Theoretically, increasing salt concentration in a solution should decrease its interfacial energy. So we expect to have a better emulsion with a high salt concentration, and thus smaller drops. It is not what we get, as we observe larger drops for high NaCl concentrations ([NaCl] = {10 3 ,10 4 ,10 5 } µM) than drop size of low NaCl concentrations ([NaCl] = {10 0 ,10 1 ,10 3 } µM). So we can assume that the drops are recombining a lot during their sedimentation in the vial before depositing on the substrate.

Finally, it is the first time that the influence of salts is studied in LLCR and these first results agree with classical interpretations for the CRE in air. In the following, we have studied the influence of pH in LLCR systems.

VIII.3.3 pH

Influence of pH on CRE in air is well-known in the literature as we have already seen it (cf Chapter 5 / Figure V.15). Introducing acids or bases to colloids with a pH-dependent surface affects the particle charge. In general, the neutralization of the particle charge surface leads to particle adsorption at the liquid-gas interface and formation of homogenous patterns. In this subsection, we used HCl as an acid and NaOH as a base in different concentrations in our LLCR system. The pH of the resulting aqueous phase was estimated from the acid and base quantities introduced (Table VIII [START_REF] Baigl | Photo-actuation of liquids for light-driven microfluidics: State of the art and perspectives[END_REF]. We observed different type of patterns depending of the pH values. Exactly as in the air CRE system, low pHs (pH = {1,2,3}) conduce to a homogeneous deposit as a high concentration in acid, acting here as a salt, leads to the screening of the colloids charges. Similarly, patterns are homogeneous at high pHs (pH = {11,12,13}) in a similar way as in the air CRE system. At a very high pH (pH = 13), we see a destabilisation of the system and the appearing of a huge diversity of small drops linked to each others by small particle lines. As an increasing salt concentration into an aqueous solution decreases its surface tension, we expect to have a better emulsion with smaller drops at high pH, which agrees with observations. However, as these patterns are the only ones of this kind, we suspect an other phenomenon to happen specifically to NaOH: the partial dissolution of silica colloids. An other interesting range is at mildly low pHs (around 6). Indeed, mild acidic conditions lead to neutralisation of silica particles that can be trapped at the liquid-gas interface in air CRE system (pKa ( silanol) ˜6). It leads to homogeneous patterns. In LLCR system (Figure VIII.11), we also observe a homogeneous pattern at pH = 6 which agrees with observations in air CRE system. It is the first time that this effect is described in an LLCR system and it agrees with classical interpretations. In the following, we study the role of surfactants in LLCR system.

VIII.3.4 Surfactants

The influence of surfactants on CRE has been widely studied in the literature [START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF] and during this PhD (cf Chapter 4, 5 and 7). Let's consider an aqueous solution of negatively charged particles. If we introduce a sufficient amount positively charged surfactants, surfactants can electrostatically adsorb on the colloid surface thus both neutralizing particles and rendering them hydrophobic making them prone to adsorb at the liquid-gas interface. In an air CRE system, it corresponds to the formation of a homogeneous pattern. With a further increase in surfactant concentration, a bi-to multi-layer assembly of surfactants can form on the particle surface, leading to an overcharging of the particles that become positively charged and hydrophilic again. In this situation, colloids are not trapped anymore at liquid-gas interface and a ring-shaped pattern is formed in air CRE system. The aim of this subsection is to see if this behaviour can be observed in LLCR systems.

Patterns have been formed in usual LLCR conditions with a various DTAB (dodecyl trimethyl ammonium bromide, CAS 1119-94-4, Sigma Aldrich, purity > 98 %, used without further purification) concentration (Figure VIII.12). We observed a transition from a ring shape patterns at low surfactants concentrations ([DTAB] = {0,1,10} µm) to a homogeneous shape at [DTAB] = 100 µm. This observation agrees with the transition DTAB concentration observed in literature in air CRE system between 0.025 and 0.25 mM. [START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF] Thus the behaviour of colloids is probably the same in the two systems and it is the first time that influence of surfactants is described in LLCR system. However, at high DTAB concentrations ([DTAB] = {1000,9000} µM), we observed small dark patterns. It does not agree with the usual behaviour in a water-air system where patterns are ring-shaped. The difference may be due to the fact that a high surfactant concentration allows for a much better emulsion during shaking phase of LLCR process. Therefore we obtained many small patterns and it is difficult to conclude about their shape under transmission microscopy.

To go further, we note at [DTAB] = 100 µM that the patterns seemed to be "folded". That may be due to the fact that colloids were trapped early during water transfer process into diethyl ether and it formed a large particle layer. But after complete water transfer, the available area was smaller than the original one and so the particle layer may "fold". This interpretation could be confirmed with scanning electron microscopy analysis (SEM).

Partial conclusion

In this section, we have observed that many well-known behaviours that occur in air CRE also occur in LLCR system. It is the case for the influence of proteins, salts, pH and surfactants. This open perspectives for controlling interfacial effects in that system. In the following section, we describe an example of interfacial activation in LLCR. 

VIII.4 Activation of interface in liquid liquid coffee ring system

In this section, we describe an experiment where interfacial properties were controlled during LLCR. The system consisted in a classical LLCR where the aqueous phase contains F 6 TAB at 100 µM and 1.8 % oxidation rate and silica colloids (Figure VIII.14 -A). Molecule F 6 TAB is a redox sensitive surfactant existing on two forms: reduced form F 6 TAB + with a low CMC, and oxidised form F 6 TAB 2+ with a higher CMC (see cf Chapter 4 for details).

Diethyl ether has been submitted to a special treatment. In the control case, the solvent has been mixed vigorously with a 100 mM aqueous solution of crown ether 18-Crown-6 (also called 1,4,7,10,13,16-Hexaoxacyclooctadecane or 18C6, CAS 17455-13-9, Sigma Aldrich, purity > 99 % used without further purifications). Then, diethyl ether was separated and dried with an excess of MgSO 4 . At the end of the process, we got dry diethyl ether containing some 18-Crown-6. In so called ?pink? ether sample, we followed exactly the same process for diethyl ether treatment except that the aqueous solution in contact with it at the beginning contained KMnO 4 at 100 mM in addition to 18C6 at 100 mM (Figure VIII.14 -A).

Then we followed LLCR with this system and we got some patterns ( For the experiment with "pink ether", we observed large homogeneous patterns (Figure VIII.14 -B -Bottom line). They were similar to patterns obtained in air CRE with 100 µM of oxidised F 6 TAB 2+ . So we can assume that F 6 TAB + has been converted in F 6 TAB 2+ with 18C6 and KMnO 4 following a phase transfer from ether to the water phase (Figure VIII.13). Crown ether is soluble in both diethyl ether and water. It is also chelating potassium cation and then it can thus transport potassium's counter ion, MnO - 4 , into the water phase. Therefore, the manganese oxide could oxidise the redox sensitive surfactant present in the water phase. Oxidised F 6 TAB 2+ is more charged than F 6 TAB + and it can neutralise colloidal interface more efficiently. Thus we obtain a homogeneous pattern. It is the first experimental modification of CRE using a liquid-liquid interface. A) Scheme of the system. A 10 µL aqueous silica colloids of 560 nm diameter solution at 5 mg mL -1 also containing 100 µM of F 6 TAB + at 1.8 % oxidation rate is used to generate drops in 8 mL of diethyl ether previously dried with MgSO 4 . For the "Control" system, diethyl ether has been previously charged with 18C6 by mixing vigorously with a 1 mM mother solution of 18C6. For the "Pink ether" system, diethyl ether have been previously charged with 18C6 and KMnO 4 by mixing vigorously with a 100 mM mother solution of 18C6 also containing 100 mM of KMnO 4 . B) Pictures of the resulting patterns for both systems after drying. Scale bar is 500 µm.

VIII.5 Conclusion

LLCR is a new and very promising system. Indeed, it works into organic solvents that are less sensitive to humidity rate and air flows. In this chapter, we have challenged the known procedure [START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF] and optimised some parameters including hydration rate into organic solvent, organic solvent itself, shaking force or colloidal concentration. Then, we have shown that CRE classical phenomena in air are also happening into LLCR system. The influence of surfactants, proteins or salts are recapitulated in a remarkably analogous manner to the CRE in air. All these results greatly expand our control of this new liquid-liquid coffeering format. It also confirms many effects known in the CRE in air, thus contributing to a better and more robust knowledge of the role of the many parameters involved in controlling particle deposition from pinned sessile drops, evaporating in a gas phase or dissolving into an another liquid phase. Finally, we have shown with a phase transfer reaction that it was possible to control the coffee ring effect through an interfacial reaction involving the transfer of molecules from a liquid to another liquid phase. It opens great perspectives for new application of the coffee-ring effect, including the control of particle patterning on a surface in a liquid phase or improving low-cost diagnostics protocol by using an outer liquid phase of controlled composition instead of atmospheric air where current flows and variations in humidity make CRE in air very difficult to be reproduced.

• Counter electrode (CE) A 1 mm diameter platinum wire inside a cell full of electrolyte solution (a flittered glass part is on the cell's bottom to ensure conductivity).

In this system, the potential is measured between the working electrode and the reference electrode, while the current is measured between the working electrode and the counter electrode. It functions by maintaining the potential of the working electrode at a constant level (using reference electrode as the reference potential) by adjusting the current at an auxiliary electrode. The presence of an electrolyte is crucial to assure the solution conductivity. Here we used, Li 2 SO 4 at 100 mM as it doesn't risk to oxidise or reduce at the counter electrode in the conditions of our experiment (contrary to NaCl for instance). Potential is varying in the range {-0.25 V, +0.4 V} by 0.02 V step and at a scan rate of 10mV s -1 .

A.1.2 Principle

Cyclic voltammetry is a type of potentiodynamic electrochemical measurement. The working electrode potential is ramped linearly versus time on a typical range of several Volts. After the set potential is reached, the working electrode's potential is ramped in the opposite direction to return to the initial potential. The current at the working electrode is plotted versus the applied voltage (working electrode's potential) to give the cyclic voltammogram trace.

In the experiment, the electrode potential ramps linearly versus time in cyclical phases. Data are plotted as current (i) versus applied potential (E). In our system, for a solution of mainly reduced surfactant, the scan starts at -0.25 V and increases to + 0.4 V. During this initial phase, the surfactant is oxidising. The current is reaching a constant positive value proportional to reduced surfactant concentration. Then, potential is decreasing from + 0.4 V to -0.25 V. During this second phase, the surfactant reduces. The current is reaching a constant negative value proportional to oxidised surfactant concentration. The following point is working only because ferrocenyl surfactants are a reversible redox couple.

The positive plateau current observed during oxidation phase, I + , is linked to the reduced surfactant concentration c + by the following relation:

I + = 4nF rD + c +
with n the number of exchanged electrons, r the ray of electrode (m), D + the diffusive coefficient of reduced surfactant (m 2 s -1 ) and F the Faraday number.

Similarly the negative plateau current observed during oxidation phase, I -, is linked to the oxidised surfactant concentration c 2+ by the following relation:

I -= 4nF rD 2+ c 2+
with n the number of exchanged electrons, r the ray of electrode (m), D 2+ the diffusive coefficient of reduced surfactant (m 2 s -1 ) and F the Faraday number.

The technique is used to record the quantity of reduced or oxidised species but also the reductive and oxidative potential. 

A.2 Chronoamperometry

A.2.1 Experimental setup

Setup of an chronoamperometry experiment is presented on Figure A.2. It is very similar to the one used in a cyclic voltarommetry experiment expected for two points. First, the working electrode is now a centimetre large dense net of platinum wire (to increase surface area for reaction). Second, we ensure a very strong magnetic stirring in the flask.

Chronoamperometry is performed at reductive or oxidative potential of our redox sensible molecule and current is recorded in time for 1 hour at 0.5 s step.

A.2.2 Principle

Chronoamperometry is an electrochemical technique in which the potential of the working electrode is stepped and the resulting current from faradaic processes occurring at the electrode (caused by the potential step) is monitored as a function of time. The functional relationship between current response and time is measured after applying a single or double potential step to the working electrode of the electrochemical system. However, chronoamperometry generates high charging currents, which decay exponentially with time as any RC circuit.

One of the applications of chronoamperometry is controlled-potential (bulk) electrolysis, which is also known as potentiostatic coulometry. During this process, a constant potential is applied to the working electrode and current is monitored over time. The analyte in one oxidation state will be oxidized or reduced to another oxidation state. The current will decrease to the base line (approaching zero) as the analyte is consumed. This process shows the total charge (in coulomb) that flows in the reaction. Total charge (n value) is calculated by integration of area under the current plot and the application of Faraday's law. 

dφ ds = 1 R 1 = 2 R 0 - sin φ x ± ∆ρgz γ .
Tensiometer software is fitting these parameters to extract γ value.

B.1.2 Experimental device

Kruss tensiometer was used. A camera recorded drop shape by filming it in front of a powerful lamp. Usually a 5 µL drop is generated in environmental conditions. The system is left untouched during 5 minutes for stabilisation. Temperature and humidity rates can vary a lot depending on the season and on air conditioning condition going from 15 o C in winter to 30 o C in summer. Drop shape is recorded usually for 10 minutes at 1 frame per second. Movies are analysed with software DSA4 from Krüss and interfacial tension is recorded in time. After manually removing parts of the data corresponding to strange movements of the drop (if somebody is opening or closing the door, the drop is shaking violently) or stabilisation regime, mean and standard deviation is extracted from remaining interfacial energy value. It is the value that will be used in results.

B.2 Contact angle measurement B.2.1 Definition

The contact angle is the angle, conventionally measured through the liquid, where a liquid-vapor interface meets a solid surface. It quantifies the wettability of a solid surface by a liquid via the Young equation. Calculation of weight magnetic susceptibility is made from a simple equation:

χ g = C l(R -R 0 ) m10 9
with C the calibration constant of the balance equal to 1123 here, l the length of the sample, m the mass of the sample, R the value read for the sample and R 0 the value read for empty tube.

For the empty standard tube, the value R 0 is equal to -034 and the mass is equal to 818 mg.

Chapter D used in CRE experiments was too high to get reliable measurements, we used a final concentration of 0.4 mg • mL -1 , which was ten times less than in CRE experiments. Final solution was agitated 30 s before measurement. The volume of the sample was 850 µL. Experiments were conducted at room temperature (25 ± 1 0 C). Each point represents 3 measurements and each of them is a mean from 10 to 50 measurements.

D.3 Calibration experiment

In this experiment, we tried to quantify the effect of working at 0.4 mg 

Appendix E Scanning electron microscopy E.0.1 Definition

A scanning electron microscope (SEM) is a type of electron microscope which produces images of a sample by scanning the surface with a focused beam of electrons. The electrons interact with the atoms of the sample, producing various signals that contain information about the surface topography and composition of the sample. The electron beam is scanned in a raster scan pattern, and the position of the beam is combined with the intensity of the detected signal to produce an image. In the most common SEM mode, secondary electrons emitted by atoms excited by the electron beam are detected using a secondary electron detector. The number of secondary electrons that can be detected, and thus the signal intensity, depends, among other things, on specimen topography. Some SEMs can achieve resolutions better than 1 nanometer.

Some SEM possess an energy-dispersive X-ray (EDX) mode. It is an analytical technique originally used for the elemental analysis or chemical characterisation of a sample. It relies on an interaction of characteristic X-rays and a sample. To stimulate the emission of characteristic X-rays from a specimen, a beam of electrons is focused into the sample being studied. At rest, an atom within the sample contains ground state (or unexcited) electrons in discrete energy levels or electron shells bound to the nucleus. The incident beam may excite an electron in an inner shell, ejecting it from the shell while creating an electron hole where the electron was. An electron from an outer, higher-energy shell then fills the hole, and the difference in energy between the higher-energy shell and the lower energy shell may be released in the form of an X-ray. The X-ray wavelength is then detected using a silicon drift detector (SDD). As the energies of the X-rays are characteristic of the difference in energy between the two shells and of the atomic structure of the emitting element, EDX allows the elemental composition of the specimen to be measured but in the case of SEM, it is only used as a complementary observation mode.

E.0.2 Experimental device

TM3030 Hitachi SEM microscope was used in all experiments. Patterns were usually deposited on small disk shape cover-slips (Menzel-Glaser, 1.5 cm diameter) in normal conditions in order to fit inside the vacuum chamber. They were covered with pure silver with sput-tering system at 125 mA during 60 s. They were observed in the SEM chamber on a flat support with EDX or 15 kV mode. Pictures were taken with the highest resolution possible with the device (usually around 500 nm). It happened regularly that the electron flux wasn't stable. After checking that the electron source was working well, it happened that I had to load my sample again so that the electron flux worked well again.

Conclusion

Despite its apparent simplicity and familial character, the coffee-ring effect remains poorly understood, difficult to anticipate or control because the phenomena involved are complex, non-stationary and multi-scale. In this thesis we have explored original ways (a new redox stimulus, unexplored amphiphilic particles, an original liquid-liquid format) to better understand or control it, with a particular emphasis on the role of particles at fluid interfaces in this phenomenon.

In the first Chapter of the thesis, we have given a definition and a context around the coffee ring effect. We have explained that this effect can only work with a drop anchored on a substrate that is neither too hydrophilic nor too hydrophobic. Then, we have described the different parameters involved in the drying of a drop such as temperature and humidity rate. We have shown that the coffee-ring effect depends both on flows and interactions occurring a drying sessile drops and we have presented some of the main strategies that have been developed until now to control it. We have concluded that surfactants appear as a particularly suitable additive for such a purpose.

In the second Chapter, we have thus proposed a short summary of the methods for controlling the coffee-ring effect with surfactants. With their ability to perturb interfacial properties, especially surface flows and particle interactions at and with interfaces, we have explained how they can affect, even at a low concentration, the coffee-ring effect. We came to the conclusion that surfactants are powerful entities to control the coffee-ring effect but there was a remaining fundamental question about the respective contribution of hydrophobic versus electrostatic effects in such a control. Moreover, although stimulus-responsive surfactant are ideal platforms to externally control the coffee-ring effect, only photosensitive surfactants have been explored so far. This led us to consider for the first time the use of resox-sensitive surfactants to control the coffee-ring effect and thus the particle deposition from a drying sessile drop.

In the third Chapter, we have thus presented the main redox-surfactants surfactants known in literature and shown that the major family is constituted by surfactants containing a ferrocene group. After describing the historical synthesis, structure and properties of ferrocene, we have seen that many ferrocenyl derivative surfactants have been synthesised. They have been used for diverse applications, from the control of interfacial properties to drug delivery. However, these molecules have never been used in the coffee ring effect. Yet, as explained in the previous chapter, the effect is strongly driven by interfacial energy. Thus, it is theoretically possible to control the coffee ring effect with redox stimulus by using these surfactants. In the following chapter, we have described the synthesis and properties of ferrocenyl derivatives surfactants made during the PhD. Some interfacial control applications have also been presented.

In the fourth Chapter, we have described the complete synthesis of three ferrocenyl surfactants with procedures improved from the literature: (6-ferrocenylhexyl) trimethyl ammonium bromide (F 6 TAB), (11-ferrocenylundecyl) trimethyl ammonium bromide (F 11 TAB) and (11-ferrocenyl hex-10-one) trimethyl ammonium bromide (F 11 OTAB). Then, we have studied the physical and chemical properties of these molecules. Electrochemical properties have revealed that these molecules exist in two forms, a reduced and an oxidised one. We have seen that the reductive oxidative potential is the same for all surfactants as it is the ferrocenyl group that controls this redox activity. UV-visible spectrophotometry has also been studied in order to be able to quantify molecular concentration and oxidation rate. In particular, we have seen that using the molar attenuation coefficient of oxidised surfactants at 627 nm is a quantitative method. We have studied different chemical oxidation reactions: with air, hydrogen peroxyde and iron (III). We have concluded that air oxidation of redox sensitive surfactants is not relevant in interfacial control applications. Also, chemical oxidation with iron (III) is fast and quantitative. Detailed tensiometry studies have been conducted and showed different behaviours and CMC for surfactants depending on their redox state. Magnetic susceptibility has been measured on synthesised surfactants as it could be interesting for magnetic control of interfacial phenomena. In particular, F 6 TAB + has been identified as a rare example of paramagnetic surfactant. Finally, some interfacial applications have been described using the synthesised ferrocenyl surfactants. Firstly, we have tried to control interfacial properties with magnetic actuation without success. Secondly, electrochemical Marangoni generation was attempted without success. Finally, we could achieve a self-propelled drop system on glass powered with F 11 TAB + , opening interesting perspectives for redox manipulation of drops for transport and/or sensing. We then exploited these redox sensitive surfactants to explore their effects on the coffee-ring effect. It is a completely new field and many aspects have to be explored.

In the fifth Chapter, we have reported for the first time the use of a redox stimulus to cancel the coffee-ring effect or harness it, leading to a robust and tunable control of particle deposition in drying sessile drops. We have achieved it by implementing the previously synthesised surfactants in drying drops containing anionic colloids. We have varied surfactant hydrophobicity, concentration and redox state not only to control the overall distribution of deposited particles, but also to modify the microscopic organization of particles inside the deposit. Notably, all other parameters being fixed, this method has allowed the adjustment of the deposited particle patterns, from polycrystalline rings to uniform disks, as a function of the oxidation rate. We have shown that the redox control can be achieved either chemically by addition of oxidants, or electrochemically by applying a potential for additive-free and reversible actuation in a closed system. This correlation between the redox state and the particle pattern opens perspectives for both redox-programmable particle patterning and original diagnostic applications based on the visual determination of the redox state. It also contributes to clarifying the role of surfactant charge and its amphiphilic character in directing particle deposition from drying suspensions.

In all previous chapters, we have emphasized the role of surfactants to control the coffeering effect via the adsorption of particles at the liquid-gas interface. In the sixth Chapter, to isolate the role of particle adsorption from that of surfactants, we have made and used intrinsically amphiphilic so-called "Janus" particles to study the role of particle adsorption at the liquid-gas interface in the absence of surfactants. We have found that the amphiphilic character of Janus particles is enough to induce accumulation of particles at the liquid-gas interface and cancellation of the coffee-ring effect. This behaviour has been exploited to control the distribution of different types of particles mixed in the same drying drop: Janus particles are uniformly distributed in the resulting deposit while hydrophilic particles are concentrated on the edges. This results in novel hybrid ring-disk patterns and opens perspective to programmable particle patterning encoded in the properties of individual particles.

In the previous Chapters, cancelling the coffee-ring effects resulted in mainly uniform but amorphous disks. In the seventh Chapter, we have studied whether ordered arrays could be obtained. Interestingly, we have identified conditions where we could observed for the first time colloidal crystal formation at the liquid-gas interface in a pinned drying drop. This was achieved with anionic colloids in the presence of a specific and very low concentration of cationic surfactants. We have explained this effect due to the local accumulation of surfactants decreasing the electrostatic adsorption barrier at the negatively charged liquid-gas interface, allowing like-charged colloids to adsorb without neutralizing them, leading to their self-confinement and crystallization. As the crystallisation seems to be universal, it may be a useful method to generate colloidal crystals with simple systems containing a very low concentration of surfactants. Finally, as colloidal crystallisation can be induced with redoxsensitive and photo-sensitive surfactants, it opens great perspectives for controlling colloidal crystallisation in evaporating drops with redox and light stimuli.

In the final Chapter, we have studied in detail the new and promising liquid-liquid coffeering system. Indeed, it works inside organic solvents that are less sensitive to humidity rate and air flows. We have challenged the known procedure [START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF] and optimised some parameters including hydratation rate into organic solvent, shaking force or colloidal concentration. Then, we have shown that most of the key characteristics of the coffee-ring effect in air (influence of surfactants proteins or salts) are recapitulated in the liquid-liquid format. Finally, we have shown with a phase transfer reaction that it is possible to control the coffee ring effect in liquid through a modified organic phase. It opens great perspectives for development of particle patterning in liquid as well as more efficient diagnosis methods based on the liquid-liquid coffee-ring effect.

Résumé en français Introduction

Lorsqu'une goutte sèche sur une surface solide sur laquelle elle est ancrée, ses composés non volatiles (particules, par exemple) s'accumulent sur ses bords pour former, après évaporation complète de la goutte, un dépôt en forme d'anneau. Ce phénomène, universel et omniprésent dans la vie quotidienne, est appelé l'effet « tache de café » (ETC) et a été pour la première fois étudié en 1997. [START_REF] Deegan | Capillary flow as the cause of ring stains from dried liquid drops[END_REF] Cet effet est souvent vu comme un obstacle dans de nombreux domaines nécessitant la réalisation de dépôts homogènes, allant de l'industrie (impression à jet d'encre, dépôt de couches minces) aux biotechnologies (puces à ADN). Par conséquent, un très grand nombre d'études ont été réalisées afin de comprendre, d'annuler ou de contrôler l'effet tache de café. [START_REF] Still | Surfactant-induced Marangoni eddies alter the coffee-rings of evaporating colloidal drops[END_REF][START_REF] Talbot | Control of the particle distribution in inkjet printing through an evaporation-driven sol-gel transition[END_REF] Notre laboratoire a eu une contribution essentielle en mettant en évidence le rôle des interactions, en particulier à l'interface liquide/air, de la goutte en évaporation. [START_REF] Anyfantakis | Manipulating the Coffee-Ring Effect: Interactions at Work[END_REF][START_REF] Anyfantakis | Modulation of the coffee-ring effect in particle/surfactant mixtures: The importance of particle-interface interactions[END_REF] Par ailleurs, si l'effet tache de café a été essentiellement envisagé comme un obstacle à l'obtention de dépôts homogènes, on peut aussi le considérer comme un outil à exploiter. Notre laboratoire a fourni des contributions pionnières à cette approche : d'une part, en utilisant des tensioactifs stimulables pour contrôler dynamiquement le dépôt des particules [START_REF] Anyfantakis | Dynamic photocontrol of the coffee-ring effect with optically tunable particle stickiness[END_REF][START_REF] Varanakkottu | Light-Directed Particle Patterning by Evaporative Optical Marangoni Assembly[END_REF] et, d'autre part, en exploitant cet effet comme un outil de diagnostic à bas coût, notamment pour détecter des mutations pathogènes de protéines à partir de motifs de séchage de gouttes. [START_REF] Devineau | Protein Adsorption and Reorganization on Nanoparticles Probed by the Coffee-Ring Effect: Application to Single Point Mutation Detection[END_REF] Pourtant, et en dépit de son apparente simplicité, l'effet tache de café reste encore aujourd'hui mal compris, difficile à anticiper ou à contrôler car les phénomènes en jeu sont complexes, non-stationnaires et multi-échelles. En explorant des pistes originales (nouveaux stimuli, nouveaux types de particules, nouveau format liquide/liquide) et en se focalisant sur le rôle mal documenté des particules aux interfaces fluides, cette thèse a pour objectif de contribuer à mieux comprendre l'effet tache de café et de révéler des méthodes originales pour l'annuler, le contrôler ou l'exploiter.

Partie A : Généralités sur l'effet tache de café Chapitre 1 : Définition de l'effet tache de café Dans cette première partie de bibliographie, une définition de l'effet tache de café est proposée. Nous voyons que cet effet ne peut fonctionner qu'avec une goutte ancrée sur un substrat ni trop hydrophile, ni trop hydrophobe. Puis les différents paramètres intervenant lors du séchage d'une goutte sont présentés et leur effet est décrit, tel que la température et le taux d'humidité. Enfin, les différentes stratégies qui ont été développées pour contrôler l'effet tache de café sont décrites. Ces stratégies comportent à la fois l'ajout d'additifs ou le contrôle de paramètres physiques.

Chapitre 2 : Contrôle de l'effet tache de café avec des tensioactifs

Dans cette deuxième partie de bibliographie, un petit résumé des méthodes de contrôle de l'effet tache de café avec des tensioactifs est proposé. D'abord, les tensioactifs sont définis comme des molécules amphiphiles, c'est à dire présentant une tête hydrophile et une queue hydrophobe. Nous expliquons comment les tensioactifs peuvent agir à très basse concentration sur les particules et nous définissons quelques propriétés importantes, comme la concentration micellaire critique. Enfin, il est important de noter que les tensioactifs peuvent interagir avec les particules en solution à la fois avec leurs propriétés électrostatiques (effets de charge) et leurs propriétés amphiphiles.

Les tensioactifs sont susceptibles de contrôler les interfaces à la fois à haute et à basse concentration. En particulier, si un tensioactif de charge opposée à celle des particules est introduit dans une concentration telle que toutes les charges à la surface du colloïde sont neutralisées, alors les particules sont entourées d'une couronne de queues de tensioactifs hydrophobes. Elles deviennent hydrophobes et sont piégées à l'interface liquide-gaz (Figure E.2).

Cet effet a été exploité par de nombreuses études afin de contrôler l'effet tache de café avec des tensioactifs sensibles à différents stimuli, comme des tensioactifs photo-sensibles, par exemple. Dans la suite de la thèse, nous décrivons comment il est possible de contrôler l'effet tache de café en utilisant un tensioactif redox-sensible. Dans ce premier chapitre, l'histoire de la découverte du ferrocène est rappelée et ses propriétés sont décrites. Puis les différents type de tensioactifs contenant un groupe ferrocène sont classés et leurs applications sont décrites.

Chapitre 4 : Synthèse et caractérisation de tensioactifs redox-sensibles

Des protocoles de synthèse des tensioactifs issus de la littérature [START_REF] Saji | Reversible formation and disruption of micelles by control of the redox state of the surfactant tail group[END_REF] ont été optimisés par un travail en collaboration avec le laboratoire de Laurence Grimaud à l'ENS. Les trois tensioactifs synthétisés sont obtenus sous leur forme réduite (Figure E.4). Ils ont ensuite été caractérisés par RMN, par voltammétrie cyclique en collaboration avec le laboratoire d'électrochimie de Laurent Thouin et enfin par tensiométrie.

Nous avons étudié plusieurs méthodes d'oxydation de ces tensioactifs. D'abord, l'oxydation par le dioxygène de l'air est une réaction très lente que nous pouvons négliger pour une expérience de séchage de goutte. Ensuite, le contrôle par électrochimie est une méthode prometteuse bien qu'elle nécessite la présence de grandes quantités de sels électrolytiques. Finalement, une oxydation chimique quantitative et rapide est possible en utilisant les ions Fe(III) du sel Fe 2 (SO 4 ) 3 suivant la réaction :

F n TAB + + Fe 3+ = F n TAB 2+ + Fe 2+
Dans la suite, l'effet de ces tensioactifs sur l'effet tache de café est exploré. 

Chapitre 7 : Crystallisation colloïdale dans une goutte en évaporation

Dans ce chapitre, nous avons observé pour la première fois la formation de cristaux colloïdaux à l'interface liquide-gaz dans une goutte qui s'évapore. Cet effet peut être expliqué par le fait que les tensioactifs chargés positivement peuvent d'abord neutraliser l'interface liquide-gaz légèrement chargée négativement, puis la surface colloïdale chargée négativement. Cet effet apporte donc la preuve d'une légère charge négative dans le débat sur la charge de l'interface liquide-gaz. De plus, comme la cristallisation semble être universelle, elle peut être une méthode utile pour générer des cristaux colloïdaux avec des systèmes simples contenant une très faible concentration de surfactants. Enfin, comme la cristallisation colloïdale peut être induite avec des tensioactifs sensibles au redox et photosensibles, cela ouvre de grandes perspectives pour contrôler la cristallisation colloïdale dans les gouttes d'évaporation avec des stimuli redox ou lumineux. 

Chapitre 8 : Effet tache de café en système liquide-liquide

Le système liquide-liquide, récemment développé au laboratoire, [START_REF] Poulichet | Liquid-liquid coffee-ring effect[END_REF] est original dans le sens où une phase organique remplace l'air et l'évaporation est remplacée par une diffusion de l'eau dans la phase organique en excès. J'ai ainsi exploré comment exploiter la réactivité dans la phase externe organique et à l'interface liquide/liquide pour moduler les dépôts, notamment en utilisant un réactif oxydant uniquement soluble en phase organique. Il s'agit

Conclusion

Au cours de cette thèse, différents résultats originaux et prometteurs ont été présentés et expliqués autour de l'effet tache de café. D'abord, des chapitres de bibliographie permettent de contextualiser les problématiques autour de l'effet tache de café et d'en donner une définition. Les différentes méthodes de contrôle de cet effet actuellement existantes ont été décrites, en particulier celles impliquant l'utilisation de tensioactifs.

Ensuite, nous avons effectué la synthèse et la caractérisation de trois tensioactifs redoxsensibles que nous avons utilisés ensuite pour mieux comprendre et contrôler l'effet tache de café. Ces expériences nous ont permis de comprendre l'effet important des charges dans le contrôle de ce phénomène notamment vis-à-vis des propriétés tensioactives. Il s'agit d'une contribution importante pour la compréhension fondamentale du phénomène. C'est aussi la toute première fois que l'effet tache de café est contrôlé par un stimulus redox, ce qui ouvre des perspectives passionnantes pour la création de méthodes de diagnostic à bas coût de l'état d'oxydation d'un matériau.

Enfin, trois systèmes prometteurs ont été étudiés. Les particules Janus amphiphiles ont permis la création de dépôts homogènes par séchage de gouttes, pour la première fois en l'absence de tensioactifs. Nous avons également montré qu'il était possible de séparer des particules de même diamètre en utilisant ce phénomène. Ceci répond à une problématique industrielle de séparation de particules, extrêmement répandue et complexe. Par ailleurs, nous avons décrit pour la première fois l'existence de cristaux colloïdaux dans des gouttes en évaporation. L'obtention de cristaux colloïdaux étant aujourd'hui très recherchée pour de nombreuses applications, ce système apparait comme une solution prometteuse. Enfin, de nombreux résultats connus sur l'effet tache de café classique ont été généralisés à l'effet tache de café en système liquide-liquide. Ceci ouvre des perspectives intéressantes pour la création de méthodes de diagnostic se passant du paramètre de taux d'humidité.
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 5 AB : acid base • AzoTAB : ethyl ether azobenzene-4'-(oxy-2-hydroxypropyl) trimethylammonium bromide • BSA : bovine Serum Albumine • CAH : contact angle hysteresis • CE : counter electrode • CMC : critical micelle concentration • C - p : cyclopentadienyl ligand or C 5 H - CRE : coffee-ring effect • C 12 TAB : dodecyl trimethyl ammonium bromide • C 16 TAB : hexadecyl trimethyl ammonium bromide • DCE : dichloroethane • DE : diethyl ether • DMF : dimethyl formamide • DTAB : dodecyl trimethyl ammonium bromide • F n TAB + : reduced form of F n TAB with n = {6,11} • F n TAB 2+ : oxidised form of F n TAB with n = {6,11} • F 6 TAB : (6-ferrocenylhexyl) trimethyl ammonium bromide • F 11 TAB : (11-ferrocenylundecyl) trimethyl ammonium bromide • F 11 OTAB : (11-ferrocenyl hex-10-one) trimethyl ammonium bromide • IR : infrared • LLCR : liquid-liquid coffee-ring effect • NMR : nuclear magnetic resonance • PE : petroleum ether • PS : polystyrene x

Fig. I. 2

 2 Fig. I.2 Mechanism of outward flow during evaporation. A-B) An increment of evaporation viewed in cross-section. A) The result of evaporation without flow: the droplet shrinks. B) The compensating flow needed to keep the contact line fixed. C) Definition of the quantities responsible for flow. Vapour leaves at a rate per unit area J(r). The removed liquid contracts the height h(r) vertically, vacating the vertically striped region in a short time δt. The volume of this striped region is equal to the volume removed by J. But in the shaded annular region the heavy-striped volume is smaller than the volume removed by J there (heavy arrows). Thus liquid flows outwards to supply the deficit volume: fluid at r sweeps out the horizontally striped region in time δt. Its volume is the deficit volume; its depth-averaged speed is v(r).

Fig. I. 3

 3 Fig. I.3 Interpretation of the CRE with thermal Marangoni. A) When the ratio of substrate and liquid thermal conductivities (k R ) is below 1.45, the edge of the droplet is the coldest. A thermal Marangoni current (dark blue arrows) appears and brings the particles to the contact line where they accumulate. B) When the ratio of substrate and liquid thermal conductivities (k R ) is below 1.45 the edge of the droplet is the warmest. A thermal Marangoni current (dark blue arrows) appears and brings the particles to the center of the drop where they accumulate.

Fig. I. 4 A

 4 Fig. I.4 A-D) SEM images of the aggregates formed from silica particles with a diameter 0.57 µm (A), 0.9 µm (B), 1.49 µm (C) and 2.34 µm (D). E) Bond order parameter (BOP) corresponding to all the four aggregates (A-D) plotted as a function of the size of the particles.[START_REF] Das | Suppression of the coffee-ring effect and evaporation-driven disorder to order transition in colloidal droplets[END_REF] 

. I. 5

 5 Fig. I.5 The suppressed coffee ring effect with increasing evaporation rate. A) Images (left) and morphology profiles (right) of the final deposition by drying at room temperature (top, T = 25 o C) and high temperature (bottom, T = 75 o C)with constant humidity (50%). Most of the particles deposit at the drop edge forming ring-like pattern when drying at slow evaporation rate. In contrast, a uniform deposition is obtained when drying at a higher temperature. B) The cross section area proportion ( S S total ) of ring region decreases as that of the center region arises when the evaporation temperature rises, indicating the gradually suppression of the coffee-ring effect. The scale bar is 0.5 mm.[START_REF] Li | Rate-dependent interface capture beyond the coffee-ring effect[END_REF] 

6

 6 Fig. I.6 The CRE on superhydrophobic surfaces.[103] A) A droplet can stay on top of the micropillars (Cassie state) or fill in between the pillars (Wenzel state). B) Evaporation of a colloidal droplet on superhydrophobic surface produced a spherical particle conglomerate.[108] C) SEM images of representative particulate deposits on the five different surfaces show the influence of surface morphology on deposit pattern. Surfaces SH-20 and SH-25 show Cassie deposits whereas SH-30, SH-45 and SH-65 show Wenzel deposits.[START_REF] Dicuangco | Effect of superhydrophobic surface morphology on evaporative deposition patterns[END_REF] 

  d covering an electrode (Figure I.7-A-D).

Fig. I. 7

 7 Fig. I.7 Electrowetting and CRE. A) Undisturbed evaporation. B) Evaporationunder alternate current inducing a spreading of the drop by electrowetting (150 V and 6 Hz). C-D) Cartoon of the surface profile after evaporation in the both cases. E) Typical deposits obtained with polystyrene (PS) particles.[START_REF] Mampallil | A review on suppression and utilization of the coffee-ring effect[END_REF][START_REF] Eral | Suppressing the coffee stain effect: How to control colloidal self-assembly in evaporating drops using electrowetting[END_REF] 

  [105, 112] Mampallil et al. demonstrated that CRE can be suppressed when the droplet is dried on a surface where SAW propagates (Figure I.8 -A).

Fig. I. 8

 8 Fig. I.8 Acoustics and CRE. A)A droplet is placed on a substrate called "superstrate", coupled to a piezoelectric device that generates surface acoustic waves. B) The particles do not reach to the contact line as they are trapped in the nodes of the standing capillary waves and pressure waves. Heavier silica particles get trapped in the pressure nodes near the superstrate surface. C) Evaporation of a droplet with dispersed PS particles of diameter 1 µm under SAW (frequency 10 MHz; power 30 dBm) produced spot-like residues. D) The range of frequencies and particle sizes at which a successful suppression is obtained. The filled circles indicate a successful suppression. At higher frequencies larger particles obstructed the receding contact line and produced coffee-rings.[START_REF] Mampallil | Acoustic suppression of the coffee-ring effect[END_REF] 

  (Figure I.10).

Fig. I. 9

 9 Fig. I.9 Marangoni flow and CRE. A) Particle deposition can be controlled by heating the surface of a colloidal droplet using a laser beam. The laser beam induced flow (yellow arrows) is in the opposite direction to the capillary flow (black arrows). The red dashed line indicates the droplet profile towards the end of the evaporation. B) The shape of the stain depended on the ratio of exposure time (t of f ) and the evaporation time (t f L ). C) Optical images of residues (0.5 µm PS particles) depending upon the ratio

Fig. I. 10

 10 Fig. I.10 Confocal microscope images of deposit patterns composed of the silica microspheres produced by ink-jet printing a single ink-jet droplet of water/formamide-based ink. The ink concentrations varied from 0.5 to 4 vol%.The substrate was a hydrophilic Si wafer.[START_REF] Park | Control of colloidal particle deposit patterns within picoliter droplets ejected by ink-jet printing[END_REF] 

Fig. II. 1

 1 Fig. II.1 Left: general structure of a surfactant. Right: four categories of surfactants depending on their hydrophilic head.

Fig. II. 2 A

 2 Fig. II.2 A)Free surfactant molecules in water. B) Formation of micelles: the hydrophobic tails assemble while the hydrophilic heads stays are exposed to the water phase. Hydrophobic molecules (e.g., oil) might be dissolved inside. C) Depending on the packing parameter, surfactants can also assemble in a bilayered fashion to form a membrane separating two water phases. In this example, the bilayer is closed on itself to form a vesicle. D) Adsorbed surfactants at the liquid-gas interface. Hydrophobic tails are exposed the gas while hydrophilic heads stay in the aqueous phase. E) Adsorption of a monolayer of surfactant at solid-liquid interface. F) Multilayered adsorption of surfactants at solid-liquid interface.

  For instance, Still et al. have shown that it is possible to cancel the CRE by adding a surfactant into the drying drop (Figure II.4 -A -B).[143] Lately, Varanakkottu et al. have induced localised Marangoni current to finely control the particles distribution inside a drying drop (Figure II.4 -

Fig

  Fig. II.4 A) Up : depositions from dried water drops containing 0.5 % wt polystyrene particles (diameter 1330 nm) and different concentrations of SDS. The drops were evaporated on a hydrophilic microscope slide; the initial drop volume was about 0.05 L, and the resulting deposition area was between 1 and 2 mm in diameter. Bottom : deposition profiles are shown under the corresponding pictures, averaged over 20 % of the depositions diameter. Note that the profile shows the inverted grey scale of the photographs, which is a useful relative measure of the deposition distribution in each picture but is not an absolute measure of the particle density.[143] B) Interpretation from Still et al. of the currents inside the drying drop.[143] Example of patterns obtained by Varanakkottu et al. with a photo-sensible surfactant and localised irradiations on the drying drop.[START_REF] Varanakkottu | Light-Directed Particle Patterning by Evaporative Optical Marangoni Assembly[END_REF] 

Fig. II. 5

 5 Fig. II.5The effect of surfactant-mediated particle liquid-gas interface interactions on the pattern morphology from evaporating drops of anionic particle-cationic surfactant mixtures.[4] A) At zero or low surfactant concentration, surfactants are not present in a concentration sufficient to induce interactions that modify the CRE. B) At intermediate surfactant concentrations, surfactant molecules adsorb on the particles which become neutral and hydrophobic. These particles go to the liquid-gas interface where they are not submitted to evaporation flows anymore and a diskshaped pattern is formed. At high surfactant concentrations, surfactant molecules form a bilayer at the surface of the particles, which become cationic and hydrophilic. The particles stay in the bulk where they are submitted to the outward convective flow and a ring-shaped pattern is formed again.

Fig. II. 6

 6 Fig. II.6 Type of patterns observed depending on surfactant hydrophobicity and surfactant concentration.

Fig. III. 1

 1 Fig. III.1 Structure of redox sensitive surfactants. Left, the main family made of ferrocenyl derivates. Right, selenium derivate that can only oxidise with hydrogen peroxyde.

  The structure of ferrocene was first proposed by Kealy et al. (Figure III.2 -A). It consists in an Iron (II) (two times positively charged) bonded to cyclopentadienyl substituents by one covalent bond. Another ferrocene structure was proposed and confirmed independently by three teams in the following months.

Fig. III. 2 A

 2 Fig. III.2 A) Original ferrocene structure proposed by Kealy et al.. B) Real ferrocene structure proposed and confirmed later by Wilkinson, Pfab, Dunitz et al.. C) Picture of pure solid ferrocene (mass around 1 g) at room temperature.

Fig. III. 4

 4 Fig. III.4 Examples of ferrocene reactions with electrophiles and subsequent chemistry.

PR 2 PR' 2 FeFig. III. 5

 225 Fig. III.5 Example of a chiral Josiphos ligand sructure.

Fig. III. 6

 6 Fig. III.6 Main families of ferrocene polymers according to Hudson.[77]

  Figure III.7 -A-B) • Surfactants with ferrocene close to the hydrophilic head (Figure III.7 -C-D)

b)

  Surfactants with ferrocene at the end of the hydrophobic tail (Figure III.7 -A-B) Surfactants with ferrocene at the end of the hydrophobic tail (Figure III.7 -A-B) can be separated into two categories: simple surfactants with ferrocene at the end of hydrophobic tail (Figure III.7 -A) and double-tail surfactants with ferrocene at the end of hydrophobic tail (Figure III.7 -B).

Fig. III. 7

 7 Fig. III.7 Classification of ferrocenyl derivative surfactants. Left (A-B) Surfactants with ferrocene at the end of the hydrophobic tail. A) Simple surfactants with ferrocene at the end of the hydrophobic tail. B) Double tail surfactants with ferrocene at the end of hydrophobic tail. There could be two hydrophilic heads (up) or only one (down). Right (C-D) Surfactants with ferrocene close to the hydrophilic head. C) Simple surfactants with ferrocene close to the hydrophobic head.Ferrocene could be placed away from the hydrophobic tail (up) or between the hydrophobic tail and the hydrophilic head (down). D) Double tail surfactants with ferrocene close to the hydrophobic head. There could be two hydrophilic heads (up) or only one (down).
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 9 c) Surfactants with ferrocene close to the hydrophilic head (Figure III.7 -C-D) Surfactants with ferrocene close to the hydrophilic head (Figure III.7 -C-D) can be separated into two categories. On the one hand, there are simple surfactants with the ferrocene group close to the hydrophobic head (Figure III.7 -C). The ferrocene can be either away from the hydrophobic tail (Figure III.7 -C up) or between the hydrophobic tail and the hydrophilic head (Figure III.7 -C down). On the other hand, there are double-tail surfactants with ferrocene close to the hydrophobic head (Figure III.7 -D), with two hydrophilic heads (Figure III.7 -D up) or only one (Figure III.7 -D down).

  Fig. III.8 A) Schema of micelles disruption with oxidation.[132] B) Schema of drug delivery with oxidation.[START_REF] Takeoka | Electrochemical control of drug release from redox-active micelles[END_REF] 

Fig. III. 9 A

 9 Fig. III.9 A) Schema of a vesicle (Wikipedia). B) Photography (76 500 magnification) of vesicles formed from ferrocenylmethyl 3-cholestanyl ether (c 6 ).

  Fig. III.10 A) SEM picture of thin films obtained with (a 3 ).[131] B) SEM picture of thin films obtained with (a 1).[START_REF] Saji | Formation of Organic Thin Films by Electrolysis of Surfactants with the Ferrocenyl Moiety[END_REF] 

  Figure III.11 -C).

Fig. III. 11

 11 Fig. III.11 A) Drawings representing possible conformations of ferrocenyl surfactants at the surface of aqueous solutions: reduced (top row) and oxidized (bottom row) states. (A) I + (a 1 ) reduced and I 2+ (a 1 ) oxidised (n = 8); (B) II + (a 1 ) reduced and II 2+ (a 1 ) oxidised (n = 11); (C) III + (a 1 ) reduced and III 2+ (a 1 ) oxidised (n = 15).[60] B) Equilibrium surface tension of aqueous solutions (0.1 M Li 2 SO 4 , pH 2.0, 25 o C) of various ferrocenyl surfactants as a function of their concentration. White disks: (a 1 ) reduced (n = 11). Black disks: (a 1 ) oxidised (n = 11). White triangles: dodecyl trimmethyl ammonium bromide.[59] C) Top view of interfacial flows on the surface of an aqueous solution of 0.1 mM (a 1 ) oxidised (n = 11) (0.1 M Li 2 SO 4 , pH 2.0) induced by the application of -0.3 V potential to a Pt working electrode (WE, 2 mm diameter cylinder) protruding from the surface of the solution. The surface of the solution was dusted with sulfur powder to allow the visualization of the interfacial flows. Panel a is a schematic illustration of the arrangement of the electrodes. The reference electrode (RE) was a saturated calomel electrode (SCE), and the counter electrode (CE) was a platinum flag. Panels (b)-(d) show the distribution of sulfur powder on the surface of the solution before application of the reducing potential (b) and 30 s (c) and 60 s (d) after application of the reducing potential to the WE.[START_REF] Bennett | Dispensing Surfactants from Electrodes: Marangoni Phenomenon at the Surface of Aqueous Solutions of (11-Ferrocenylundecyl)trimethylammonium Bromide[END_REF] 

  Fig. III.12 Schematic illustration of the sizes and structures of complexes formed by interactions between DNA and cationic surfactants. Changes in the sizes and structures ofDNA-surfactant complexes that occur with increasing surfactant concentration are shown in (a) through (c).

Fig. IV. 1

 1 Fig. IV.1 Synthesised ferrocenyl based surfactants.

Fig. IV. 2

 2 Fig. IV.2 Scheme of F 6 TAB synthesis

Fig. IV. 3

 3 Fig. IV.3 Scheme of F 11 TAB + synthesis

Fig. IV. 4

 4 Fig. IV.4 Scheme of FO 11 TAB + synthesis

Figure IV. 5 -Fig. IV. 5

 55 Fig. IV.5 Reduced (F n TAB + ) and oxidised (F n TAB 2+ ) forms of F n TAB. In order to determine the redox behaviour of F n TAB + , we needed first to measure the reductive oxidative potential of the molecule called E 0 . A classical cyclic voltammogram was performed for F n TAB + and F n TAB 2+ (Figure IV.6). Detailed procedure and principle of the technique are explained in Annex 1.

Fig. IV. 6

 6 Fig. IV.6 Voltammograms of F n TAB (n = {6,11}). Anodic current, I, is represented vertically while potential, E, is represented horizontally. A) Orange disks: Freshly dissolved 5 mM F 6 TAB + solution in 100 mM Li 2 SO 4 . A voltammogram was realised from -0.25 V to + 0.4 V and reverse. Dark blue squares: 5 mM F 6 TAB 2+ solution in 100 mM Li 2 SO 4 by 1 hour chronoamperometry at +0.35 V oxidative potential. Voltammogram was realised from + 0.4 V to -0.25 V and reverse. B) Orange disks: Freshly dissolved 2 mM F 11 TAB + solution in 100 mM Li 2 SO 4 . Voltammogram was realised from -0.25 V to + 0.4 V and reverse. Dark blue squares: 2 mM F 11 TAB 2+ solution in 100 mM Li 2 SO 4 by 1 hour chronoamperometry at +0.35 V oxidative potential. Voltammogram was realised from +0.4 V to -0.25 V and reverse.

Fig. IV. 7

 7 Fig. IV.7 Absorbance depending on wavelength for F 6 TAB, F 11 TAB and F 11 OTAB. A) 5 mM F 6 TAB aqueous solution in 100 mM of Li 2 SO 4 . Orange: F 6 TAB + solution was made by fresh dilution of synthesised solid. Dark blue: F 6 TAB 2+ solution was obtained after 2017 s of chronoamperometry at a potential of + 0.35 V (cf Annex 1). Its oxidation rate was determined to be 58.4 % by cyclic voltammetry. B) 2 mM F 11 TAB aqueous solution in 100 mM of Li 2 SO 4 . Orange: F 11 TAB + solution was made by fresh dilution of synthesised solid. Dark blue: F 11 TAB 2+ solution was obtained after 3600 s of chronoamperometry at a potential of + 0.35 V (cf Annex 1). Its oxidation rate was determined to be 80 % by cyclic voltammetry. C) F 11 OTAB + freshly made solution at 10.3 mM in water.

Fig. IV. 8

 8 Fig. IV.8 Oxidation rate of a freshly made 1 mM F 6 TAB + solution, ρ ox , as a function of time. The solution was kept in an open 5 mL vial container and pure water was regularly introduced to compensate evaporation.

Fig. IV. 9

 9 Fig. IV.9 Oxidation rate of a freshly made 1 mM F n T AB + solution with hydrogen peroxide in large excess (100 mM) as a function of time. t = 0 s corresponds to the addition of hydrogen peroxide. A) n = 6. B) n = 11.

Fig. IV. 10

 10 Fig. IV.10 Absorbance data for Fe 2 (SO 4 ) 3 and FeSO 4 . A) Absorbance depending of wavelengths for different Fe 2 (SO 4 ) 3 concentrations. B) Extracted absorbance by concentrations for Fe 2 (SO 4 ) 3 at 437 nm and 627 nm. C) Absorbance depending of wavelengths for different FeSO 4 concentrations. D) Extracted absorbance by concentrations for FeSO 4 at 437 nm and 627 nm.

FeSO 4

 4 generated by the oxidation reaction especially at 437 nm and 627 nm (Figure IV.10).

Fig. IV. 11

 11 Fig. IV.11 Oxidation rate of F n TAB + (n = {6,11}) oxidized with with iron (III) sulfate. A) Oxidation rate, ρ ox , of a 1 mM F 6 TAB + aqueous solution depending of added Fe 3+ concentration after 5 minutes. B) Oxidation rate, ρ ox , of a 1 mM F 11 TAB + aqueous solution depending of added Fe 3+ concentration after 5 minutes. C) Oxidation rate, ρ ox , of a 1 mM F 6 TAB + aqueous solution containing an equivalent quantity of Fe 3+ as a function of time. D) Oxidation rate, ρ ox , of a 1 mM F 11 TAB + aqueous solution containing an equivalent quantity of Fe 3+ as a function of time.

Fig. IV. 12

 12 Fig. IV.12 Tensiometry properties of F 6 TAB and F 11 TAB at 18.6 o C and 36 % relative humidity. A) Liquid-gas interfacial energy, Γ, depending of surfactant concentrations for F 6 TAB + and F 6 TAB 2+ . B) Liquid-gas interfacial energy, Γ, depending of surfactant concentrations for F 11 TAB + and F 11 TAB 2+ . C) Liquidgas interfacial energy, Γ, depending of iron (III) concentration (from Fe 2 (SO4) 3 ).

  In this paragraph, we are studying the influence of Li 2 SO 4 electrolyte used at high concentrations in cyclic voltammetry and chronoamperometry experiments on F 11 TAB liquid-gas interfacial energy. We used the same procedure as previously except that F 11 TAB + solution contained Li 2 SO 4 (Figure IV.13).

Fig. IV. 13

 13 Fig. IV.13 Liquid-gas interfacial energy of F 11 TAB + , noted Γ, as a function of F 11 TAB + concentrations on a logarithmic scale. Orange disks ("No Li 2 SO 4 "): F 11 TAB + solution in pure water. Magenta squares ("Li 2 SO 4 "): F 11 TAB + solution in 100 mM aqueous solution of Li 2 SO 4 .

Fig. IV. 15

 15 Fig. IV.15 Evolution of air-liquid interface (10 mL liquid) with hydrophobic particles (lab-made fluorosilicated hydrophobic silica) deposited on it. Time is varying horizontally and different type of experiments is presented vertically. B: The magnet is brought at 0 s at 2 millimetres from the bottom of Petri dish. B: There is no magnet. Water: The liquid is only made of pure water. F 6 TAB: The liquid is made of a 1 mM freshly dissolved F 6 TAB + solution. Scale bar is 10 cm.

  Figure IV.16 -C) and oxidation (Figure IV.16 -B) of a F 6 TAB solution in our experiments described in the following.

Fig

  Fig. IV.16A) Setup for electrochemical control of Marangoni flows. A 10 cm diameter glass Petri dish is used containing 20 mL of F 6 TAB solution at various oxidation rates with 100 mM of Li 2 SO 4 . Hydrophobic particles (lycopodes) are placed on the interface 5 minutes before experiment. RE is the reference electrode, WE is the working electrode and CE is the counter electrode. B) Oxidation of a freshly made F 6 TAB + solution should locally generate F 6 TAB 2+ which has a higher interfacial energy than F 6 TAB + . We thus expect a Marangoni flow to be created from the borders to the centre of the container. C) Reduction of a freshly made F 6 TAB 2+ solution should locally generate F 6 TAB + which has a lower interfacial energy than F 6 TAB 2+ . We thus expect in this case a Marangoni flow to be created from the centre to the borders of the container.

Fig

  Fig. IV.17 Observation of interfacial currents from the top of the Petri dish (Figure IV.17 -A). Time is displayed horizontally and the origin corresponds to the beginning of oxidation/reduction. Oxidation potential is + 0.4 V. Reduction potential is -0.2 V. A) Oxidation of a 5 mM F 6 TAB + solution containing 100 mM of Li 2 SO 4 . B) Oxidation of a 0.1 mM F 6 TAB + solution containing 100 mM of Li 2 SO 4 . C) Reduction of a 0.1 mM F 6 TAB 2+ solution previously oxidised with 1.5 eq. FeCl 3 containing 100 mM of Li 2 SO 4 . D) Reduction of a 0.1 mM F 6 TAB 2+ solution previously oxidised with Fe 2 (SO 4 ) 3 containing 100 mM of Li 2 SO 4 . Scale bar is 10 cm

Fig

  Fig. IV.18 A) A drop of water (left) containing F 11 TAB + (right) is deposited on a bare glass slide. A spontaneous motion is observed. We assume that the self-propelled motion is powered by the electrostatic adsorption of the cationic surfactant that creates a wetting gradient beneath the moving drop.[61] B) A 1 µL drop of 0.1 mM F 11 TAB + is deposited on a bare glass slide (Menzel-Glaser coverslip 76 x 26 mM) at 23.4 o C and 41 % relative humidity. The movie is shot from the top and the picture are presented with time varying horizontally over two lines. Scale bar is 5 mM.

Fig. V. 1

 1 Fig. V.1 Synthesised ferrocenyl based surfactants (cf Chapter 4).

Fig. V. 4

 4 Fig. V.4 Patterns obtained by leaving a 1 µL drop of 1 µm diameter colloids latex solution at 0.2 mg mL -1 dry on different glass substrates (Table V.1). Experiment is triplicated. Green : ring-shaped patterns are normal CRE patterns. Magenta : depinning patterns are patterns obtained when the contact line retracts during drop evaporation. Dark blue : spreading patterns obtained when the contact line spreads during drop evaporation.

Fig. V. 5

 5 Fig. V.5 Contact angle measured for F 6 TAB at different concentrations at an oxidation rate ρ ox = {1.8, 14} %. The experiment have been triplicated.For each set of conditions, the advancing contact angle is plotted with a dark blue bar (left). Receding contact angle is plotted with a green bar (right). Hysteresis is the difference between advancing contact angle and receding contact angle. It is plotted by a red bar (middle). The standard deviation is not plotted but can be roughly estimated at around 10 % for this experiment.

Fig. V. 6

 6 Fig. V.6 Influence of temperature on the coffee ring effect patterns. A drop of a 1 µm diameter 0.4 mg mL -1 colloids solution is deposited on a glass substrate previously heated for 3 minutes. Five replicates have been made. Temperature is displayed vertically and replicates horizontally. Scale bar is 1 mM.

  C 12 TAB : dodecyl trimethylammonium bromide (CAS 1119-94-4, Sigma Aldrich, purity > 97 %) • C 16 TAB : hexadecyl trimethylammonium bromide (CAS 57-09-0, Sigma Aldrich, purity > 97 %) • F 6 TAB : (6-ferrocenylhexyl) trimethyl ammonium bromide at 2 % oxidation rate (cf Chapter 4) Drop evaporation is recorded with a camera and the evaporation time is determined from the videos and represented depending on surfactants concentration (Figure V.7).

Fig. V. 7

 7 Fig. V.7 Duration of drop evaporation on a glass substrate at 20 0 C and 40 % relative humidity depending on surfactant concentration. Three replicates have been made in each condition which gives error bars. A) C 12 TAB : dodecyl trimethyl ammonium bromide. B) C 16 TAB : hexadecyl trimethyl ammonium bromide. C) F 6 TAB : (6-ferrocenylhexyl) trimethyl ammonium bromide at 2 % oxidation rate. D) Picture of the setup. Scale bar is 1 cm.

  Figure V.7 -B) and F 6 TAB (Figure V.7 -C) which have the same CMC, and C 12 TAB (Figure V.7 -A) which have 10 times lower CMC.[START_REF] Galy | Self-Propelled Water Drops on Bare Glass Substrates in Air: Fast, Controllable, and Easy Transport Powered by Surfactants[END_REF] 

Fig. V. 8

 8 Fig. V.8 Patterns obtained after evaporation of drops of a 0.4 mg mL -1 colloidal solution on a glass substrate according to classical conditions. Scale bar is 1 mM.

Fig. V. 9

 9 Fig. V.9 Patterns obtained in classical CRE experiment conditions. A freshly made ferrocenyl derivate reduced surfactant (F 6 TAB + , F 11 TAB + and a F 11 OTAB + ) solution containing colloids at 4 mg mL -1 are used. The surfactants' concentration is varying horizontally. The oxidation rate of each surfactant was estimated to be below 2 %. The deposition has been made at 21 o C and 37 % relative humidity. Four replicates of each condition are made and the most representative pattern is shown. Scale bar is 1 mM long and applies to all pictures.

F

  11 OTAB + (Figure V.10 -A). Details about the meaning of the zeta potential and experimental measures can be found in Annex 4. Concerning F 11 TAB + (Figure V.10 -A), we observe a negative ζ when [F 11 TAB + ] < 20 µM. Indeed, particles stay negatively charged at low surfactants concentrations. Around [F 11 TAB + ] = 20 µM, ζ is equal to zero. It means that the concentration of positively charged surfactants is high enough to neutralise all negative charges at the particles' surface. For [F 11 TAB + ] > 20 µM, ζ is positive. In this case, the concentration of positively charged surfactant is high enough to form multilayers on the colloid's surface which create an excess of positive charge.

Fig. V. 10

 10 Fig. V.10 Zeta potential measurements (ζ) of the used particles at 0.4 mg L -1 at room temperature as a function of F n TAB + concentration (reduced form) for n = 6 (disks) and n = 11 (squares). B) Representation of the particle charge evolution (top row) and the corresponding deposition patterns (bottom row) with an increase in F n TAB + concentration, for n = 6 (top panel) and n = 11 (bottom panel).

  In a first experiment, we have studied the CRE patterns obtained after oxidation by air of F 6 TAB + in the classical CRE experiment conditions described previously (Figure V.11).

Fig. V. 11

 11 Fig. V.11 Influence of oxidation of F 6 TAB + by air on the CRE patterns. A 5 mM freshly made F 6 TAB + solution is oxidised in air by following the procedure described in the previous Chapter. Two different oxidation rates, ρ ox , are obtained (2 % and 15 %) and are presented vertically. Classical CRE experiments conditions are used at 20.4 0 C and 38 % relative humidity. Four replicates are made for each condition and the most representative pattern is displayed. F 6 TAB concentration varies horizontally. Scale bar is 1 mM.

Fig. V. 12

 12 Fig. V.12 Zeta potential, ζ, depending of F 6 TAB concentration for oxidation rate of 2 % and 15 %. Conditions are the same as in the CRE experiment (Figure V.11) but colloidal final concentration is 0.4 mg mL -1 . Details about zeta potential measurements can be found in Annex 4.

Fig. V. 13

 13 Fig. V.13 Influence of H 2 O 2 on CRE. The experiment is done in usual CRE conditions except that we used fluorescent 1 µm diameter latex colloids (λ ex = 580 nm and λ em = 605 nm) at 2 mg mL -1 . H 2 O 2 concentration is displayed horizontally. "[F 6 TAB + ] = 100 µM" : solutions containing 0.1 mM of freshly diluted F 6 TAB + , particles and H 2 O 2 at the desired concentration. "[F 6 TAB + ] = 0 µM" : solutions containing only particles and H 2 O 2 at the desired concentration. The first row of each group represents transmission microscopy images. The second row of each group represents fluorescent microscopy images (Filter GFP). Four replicates have been made and a representative pattern is represented. Scale bar is 1 mm.

Fig. V. 14

 14 Fig. V.14 Influence of two salts' concentration on the CRE. Classical conditions for the CRE are used here at 22.5 o C and 30 % relative humidity. Salt are sodium chloride NaCl or holmium chloride HoCl with a concentration varying horizontally. Scale bar is 1 mm.

2 :

 2 Composition of the solution used for pH CRE experiment. The total volume of the solution is 10 µL. [A/B] represents the acid or base concentration and V A/B its volume. Acid, A, is HCl and base, B, is NaOH. The pH is estimated from the acid and base concentrations.

Fig. V. 15

 15 Fig. V.15 CRE experiment to study the influence of pH. The solutions prepared previously (Table V.2) are used and estimated pH varies horizontally. The solution also contains 1 µm diameter fluorescent colloids (λ ex = 580 nm λ em = 605 nm) at 2 mg mL -1 . A 1 µm drop is deposited on a glass cover-slip at 22.5 o C and 30 % relative humidity. The two first rows correspond to patterns containing, in addition, a F 6 TAB + solution at 0.5 mM. The patterns have been observed at transmission microscope (top) and fluorescent microscope (bottom). Scale bar is 1 mm.

Fig. V. 16

 16 Fig. V.16 Principle electrochemical control of the CRE. Without adding any chemical, applying a constant potential in a three-electrode redox cell containing F 6 TAB ([F 6 TAB] = 5 mM and [Li 2 SO 4 ] = 100 mM) allows us to dynamically adjust its oxidation rate as a function of time, which in turn allows us to control the particle pattern after drop deposition and drying. Working electrode (WE) : Platinum net. Reference electrode (RE) : Ag/AgO. Counter electrode (CE) : 1 µm diameter platinum wire. Oxidation potential is + 0.35 V and reduction potential is -0.22 V.

Fig

  Fig. V.17 CRE experiments with an electrochemical control of F 6 TAB oxidation and a high electrolyte concentration. We used 1 µm diameter latex fluorescent (λ ex = 580 nm λ em = 605 nm) colloids at a final concentration of 2 mg mL -1 . A 1 µL drop is left to dry on a glass cover-slip at 19 o C and 44 % relative humidity. The F 6 TAB concentration varies horizontally and oxidation rate ρ ox varies vertically, but Li 2 SO 4 concentration is always 100 mM. Four replicates are made and the most representative pattern is presented. Scale bar is 1 mm.

  Figure V.18.

Fig. V. 18

 18 Fig. V.18 CRE experiment with electrochemical control of F 6 TAB oxidation and a medium electrolyte concentration. We used 1 µm diameter latex fluorescent (λ ex = 580 nm λ em = 605 nm) colloids at a final concentration of 2 mg mL -1 . A 1 µL drop is left to dry on a glass cover-slip at 19 o C and 44 % relative humidity. The F 6 TAB concentration varies horizontally and oxidation rate ρ ox varies vertically, but Li 2 SO 4 concentration is always 50 mM. Four replicates are made and the most representative pattern is presented. The top lines correspond to transmission microscopy and the bottom lines correspond to fluorescent microscopy. Scale bar is 1 mm.

Fig. V. 19

 19 Fig. V.19 CRE experiment with electrochemical control of F 6 TAB oxidation and a medium electrolyte concentration. We used 1 µm diameter latex fluorescent (λ ex = 580 nm λ em = 605 nm) colloids at a final concentration of 2 mg mL -1 . A 1 µL drop is left to dry on a glass cover-slip at 26 o C and 35 % relative humidity. F 6 TAB concentration varies horizontally and oxidation rate ρ ox varies vertically but Li 2 SO 4 concentration is always 50 mM. Four replicates are made and the most representative pattern is presented. Scale bar is 1 mm.

F 11 TAB

 11 We have conducted exactly the same experiment as previously with F 11 TAB instead of F 6 TAB. As interfacial properties of F 11 TAB are very different from the ones of F 6 TAB (cf Chapter 4), we expect different pattern shapes and transitions between them at a much lower surfactant concentration than previously. First, we have made a patterns series at two extreme oxidation rates and for a very large F 11 TAB concentration range (Figure V.20).

Fig

  Fig. V.20 CRE experiment with electrochemical control of F 11 TAB oxidation and a medium electrolyte concentration. We used 1 µm diameter latex fluorescent (λ ex = 580 nm λ em = 605 nm) colloids at a final concentration of 2 mg mL -1 . A 1 µL drop is dried on a glass cover-slip at 21.1 o C and 39 % relative humidity. F 11 TAB concentration varies horizontally and oxidation rate ρ ox varies vertically but Li 2 SO 4 concentration is always 50 mM. Four replicates are made and the most representative pattern is presented. Scale bar is 1 mm.

Fig. V. 21

 21 Fig. V.21 CRE experiment with electrochemical control of F 11 TAB oxidation and a medium electrolyte concentration. We used 1 µm diameter latex fluorescent (λ ex = 580 nm λ em = 605 nm) colloids at at a final concentration of 2 mg mL -1 . A 1 µL drop is left to dry on a glass cover-slip at 21.1 o C and 39 % relative humidity. F 11 TAB concentration varies horizontally and oxidation rate ρ ox varies vertically but Li 2 SO 4 concentration is always 50 mM. Four replicates are made and the most representative pattern is presented. Scale bar is 1 mm.

9 Table V. 3 :

 93 Figure V.22). We have made control patterns with the same dilutions as other patterns but from a mother solution only containing Li 2 SO 4 . [F 6 TAB] (µM) 20 60 100 120 160 200 [Li 2 SO 4 ] (mM) 9.1 27.3 45.5 54.5 72.7 90.Details about the solution's composition for CRE experiment with an oxidation rate electrochemically controlled at low electrolyte concentration (Figure V.22).

Fig. V. 22

 22 Fig. V.22 CRE experiment with electrochemical control of F 6 TAB oxidation and a low electrolyte concentration. We have performed chronoamperometry on a 5 mM F 6 TAB and 100 mM Li 2 SO 4 solution. We used 1 µm diameter latex fluorescent (λ ex = 580 nm λ em = 605 nm) colloids at a final concentration of 2 mg mL -1 . A 1 µL drop is left to dry on a glass cover-slip at 21.1 o C and 39 % relative humidity. F 6 TAB and Li 2 SO 4 concentrations vary vertically (TableV.3) and oxidation rate ρ ox varies horizontally. The series called "C" (control) is made with the same dilutions as other patterns but from a mother solution containing Li 2 SO 4 at 100 mM. Four replicates are made and the most representative pattern is presented. Scale bar is 1 mm.

  Fig. V.23 Patterns obtained after a classical CRE experiment with F 6 TAB, Fe 2 (SO 4 ) 3 and MgSO 4 . Mother solution composition is described in the previous subsection (TableV.4). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate in environmental conditions (20.7 o C and 34 % relative humidity). F 6 TAB concentration varies horizontally and oxidation rate, ρ ox , varies vertically. Scale bar is 1 mm.

  .

Fig. V. 25

 25 Fig. V.25 A) Ring factors as a function of F 6 TAB concentration for different oxidation rates. B) Ring factor as a function of oxidation rate for four given F 6 TAB concentrations {40, 60, 100, 160} µM.

Fig. V. 26

 26 Fig. V.26 Zeta potential measurements for F 6 TAB CRE experiment. The zeta potential, ζ, is a function of F 6 TAB concentration. Two oxidation rates, ρ ox , are presented. Measures have been taken at 25 o C. We used 1 µm diameter latex colloids at 0.4 mg mL -1 . The zeta potential of colloids in pure water is -50 mV.

c)

  Results with F 11 TAB We have done the exact same experiment with F 11 TAB instead of F 6 TAB (Figure V.28). As previously, we observe ring-shaped patterns and disk-shaped patterns. However, in this experiment, ring-shaped patterns are observed both at low and high surfactant concentrations. Therefore, we define two transition concentrations: C RD for ring-disk transition at low surfactant concentration and C DR for disk-ring transition at high surfactant concentration. First, we observe that C RD decreases from [F 11 TAB] = 40 µM at ρ ox = 0 % to [F 11 TAB] = 10 µM at ρ ox = 80 %. Therefore, at [F 6 TAB] = 20 µM for instance, we can switch from a ring-shaped to a disk-shaped pattern by changing redox conditions. Second, we see that C DR is increasing from [F 11 TAB] = 160 µM at ρ ox = 0 % to [F 11 TAB] = 1000 µM at ρ ox = 80 %.

Fig. V. 27

 27 Fig. V.27 Scanning electron microscopy (SEM) of coffee ring patterns at different F 6 TAB concentrations ([F 6 TAB] = {60, 160, 400} µM) and different oxidation rates (ρ ox = {0, 20, 40, 60, 80} %). First row : large view of the pattern. Second row : focus on the pattern's border. Third raw : focus on the pattern's centre. Scale bars are presented directly on the pictures.

  Fig. V.28 Patterns obtained after a classical CRE experiment with F 11 TAB, Fe 2 (SO 4 ) 3 and MgSO 4 . The mother solution's composition is described in the previous subsection (TableV.4). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate in environmental conditions (20.7 o C and 34 % relative humidity). F 11 TAB concentration varies horizontally and oxidation rate, ρ ox , varies vertically. Scale bar is 1 mm.

Fig. V. 29

 29 Fig. V.29 Zeta potential measurements for F 11 TAB CRE experiment. The zeta potential, ζ, is plotted against oxidation rate, ρ ox , for two concentrations: [F 11 TAB] = {10 (A), 60 (B)} µM. The solutions containing F 11 TAB are represented with pink disks while control solutions are represented with dark blue squares. Measures have been taken at 25 o C. We used 1 µm diameter latex colloids at 0.4 mg mL -1 . The zeta potential of colloids in pure water is -50 mV. Control is exactly the same solution but without F 11 TAB (contains Fe 2 (SO 4 ) 3 and MgSO 4 ).

  Fig. V.30 Patterns obtained after a classical CRE experiment with C 16 TAB, Fe 2 (SO 4 ) 3 and MgSO 4 . The mother solution's composition is described in the previous subsection (TableV.4). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate in environmental conditions (20.7 o C and 34 % relative humidity). The C 16 TAB concentration varies horizontally and the oxidation rate, ρ ox , varies vertically. Scale bar is 1 mm.

Fig. V. 31

 31 Fig. V.31 Patterns obtained after a classical CRE experiment with a solution of Fe 2 (SO 4 ) 3 and MgSO 4 . The mother solution composition is described in the previous subsection (Table V.4). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate in environmental conditions (20.7 o C and 34 % relative humidity). The concentration of Fe 2 (SO 4 ) 3 and MgSO 4 varies horizontally and corresponds to the ones in F 6 TAB (Figure V.23), F 11 TAB (Figure V.28) and C 16 TAB (Figure V.30) experiments. That is the reason why the parameter is called "X". Oxidation rate, ρ ox , varies vertically. "C" is a pattern from a solution only containing colloids. Scale bar is 1 mm.

Fig. V. 32

 32 Fig. V.32 Picture of mother solutions (Table V.5) in 1 mL spectrophotometer cells. Theoretical oxidation rate ρ ox varies horizontally (ρ ox = {0,20,40,60,80,100} %). A) Solution without surfactants. B) Solution with F 6 TAB. C) Solution with F 11 TAB.

Fig. V. 33

 33 Fig. V.33 Patterns obtained after a classical CRE experiment with a solution of Fe 2 (SO 4 ) 3 . The mother solution composition is described in the previous subsection (TableV.5). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate (Menzel Glaser cover-slips 24 x 60 mm) in environmental conditions (22 ± 2 o C and 45 ± 5 % relative humidity). The concentration of Fe 2 (SO 4 ) 3 varies horizontally and corresponds to the ones in F n TAB solutions (n = {6,11}, TableV.5). That is the reason why the parameter is called "X". The corresponding theoretical oxidation rate, ρ ox , varies vertically. "C" is a pattern from a solution only containing colloids. Scale bar is 1 mm.

Fig. V. 34

 34 Fig. V.34 Matrix of iron (III) concentrations used to control the oxidation rates in Figures V.33, V.38 and V.40. "X" corresponds to surfactants concentration or the corresponding parameter in the control experiment without surfactants. "ρ ox " corresponds to the oxidation rate.

Fig. V. 35

 35 Fig. V.35 Zeta potential measurements of CRE experiments solutions. The zeta potential, ζ, is plotted vertically and oxidation rate ρ ox is plotted horizontally. Different F n TAB (n = {6,11}) concentrations are presented: 2 µM (purple full disks), 4 µM (dark blue full squares), 8 µM (light blue full triangles), 20 µM (green rings), 40 µM (empty yellow squares) and 80 µM (empty red triangles). The total latex colloid concentration is 0.4 mg mL -1 . A) Solutions without surfactants (control). B) Solutions with F 6 TAB. C) Solutions with F 11 TAB.

Fig. V. 36

 36 Fig. V.36 Phase diagram of the deposit morphology observed as a function of iron (III) concentration and in absence of surfactants. "ring" corresponds to identified ring-shaped patterns and "disk" corresponds to identified disk-shaped patterns.

Fig. V. 37

 37 Fig. V.37 Scanning electron microscopy (SEM) of CRE experiment with Fe 2 (SO 4 ) 3 . Conditions for pattern generation are exactly the same as previously (Figure V.33). We have studied samples at two different concentrations ("X" = {20, 80} µM) and different oxidation rates ("ρ ox " = {0, 20, 40, 60, 80, 100} %). First row : Large view of the pattern. Second row : focus on the pattern's border. Third row : focus on the pattern's centre. Scale bars are presented directly on the pictures.

Fig. V. 38

 38 Fig. V.38 Patterns obtained after a classical CRE experiment with a solution of F 6 TAB and Fe 2 (SO 4 ) 3 . The mother solution's composition is described in the previous subsection (TableV.5). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate (Menzel Glaser cover-slips 24 x 60 mm) in environmental conditions (22 ± 2 o C and 45 ± 5 % relative humidity). F 6 TAB and Fe 2 (SO 4 ) 3 concentrations vary horizontally and correspond to a dilution of mother solutions with water. Theoretical corresponding oxidation rate, ρ ox , varies vertically. Scale bar is 1 mm.

Fig. V. 39

 39 Fig. V.39 Scanning electron microscopy of coffee ring patterns at two different concentrations ([F 6 TAB] = {20, 80} µM) and different oxidation rates (ρ ox = {0, 20, 40, 60, 80, 100} %). Conditions for pattern generation are exactly the same as previously (Figure V.38). First row : Large view of the pattern. Second row : focus on the pattern's border. Third row : focus on the pattern's centre. Scale bars are presented directly on the pictures.

  Fig. V.40 Patterns obtained after a classical CRE experiment with a solution of F 11 TAB and Fe 2 (SO 4 ) 3 . The mother solution's composition is described in the previous subsection (TableV.5). We used 1 µm diameter latex colloids at 4 mg mL -1 . A 1 µL drop is evaporated on a glass substrate (Menzel Glaser cover-slips 24 x 60 mm) in environmental conditions (22 ± 2 o C and 45 ± 5 % relative humidity). F 11 TAB and Fe 2 (SO 4 ) 3 concentrations vary horizontally and correspond to a dilution of mother solutions with water. The theoretical corresponding oxidation rate, ρ ox , varies vertically. Scale bar is 1 mm.We have done this experiment according to the conditions described in the "Principle" previous sub-subsection with F 11 TAB (Figure V.40). It is exactly the same experiment as in the previous sub-subsection except that we have used F 6 TAB instead of F 11 TAB. Similarly

Fig. V. 41

 41 Fig. V.41 Phase diagram of the deposit morphology observed as a function of [F 11 TAB + ] for the different conditions studied in Figure V.40.

Fig. V. 42

 42 Fig. V.42 Scanning electron microscopy of coffee ring patterns at two different concentrations ([F 11 TAB] = {20, 80} µM) and different oxidation rates ("ρ ox " = {0, 20, 40, 60, 80, 100} %). Conditions for pattern generation are exactly the same as previously (Figure V.40). First row : Large view of the pattern. Second row : focus on the pattern's border. Third row : focus on the pattern's centre. Scale bars are presented directly on the pictures.

Fig. VI. 1

 1 Fig. VI.1 Fabrication of silica-based Janus particles.

  .1). Paramagnetic silica colloids are colloids made of 80 % silica and 20 % of iron oxide incorporated as small particles inside the silica matrix. Solutions are systematically agitated for 1 minute, sonicated for 1 minute and agitated for 30 seconds just before use in order to avoid sedimentation. A 1 mL volume is dispersed on previously activated glass slide. The sample is left to dry in environmental conditions under a box to avoid air flow at a temperature of 23 o C and a humidity rate of 38 %. As silica particles easily undergo sedimentation, only a limited coffee ring effect appears. After drying, possible multilayers on the border are manually removed by scratching with a spatula (Figure VI.1 -Step 1). Monolayer quality is controlled by observation under optical microscope

Step 3

 3 s -125 mA) is deposited then a layer around 20 nm of platinum (60 s -125 mA). Titanium layer aim is to allow adhesion of platinum (Figure VI.1 -Step 2). Particles are desorbed by immersion of the glass slide in a falcon tube containing pure water and sonication during 2 hours at 40 o C. The substrate is removed and particles are concentrated by centrifugation at 4 000 rounds per minute at 2 o C up to the desired concentration (Figure VI.1 -Step 3). b) Qualitative characterisation The quality of the particles is observed using SEM (see Annex 5). A 1 µL drop of the particles suspension is deposited on a 1.5 cm diameter Menzel Glaser cover-slip and left to dry under a box in environmental conditions (temperature 23 o C and humidity rate of 38 %). Sample is then covered in gold in a sputter device at 125 mA for 60 s. It is finally observed horizontally in SEM (Figure VI.2).

Fig. VI. 2

 2 Fig. VI.2 Picture of made silica Janus particles with a diameter equal to {0.1, 0.5, 1, 2, 5}. Paramagnetic colloids made of 80 % silica and 20 % iron oxide are here called "para". The scale bar is 1 µm.

Fig. VI. 3

 3 Fig. VI.3 Fabrication of latex-based Janus particles.

2 :

 2 .2). It is agitated for 1 minute, sonicated for 1 minute and agitated for 30 seconds just before use. An automatised lab-made platform is made with Thorlabs motor TDC001 SIN 83836762 motor moving glass slide at 0.1 mm s -1 from 0 to 45 mm. A Peltier platform linked to an isotherm water tank is fixed under the glass slide to fix the temperature around 45 o C (13 A and 4.3 V). The volume of colloids solution fixed under the Teflon blade is 20 µL. The monolayer quality is controlled by observation underTypeLatex Latex Latex fluo Latex Latex fluo Latex Latex Diameter Description of silica particles type, size and concentration used for Janus particle fabrication. Latex particles are designed as "Latex". Fluorescent particles are designed as "Latex fluo". They are made in latex covered with a fluorescent molecule (λ ex = 580 nm, λ em = 605 nm).

Fig. VI. 4 A

 4 Fig. VI.4 A) Picture of the deposition device. B) Scheme of the deposition device. C) Pictures of the colloidal monolayer formed with different colloids diameters under optical microscope. The scale bar is 1 mm. Fluorescent particles are designed as "fluo" (λ ex = 580 nm, λ em = 605 nm).

  mA for 60 s. It is finally observed horizontally in SEM (Figure VI.5).

Fig. VI. 5

 5 Fig. VI.5 Picture of made latex Janus particles for diameter equal to {0.13, 0.5, 0.5 fluo, 1, 1 fluo, 1.9, 3.6}. The scale bar is 1 µm. Fluorescent particles are designed as "fluo" (λ ex = 580 nm, λ em = 605 nm). Many pictures have been made but only one representative is presented here.

Fig. VI. 6

 6 Fig. VI.6 Example of image analysis for particle counting in the counter cell. Left: Original picture. Middle: Same picture with subtracted background. Right: Same picture with threshold so that it becomes binary. Scale bar is 1 mm.

4 :

 4 Numeral applications of the mass and density of colloids and Janus particles used. m col and ρ col are the mass and density of colloids, respectively. m Janus and ρ Janus are the mass and density of Janus particles, respectively. Let's apply Newton's second law on the particle m p v = P p + Π a + F d with m p the mass of our particle, v its velocity, P p its weight, Π a Archimedes' principle and F d Stokes' force. The fluid flow is laminar around the colloid, so v = vu z and by projection of the previous equation on u z we get m p v = m p g -m f g -6πηR 0 v with m f the mass of displaced fluid and η the fluid viscosity.

Fig. VI. 7

 7 Fig. VI.7 Observation of particles at the liquid-gas interface. A) Scheme of the point of view on the interface for observation of particle adsorption. B) Picture of the drop drying for different type of particles. Diameter varies horizontally. Colloids are presented on the top line and Janus on the bottom line. Scale bar is 100 µm.

Fig. VI. 8 A

 8 Fig. VI.8 A) Observation of polysteyrene colloids and Janus particles of diameter 0.5 and 1 µm at liquid-gas interface. The total particular concentration is 8 10 12 u L -1 . Pictures observed by transmission are noted "trans". Pictures observed with fluorescence excitation are noted "fluo" and corresponds to fluorescent particles. The scale bar is 100 µm. B) Spinning of particles on the contact line. Time between two images is 100 ms. The scale bar is 1 µm.

Fig. VI. 9 A

 9 Fig. VI.9 A) Scheme of the procedure for observation of liquid-gas interface of a liquid in a container. B) Transmission image of liquid-gas interface of the well. Left: Focus on the border of the liquid-gas interface. Middle: Large view of the liquid-gas interface. Right: Focus on the liquid-gas interface centre. Sample 1 corresponds to a 6 ± 3 10 8 u L -1 Janus latex 1 µm diameter particle solution. Sample 2 corresponds to a two times more concentrated solution. The scale bars are 100 µm.

Fig. VI. 10

 10 Fig. VI.10 Transmission image of the liquid-gas interface of the well. A) Images of silica 1 µm diameter colloids. Left: View of the liquid-gas interface centre. Middle: View of the solid-liquid interface on the bottom of the well. Right: View of the solid-liquid interface border. B) Images of silica Janus colloids of different diameters at liquid-gas interface in the centre of the well. Diameter decreases horizontally. The scale bars are 100 µm.

Fig. VI. 11

 11 Fig. VI.11 Activation of colloids with hydrogen peroxide. A) Scheme of the device and definition of the parameter r(t). B) Example of data for a solution without hydrogen peroxide. Left Distance to origin with respect to time. Right Mean square displacement with respect to time. C) Example of data for a solution with 0.1 % wt hydrogen peroxide. Left Distance to origin with respect to time. Right Mean square displacement with respect to time.

Fig. VI. 12

 12 Fig. VI.12 Patterns obtained after drying of a 1 µL drop of 1 µm diameter latex colloids or corresponding Janus particles aqueous solution at 1.2 ± 0.6 10 11 u L -1 on a glass substrate (Menzel Glaser 24 x 60 mm) in environmental conditions (temperature 21 o C and 35 % relative humidity). Five patterns are presented. Scale bar is 1 mm.

Fig. VI. 13

 13 Fig. VI.13 Interpretation of observed patterns after a drop drying of an aqueous solution of colloids or Janus particles.

  Four replicates have been made but only the most representative one is represented (Figure VI.14 and Figure VI.15).

Fig. VI. 14

 14 Fig. VI.14 Patterns obtained after a 1 µL drop drying on a glass substrate (Menzel Glaser 24 x 60 mm) of Janus particles (line bottom) and corresponding latex colloids (line up) covered with carboxylate groups depending on diameters and concentrations in environmental conditions (temperature 21.3 o C and 31 % relative humidity). Concentrations are relatively low. Fluorescent particles are designed as "fluo" (λ ex = 580 nm, λ em = 605 nm). Scale bar is 1 mm.

Fig. VI. 15

 15 Fig. VI.15 Patterns obtained after a 1 µL drop drying on a glass substrate (Menzel Glaser 24 x 60 mm) of Janus particles (line bottom) and corresponding latex colloids (line up) covered with carboxylate groups depending on diameters and concentrations in environmental conditions (temperature 21.3 o C and 31 % relative humidity). Concentrations are relatively high. Fluorescent particles are designed as "fluo" (λ ex = 580 nm, λ em = 605 nm). Scale bar is 1 mm.

5 and 1

 1 µm and corresponding colloids are used to make patterns at different concentrations. A 1 µL drop of colloids or Janus particles in water is deposited on a glass substrate and left to dry under a box in order to avoid air flow in environmental conditions. Four replicates have been made but only the most representative one is represented (Figure VI.16 and Figure VI.17).

Fig. VI. 16

 16 Fig. VI.16 Patterns obtained after a 1 µL drop drying of different latex colloids covered with carboxylate groups depending on concentration on a glass substrate (Menzel Glaser 24 x 60 mm) in environmental conditions (temperature 22.2 o C and 25 % relative humidity). Fluorescent particles are designed as "fluo" (λ ex = 580 nm, λ em = 605 nm). The scale bar is 1 mm.

Fig. VI. 17

 17 Fig. VI.17 Patterns obtained after a 1 µL drop drying of different Janus particles depending on concentration on a glass substrate (Menzel Glaser 24 x 60 mm) in environmental conditions (temperature 22.2 o C and 25 % relative humidity). Fluorescent particles are designed as "fluo" (λ ex = 580 nm, λ em = 605 nm). The scale bar is 1 mm.

  Fig. VI.18 Patterns obtained after drying of an 1 µL drop as proof of particles separation with coffee ring effect. The top (dark blue) panel corresponds to a particular concentration, C part , of 8 10 11 u L -1 . The bottom (magenta) panel corresponds to a particular concentration, C part , of 8 10 12 u L -1 . For each panel, there are two lines. On the top line, we work with 0.5 µm diameter particles. On the bottom line, we work with 1 µm diameter particles. The three leftmost column group "colloids fluo + Janus" corresponds to a mixture of fluorescent (λ ex = 580 nm, λ em = 605 nm) colloids with non-fluorescent Janus particles. The three rightmost column group "colloids + Janus fluo" corresponds to a mixture of non-fluorescent colloids with fluorescent Janus particles. For each sample, there are three columns. For each sample, the left-hand column corresponds to an observation of fluorescence alone, "fluo", while the right-hand column corresponds to an observation by transmission of white light, "trans". The scale bar is 1 mm.

Fig

  Fig. VII.1 A) Example of colloidal crystal obtained with latex colloids covered with DNA by changing the temperature.[119] B) Example of colloidal crystal obtained by Vialetto et al..[153] Top: set-up for particle adsorption at the liquid-gas interface and light irradiation. A mixture of particles and AzoTAB (a photo sensitive surfactant) in water is turned upside down for two hours to let particles sediment toward the interface. The sample cell is then flipped back and left overnight for adsorbed particles to accumulate at the center of the interface. Bottom: transmission microscopy images before (left) and after (right) UV irradiation for 30 s. UV and blue light irradiation was performed at 365 nm (8.1 W m -2 ) and 440 nm (63 W m -2 ), respectively. Scale bar: 100 mm.

Fig. VII. 2

 2 Fig. VII.2 Colloidal crystal arrangement and important parameters

Fig. VII. 3

 3 Fig. VII.3 Structures of the molecules used in the chapter to induce colloidal crystallisation. F n TAB: Redox-sensitive surfactant defined in the previous part (n = {6,11}).Here the molecule will be used in the displayed (i.e., reduced) form. DTAB: dodecyl trimethyl ammonium bromide. AzoTAB: Ethyl ether azobenzene-4'-(oxy-2-hydroxypropyl) trimethylammonium bromide. The molecule can be reversibly switched from its trans conformation (left) to its cis conformation (right) with UV light (or blue light for the reverse) conversion.

Fig. VII. 4

 4 Fig. VII.4 Patterns obtained after evaporation (T = 21 o C and 37 % relative humidity) of a drop containing latex colloids at C = 3.63 10 12 u L -1 . F 6 TAB concentration is varying horizontally. Scale bar is 1 mm.

Fig. VII. 5

 5 Fig. VII.5 Scanning electron microscopy (SEM) observation of patterns obtained after evaporation (T = 22.2 o C and 26 % relative humidity) of a drop containing latex colloids at C = 3.63 10 12 u L -1 . F 6 TAB concentration is varying horizontally. First line is made of large pictures of the pattern (scale bar is 1 mm). Second line is a zoom on the centre of the pattern (scale bar is 10 µm). Third line is a zoom on the border of the pattern (scale bar is 10 µm).

Fig. VII. 6 A

 6 Fig. VII.6 A) Scheme of the top-view observation of liquid-gas interface during drop evaporation. B) Transmission microscopy picture (lense 63 x, oil) of the liquidgas interface during drop evaporation according to previous scheme. The drop is containing usual colloids at usual concentration and F 6 TAB concentration is 60 µm. From left to right, the focusing point elevation is increasing. Scale bar is 100 µm.

Fig. VII. 7

 7 Fig. VII.7 Scheme for the interpretation of the obtained patterns at different concentrations of F 6 TAB. Pattern pictures have been obtained in the usual conditions. Scale bar is 1 mm.

  63 10 12 u L -1 and observed under transmission microscopy (Figure VII.8). Similarly as in the Chapter 6, we observed ring-shaped patterns for low F 11 TAB concentrations (¡ 50 µM) and high F 11 TAB concentrations ( > 400 µM).

Fig. VII. 8

 8 Fig. VII.8 Patterns obtained after evaporation (T = 21 o C and 37 % relative humidity) of a drop containing latex colloids at C = 3.63 10 12 u L -1 . F 11 TAB concentration is varying horizontally. Scale bar is 1 mm.

Fig. VII. 9

 9 Fig. VII.9 SEM observation of patterns obtained after evaporation (T = 22.2 o C and 26 % relative humidity) of a drop containing latex colloids at C = 3.63 10 12 u L -1 . F 11 TAB concentration varies horizontally. The first line is made of large picture of the pattern (scale bar is 1 mm). The second line is a zoom on the centre of the pattern (scale bar is 10 µm). The third line is a zoom on the border of the pattern (scale bar is 10 µm).

  concentration of C mono = 3.63 10 12 u L -1 and observed under transmission microscopy (Figure VII.10).

Fig. VII. 10

 10 Fig. VII.10 Patterns obtained after evaporation (T = 21.2 o C and 45 % relative humidity) of a drop containing latex colloids at C = 3.63 10 12 u L -1 . DTAB concentration varies horizontally with low concentrations on the top line and high concentrations on the bottom line. Scale bar is 1 mm.

Fig. VII. 11

 11 Fig. VII.11 SEM observation of patterns obtained after evaporation (T = 22.2 o C and 26 % relative humidity) of a drop containing latex colloids at C = 3.63 10 12 u L -1 . DTAB concentration varies horizontally. The first line is made of a large picture of the pattern (scale bar is 1 mm). The second line is a zoom on the centre of the pattern (scale bar is 10 µm). Third line is a zoom on the border of the pattern (scale bar is 10 µm).

  63 10 12 u L -1 compared with 7.63 10 12 u L -1 colloidal concentration, due to a lower particle concentration to stabilize the pinned contact line. SEM was then used to analyzed the microscopic organization of the particles under the different tested conditions (Figure VII.14).

Fig

  Fig. VII.13 A) Patterns obtained after evaporation (T = 22.2 o C and 26 % relative humidity) of a drop containing latex colloids at C = 7.63 10 12 u L -1 . AzoTAB concentration varies horizontally. The top line corresponds to patterns obtained under blue irradiation and the bottom line corresponds to patterns obtained under UV irradiation (1 mW -352 nm). Scale bar is 1 mm. B) Patterns obtained after evaporation (T = 22.2 o C and 26 % relative humidity) of a drop containing latex colloids at C mono = 3.63 10 12 u L -1 . AzoTAB concentration varies horizontally. The top line corresponds to patterns obtained under blue irradiation and the bottom line corresponds to patterns obtained under UV irradiation (1 mW -352 nm). Scale bar is 1 mm.

Fig. VII. 14

 14 Fig. VII.14 SEM observation of patterns obtained after evaporation (T = 22.2 o C and 26 % relative humidity) of a drop containing latex colloids at C = 3.63 10 12 u L -1 . AzoTAB concentration varies horizontally. The top three lines group corresponds to patterns obtained under blue irradiation "Blue" and bottom three lines group corresponds to patterns obtained under UV irradiation (1 mW -352 nm) "UV". First line of each group is a large picture of the pattern (scale bar is 1 mm).The second line is a zoom on the centre of the pattern (scale bar is 10 µm). The third line is a zoom on the border of the pattern (scale bar is 10 µm).

  The observation cell containing the drop of silica colloids was gently reversed on the vial full of diethyl ether (Figure VIII.2 -A (2)). Just before observation, the vial was shaken vigorously and reverted. An emulsion of small water droplets into diethyl ether was generated (Figure VIII.2 -A (3)). Water droplets sedimented and progressively accumulated on the glass substrate inside the cap where they pinned. They could be directly observed through the glass window in the cap by transmission microscopy (Figure VIII.2 -A (4)). Water of the drops pinned on the glass substrate and water slowly dissolved into the outer diethyl ether phase as water is partially miscible into diethyl ether (Figure VIII.2 -A (5) and Figure VIII.2 -B -Left). After the total dissolution of water into diethyl ether, depositionpatterns were obtained (Figure VIII.2 -A (

Fig

  Fig. VIII.2 A) Detailed procedure for LLCR. (1) A 10 µL aqueous solution of silica colloids is deposited on a modified vial cap where a hole has been made and a glass cover-slip have been pasted. (2) The cap is gently reverted and screwed on the vial. (3) Just before observation, the vial is shaken vigorously and reverted. An emulsion of small water droplets into diethyl ether is generated. (4) Water droplets are slowly falling on the cap where they are observed. (5) Droplets are anchored on the glass substrate and water is slowly dissolving into diethyl ether. (6) After total dissolution of water into diethyl ether, a pattern is obtained. (7) The vial is reverted, the cap is unscrewed and let to dry several hours. Dried patterns can then be observed under transmission microscope. B) Example of patterns at different steps. Here a 10 µL aqueous solution of 560 nm diameter silica colloids at 5 mg mL -1 is used for emulsion in 8 mL in diethyl ether. (4) A droplet pinned on the glass substrate before water dissolution into diethyl ether. (5) A pattern after water dissolution into diethyl ether. (7) The same pattern after drying of diethyl ether. Scale bar is 100 µm.

Fig. VIII. 3 A

 3 Fig. VIII.3 A) Scheme of an alternative LLCR procedure. Some 1 µL drops of 1 µm diameter silica colloid solution at 5 mg mL -1 are deposited on a glass substrate immersed in diethyl ether inside a Petri dish. The Petri dish is tapped to the bench in order to reduce diethyl ether evaporation in the environment. B) A picture of the system. C) Transmission microscopy pictures of obtained patterns. Scale bar is 1 mm.

Fig. VIII. 4 A

 4 Fig. VIII.4 A 10 µL aqueous silica colloids of 560 nm diameter solution at 5 mg mL -1 is used for emulsion in 8 mL in diethyl ether at various hydration rate, called ρ H2O . Time varies horizontally. A) Samples for a fully dried solvent with MgSO 4 . B) Samples for an intermediate hydration rate. C) Samples for a fully hydrated solvent. Scale bar is 100 µm.

  Figure ?? (2) -(3)) has been studied. The classical procedure was made with an aqueous suspension of 1 µm diameter silica colloids (5 mg mL -1 ) containing F 6 TAB at 2 % oxidation rate ((6ferrocenylhexyl) trimethyl ammonium bromide cf Part B) (Figure VIII.5). F 6 TAB concentration varied and different shapes were observed, but this effect will be discussed in a subsequent section. Here we compare the patterns obtained with a vigorous shaking (Figure VIII.5 -B) and the one obtained with a less vigorous shaking (Figure VIII.5 -A).

Fig. VIII. 5 A

 5 Fig. VIII.5 A 10 µL aqueous solution of 1 µm diameter silica colloids at 5 mg mL -1 also containing F 6 TAB at 2 % oxidation rate is used for emulsion in 8 mL in diethyl ether. F 6 TAB concentration varies horizontally. A) The samples have been not vigorously agitated before deposition. B) The samples have been vigorously agitated before deposition. Scale bar is 1 mm.

Fig. VIII. 6 A

 6 Fig. VIII.6 A 10 µL aqueous solution of 1 µm diameter silica colloids at 50 mg mL -1 is used for emulsion in 8 mL of different solvents: cyclohexane, hexane and toluene. The top line show a large picture of the patterns after drying. Scale bar is 1 mm. The bottom line shows a magnified picture of a representative pattern. Scale bar is 50 µm.

Fig. VIII. 7 A

 7 Fig. VIII.7 A 10 µL aqueous solution of 560 nm diameter silica colloids at 5 mg mL -1 is used for emulsion in 8 mL of four different solvents dried just before using with MgSO 4 : cyclohexane, hexane, toluene and mineral oil. The top line shows a large picture of the patterns after drying. Scale bar is 100 µm. The bottom line shows a magnified picture of a representative pattern. Scale bar is 100 µm.

Fig. VIII. 8 A

 8 Fig. VIII.8 A 10 µL aqueous silica colloids of 560 nm diameter solution at 5 mg mL -1 is used for emulsion in 8 mL of diethyl ether dried with MgSO 4 . The substrate has been treated to be covered with hydrophilic hydroxyls groups ("Plasma" -Left) or chloride groups ("TMSCl" -Right). The top line shows a large picture of the patterns after drying. Scale bar is 100 µm. The bottom line shows a magnified picture of a representative pattern. Scale bar is 100 µm.

  have already seen it (cf Part B Figure V.14). Increasing salt concentration in an aqueous solution of negatively charged particles is screening charges of particles and is leading to homogeneous deposits. In this subsection, we introduced a monovalent salt, NaCl, in different concentrations in our LLCR system in order to analyze the effect of the ionic strength in this configuration. (Figure VIII.10).

Fig. VIII. 10 A

 10 Fig. VIII.10 A 10 µL aqueous silica colloids of 560 nm diameter solution at 5 mg mL -1 is used to produce drops in 8 mL in diethylether dried just before use with MgSO 4 . NaCl concentration varies horizontally. The "diethylether" group shows patterns after water transfer into diethylether. The "dry" group shows previous patterns after drying of diethylether. For each group, the upper line shows a large view (scale bar is 100 µm) and the lower line shows a magnified picture of a representative pattern (scale bar is 50 µm).

Fig

  Fig. VIII.11 A 10 µL aqueous silica colloids of 560 nm diameter solution at 5 mg mL -1 is used for emulsion in 8 mL of diethyl ether previously dried with MgSO 4 . pH is varying horizontally and is estimated from concentrations indicated in Table VIII.2. The upper line shows a large picture of the patterns after drying. Scale bar is 5 µm. The lower line shows a magnified picture of a representative pattern. Scale bar is 5 µm.

Fig

  Fig. VIII.12 A 10 µL aqueous silica colloids of 560 nm diameter solution at 5 mg mL -1 is used for emulsion in 8 mL in diethylether dried just before using with MgSO 4 . DTAB concentration varies horizontally. The "diethylether" group shows patterns after water transfer into diethylether. The "dry" group shows previous patterns after drying of diethylether. For each group, the top line shows a large view (scale bar is 100 µm) and the bottom line shows a magnified picture of a representative pattern (scale bar is 50 µm).

  Figure VIII.14 -B -Up line). Concerning "control" sample, we observed small patterns with a ring shape. It was similar to the patterns obtained previously in LLCR experiment at the same concentration but without 18C6 (cf Figure VIII.5) or the ones obtained with 100 µM F 6 TAB + in air CRE (cf Chapter 5 -Figure V.38). So, we can assume that the behaviour of F 6 TAB + is the same in an LLCR system than in an air CRE system.

Fig. VIII. 13

 13 Fig. VIII.13 Phase transfer equation happening in LLCR experiment.

Fig. VIII. 14

 14 Fig. VIII.14A) Scheme of the system. A 10 µL aqueous silica colloids of 560 nm diameter solution at 5 mg mL -1 also containing 100 µM of F 6 TAB + at 1.8 % oxidation rate is used to generate drops in 8 mL of diethyl ether previously dried with MgSO 4 . For the "Control" system, diethyl ether has been previously charged with 18C6 by mixing vigorously with a 1 mM mother solution of 18C6. For the "Pink ether" system, diethyl ether have been previously charged with 18C6 and KMnO 4 by mixing vigorously with a 100 mM mother solution of 18C6 also containing 100 mM of KMnO 4 . B) Pictures of the resulting patterns for both systems after drying. Scale bar is 500 µm.

Fig. A. 2

 2 Fig. A.2 Setup for chronoamperometry experiment. A) Scheme that presents the system. B) Picture of the setup during an experiment.

  At the lowest point of the drop, z = 0 and R 1 = R 2 = R 0 . The previous equation can be re-written as 2γ R 0 = ∆P 0 .With the geometrical parameter, R 2 = x sin(φ)

γ

  SG -γ SL -γ LG cos θ C = 0 with γ SG the solid-gas interfacial energy, γ SL the solid-liquid interfacial energy, γ LG the liquid-gas interfacial energy and θ C the contact angle. Chapter C it.

Fig. D. 2

 2 Fig. D.2 Magnetic susceptibility of our redox-sensitive surfactants and a couple of other salts

Fig. D. 3

 3 Fig. D.3 Zeta potential measurement of the solutions from Table D.2. Zeta potential (ζ) is plotted vertically while colloidal concentration [C] is indicated horizontally. Different concentrations for F 11 TAB are indicated: 0 µM for dark blue disks, 20 µM for green disks and 200 µM for red disks.

Fig. E. 1

 1 Fig. E.1 Une tache en forme d'anneau et une démonstration des processus physiques impliqués dans la production d'une telle tache.[37] A) Une tache de café de 2 cm de diamètre contenant 1 % en masse de particules a séché pour former un anneau périphérique, accentué dans les régions à forte courbure. B) Image des particules dans l'eau lors de l'évaporation. Les expositions multiples sont superposées pour indiquer le mouvement des particules. C) Mécanisme de l'écoulement vers l'extérieur pendant l'évaporation. a et b montrent un incrément d'évaporation vu en coupe transversale. a : Le résultat de l'évaporation sans écoulement : la gouttelette rétrécit. b : L'écoulement compensatoire nécessaire pour maintenir la ligne de contact fixe. c : nous définissons les quantités responsables de l'écoulement. La vapeur sort à un taux par unité de surface J(r). Le liquide retiré contracte verticalement la hauteur h(r), libérant la région rayée verticalement en un temps court δt. Le volume de cette région hachurée est égal au volume retiré par J. Mais dans la région périphérique, le volume hachuré est plus petit que le volume retiré par J (flèches en gras). Le liquide s'écoule donc vers l'extérieur pour combler le volume déficitaire : le liquide à r balaie la région hachurée horizontalement en un temps δt. Son volume est le volume déficitaire ; sa vitesse moyenne en profondeur est v(r).

Fig. E. 2 Chapitre 3 :Fig. E. 3

 233 Fig. E.2 Annulation de l'effet tache de café en utilisant des tensioactifs. A) Dans un effet tache de café classique, les particules hydrophiles et chargées restent en solution et sont entraînées par les courants de séchage vers la ligne de contact où elles s'accumulent. B) Lorsque des tensioactifs de charge opposée à celle des particules sont introduits à une concentration telle que les charges en surface des colloïdes sont neutralisées, les particules deviennent neutres et hydrophobes. Elles sont piégées à l'interface liquide-gaz où elles ne sont plus soumises au courant de séchage et un dépôt homogène se forme : l'effet tache de café est annulé.

Chapitre 5 :Fig. E. 4

 54 Fig. E.4 Les trois tensioactifs redox sensibles synthétisés au cours de cette thèse: le (6-ferrocenylhexyl) trimethyl ammonium bromide (F 6 TAB), (11-ferrocenylundecyl) trimethyl ammonium bromide (F 11 TAB) et le (11-ferrocenyl hex-10-one) trimethyl ammonium bromide (F 11 OTAB). Chacun de ces tensioactifs existe sous une forme réduite et sous une forme oxydée.

Fig. E. 5

 5 Fig. E.5 Contrôle redox des motifs de dépôt dans un régime de faible concentration en tensioactif. A) Images représentatives par microscopie à transmission de dépôts obtenus par séchage d'une goutte de 1 µL de solution de tensioactifs à différentes concentrations (variation horizontale) et différents taux d'oxydation (variation verticale) dans les conditions environnementales. La solution contient des colloïdes sphériques de 1 µm de diamètre de latex négativement chargées à 4 mg mL -1 . Le taux d'oxydation est contrôlé par ajout d'une quantité stIJchiométrique d'ions fer (III) à une solution mère de 5 mM de F n TAB + (n = {6 (série du centre), 11 (série de droite)}). La série de gauche (contrôle) montre les expériences correspondantes sans F n TAB mais en présence de la quantité de fer (III) utilisée pour contrôler le taux d'oxydation (valeurs dans les colonnes). La barre d'échelle est de 1 mm. B) Images représentatives de microscopie électronique à balayage (SEM) prises en bordure (en haut) ou au centre (en bas) des dépôts obtenus dans les mêmes conditions que précédemment avec [F6TAB] = 80 µm à différents taux d'oxydation. La barre d'échelle est de 10 µm.

Fig. E. 6

 6 Fig. E.6 A) Les particules Janus sont fabriquées à partir de colloïdes sphériques commerciaux de différents diamètres en latex et recouverts de groupes carboxylates en surface. Ces colloïdes sont recouverts d'une couche de platine sur une moitié de leur surface. B) Image par microscope à transmission de dépôts obtenus par séchage d'une goutte de 1 µL d'une solution de colloïdes de 1 µm de diamètre ou de particules Janus correspondantes à 2 mg mL -1 sur une surface de verre.

Fig. E. 7

 7 Fig. E.7 Exemples de cristaux colloïdaux obtenus par séchage d'une goutte de 1 µL dans les conditions environnementales avec une concentration variable de F 6 TAB + . La concentration de F 6 TAB + augmente horizontalement. Un zoom est effectué au centre du dépôt afin d'observer les cristaux colloïdaux de structure hexagonale compacte. La barre d'échelle du dépôt entier est de 1 mm et celle du zoom est de 10 µm.

  

  

  

  

  

  

  

  

  

  

b) Redox properties and absorbance

  At 1 bar and 25 o C, it is a yellow-orange powder (Figure III.2 -C) soluble in many organic solvents but not in water. At the same pressure, its melting point is 172.5 o C and its decomposition temperature is 400 o C.[START_REF] Astruc | Why is Ferrocene so Exceptional?[END_REF] 

	Ferrocene can be oxidised into ferrocenium (Figure III.3). Oxidation takes place in gentle
	conditions as oxidation potential is around + 0.5 V (reference saturated calomel electrode).[30]
	Ferrocenium is a deep-blue molecule positively charged because containing iron (III) instead
	of Iron (II). As iron (III) as one more positive charge than Iron (II), iron (III) stabilises
	more free electrons of its aromatic cyclopentadienyl ligands in ferrocenium than Iron (II)
	in ferrocene. Therefore, ferrocenium molecule is absorbing longer light wavelengths than
	ferrocene as longer light wavelengths are less energetic than short ones. It explains why
	ferrocene is orange (absorbing short blue wavelengths with high energy) while ferrocenium
	is blue (absorbing long orange wavelength with low energy).
	Fe	-e -+ e -	Fe
	ferrocene		ferrocenium
	Fig. III.3 Ferrocene (orange) oxidises in ferrocenium (deep-blue) in gentle condi-
	tions.		

  Merck, purity > 99 %), thionyl chloride (CAS 7719-09-7, Merck, purity > 99 %), N,N-dimethylformamide (DMF, CAS 68-12-2, Merck, purity > 99 %), aluminum chloride (CAS 7446-70-0, Merck, purity > 99 %), ferrocene (CAS 102-54-5, Merck, purity > 98 %), sodium borohydride (CAS 16940-66-2, Merck, purity > 98 %), toluene (CAS 108-88-3, Carlo Erba, purity > 95 %), dichloroethane (DCE, CAS 107-06-2, Carlo Erba, purity > 95 %),

	IV.2.1	Materials used
	Lithium sulfate monohydrate (CAS 10102-25-7, Merck, purity > 99 %), iron (III) sulfate
	(CAS 15244-10-7, Merck, purity > 97 %), iron (II) sulfate heptahydrate (CAS 7782-63-
	0, Merck, purity > 99 %), trimethylamine solution (CAS 75-50-3, 4.2 M in ethanol), (6-
	bromohexyl)-ferrocene (CAS 136237-36-0, Merck), 11-bromoundecanoic acid (CAS 2834-
	05-1,	

dichloromethane (DCM, CAS 75-09-2, Carlo Erba, purity > 95 %), ethanol (CAS 64-17-5, Merck, purity > 98 %), heptane (CAS 142-82-5, Carlo Erba, purity > 95 %), petroleum ether 30-40 o C (PE, CAS 64742-49-0, Carlo Erba, purity > 95 %) and tert-butylmethyl ether (TBME, CAS 1634-04-4, Carlo Erba, purity > 95 %) were all used without purification. Tetrahydrofuran (THF, CAS 109-99-9, Carlo Erba, purity > 98 %) was freshly distillated from a mixture with solid sodium before use.

  Table IV.2: Molar attenuation coefficients of Fe 2 (SO 4 ) 3 and FeSO 4 at 437 nm and 627 nm extracted from Figure IV.10F 6 TAB 2+ (353 L mol -1 cm -1 (Table IV.2) and F 11 TAB 2+ (340 L mol -1 cm -1 (Table IV.2).The contribution of FeSO 4 to the absorbance at 627 nm could thus be neglected and we thus used only the molar attenuation coefficients of F n TAB 2+ (n = {6,11}) at 627 nm to determine the oxidation rate.

	FeSO 4	7.5	0
	Fe 2 (SO 4 ) 3	6.5	2.7

Oxidation In this last paragraph, we report our studies on the chemical oxidation of F n TAB + (n = {6,11}) by iron (III) sulfate (Figure IV.11). Oxidation rate of a F n TAB + (n = {6,11}) solution depending on the concentration of introduced iron (III) was reported to check if the reaction was quantitative (Figure IV.11 A -B). The oxidation rate of a F n TAB + (n = {6,11}) solution containing an equivalent quantity of iron (III) was followed in time to determine the reaction's kinetic properties (Figure IV.11 C -D).

Table IV

 IV 

		5 • 10 -4	diamagnetic	yes
	F 11 TAB +	-4.4 ± 0.5 • 10 -4	diamagnetic	yes
	F 6 TAB +	4.8 ± 0.1 • 10 -3	paramagnetic	yes
	ferrocene	5.5 ± 0.1 • 10 -3	paramagnetic	no
	FeCl 2	6.5 ± 0.1 • 10 -2	paramagnetic	no
	FeCl 3	7.8 ± 0.1 • 10 -2	paramagnetic	no

.3: Measured magnetic susceptibility (χ) of synthesised redox-sensitive surfactants and some other salts. Data have been arbitrarily displayed form the lower to the highest value of χ.

Table V .

 V 1: Different model of glass slide and cover-slips tested. contact line are vital for CRE (cf Chapter 1), only the substrates without drop depinning or spreading have been used in the following. Therefore, and unless specified otherwise, Menzel Glaser 24 x 50 mm have been used during all PhD's experiments.

	Type of glass slide	Brand	Size (mm) Label
	Coverslip	Knittel Glass	24 x 60	K60
	Coverslip	Knittel Glass	24 x 50	K50
	Coverslip	Knittel Glass	24 x 36	K36
	Coverslip	Knittel Glass	24 x 24	K24
	Coverslip	Menzel-Glaser	24 x 60	M60
	Coverslip	Menzel-Glaser	24 x 50	M50
	Coverslip	Menzel-Glaser	24 x 22	M22
	Coverslip	Menzel-Glaser	25 diameter O25
	Glass slide	Knittel Glass (Reinweiss)	76 x 26	KR
	Glass slide	Knittel Glass	76 x 26	KB

Table V .

 V .15). By observing the patterns without F 6 TAB + , we observe a classical ring pattern for

	Estimated pH A/B added	[A/B]	V A/B (µL)
	0	HCl	1 M	8
	1	HCl	1 M	1
	2	HCl	100 mM	1
	3	HCl	10 mM	1
	4	HCl	1 mM	1
	5	HCl	100 µM	1
	6	HCl	10 µM	1
	7	/	/	0
	8	NaOH	10 µM	1
	9	NaOH	100 µM	1
	10	NaOH	1 mM	1
	11	NaOH	10 mM	1
	12	NaOH	100 mM	1
	13	NaOH	1 M	1
	14	NaOH	1 M	8

  .4). We have used C 16 TAB (dodecyl trimethylammonium bromide CAS 57-09-0, Sigma Aldrich, purity > 97 %, used as received) as a control. Table V.4: Details about solution composition for CRE experiments with an oxidation rate controlled with Fe 2 (SO 4 ) 3 . "Type" is the type of solution. "theo ρ ox " is the theoretical oxidation rate of the solution. "real ρ ox " is the real oxidation rate measured with absorbance. [Fe 2 (SO 4 ) 3 ] is the concentration of Fe 2 (SO 4 ) 3 introduced in solution. [MgSO 4 ] is the concentration of MgSO 4 introduced in solution. [SO 2- 4 ] is the final concentration of SO 2- 4 in solution. [surfactant] is the concentration of F 6 TAB, F 11 TAB or C 16 TAB. "C" is a control series that contains only Fe 2 (SO 4 ) 3 and MgSO 4 but no surfactant.

	Type	theo real [Fe2(SO4)3] [MgSO4] [SO 2-4 ] [surfactant]
	sample	ρox	ρox	(mM)	(mM)	(mM)	(mM)
	F6TAB	0	/	0	7.5	7.5	4
	F6TAB	20	/	0.5	6	7.5	4
	F6TAB	40	/	1	4.5	7.5	4
	F6TAB	60	/	1.5	3	7.5	4
	F6TAB	80	/	2	1.5	7.5	4
	F11TAB	0	2.7	0	7.5	7.5	4
	F11TAB	20	34	0.5	6	7.5	4
	F11TAB	40	56	1	4.5	7.5	4
	F11TAB	60	75.8	1.5	3	7.5	4
	F11TAB	80	98.3	2	1.5	7.5	4
	C16TAB	0	/	0	7.5	7.5	4
	C16TAB	20	/	0.5	6	7.5	4
	C16TAB	40	/	1	4.5	7.5	4
	C16TAB	60	/	1.5	3	7.5	4
	C16TAB	80	/	2	1.5	7.5	4
	C	0	/	0	7.5	7.5	0
	C	20	/	0.5	6	7.5	0
	C	40	/	1	4.5	7.5	0
	C	60	/	1.5	3	7.5	0
	C	80	/	2	1.5	7.5	0

Table V .

 V .5). These solutions have been used in the following to perform classical CRE experiments. Fe 3+ ] is the initial concentration of Fe 3+ in solution provided by Fe 2 (SO ) 3 before reaction with F n TAB + . [SO2- 4 ] is the concentration of SO 2- 4 provided by Fe 2 (SO ) 3 in solution. [F n TAB] is the total concentration of F 6 TAB or F 11 TAB.

	Type	theo real [Fe2(SO4)3] [Fe 3+ ] [SO 2-4 ] [FnTAB]
	sample	ρox	ρox	(mM)	(mM)	(mM)	(mM)
	F6TAB	0	2	0	0	0	2
	F6TAB	20	23.4	250	500	750	2
	F6TAB	40	45.0	500	1000	1500	2
	F6TAB	60	65.3	750	1500	2250	2
	F6TAB	80	85.8	1000	2000	3000	2
	F6TAB	100	107	1200	2400	3600	2
	F11TAB	0	1.7	0	0	0	2
	F11TAB	20	21.5	250	500	750	2
	F11TAB	40	41	500	1000	1500	2
	F11TAB	60	63	750	1500	2250	2
	F11TAB	80	83	1000	2000	3000	2
	F11TAB	100	96.9	1200	2400	3600	2
	C	0	/	0	0	0	0
	C	20	/	250	500	750	0
	C	40	/	500	1000	1500	0
	C	60	/	750	1500	2250	0
	C	80	/	1000	2000	3000	0
	C	100	/	1200	2400	3600	0

5: Details about the solution's composition for CRE with oxidation rate chemically controlled with Fe 2 (SO 4 ) 3 . "Type sample" is the type of solution. "Theo ρ ox " is the theoretical oxidation rate used in the following patterns figures. "Real ρ ox " is the real oxidation rate measured with absorbance of F n TAB 2+ . [Fe 2 (SO 4 ) 3 ] is the concentration of Fe 2 (SO ) 3 in solution. [

  .2).

	Type	Diameter (µm) C part (u L -1 )
	Latex	1	3.8 ± 1.8 10 12
	Latex Janus	0.13	2.5 ± 0.5 10 12
	Latex Janus	0.5	2.2 ± 0.3 10 12
	Latex Janus fluo	0.5	8.9 ± 1.1 10 11
	Latex Janus	1	9.5 ± 0.7 10 11
	Latex Janus fluo	1	1.6 ± 0.3 10 12
	Latex Janus	1.9	8.4 ± 1.8 10 11
	Latex Janus	3.6	2.2 ± 0.5 10 11

Table

VI

.3: Determined particular concentration of Janus particles solutions. The first line corresponds to the known concentration of latex colloids solution. Latex particles are designed as "Latex". Janus particles are designed as "Janus". Fluorescent particles are designed as "Latex fluo". They are made in latex covered with a fluorescent molecule (λ ex = 580 nm, λ em = 605 nm).

Table VI .

 VI 

	Type	diameter (µm)	m col (kg)	ρ col (kg m -3 )	m Janus (kg)	ρ Janus (kg m -3 )	m Janus m col ()
	Si	0.1	1.4E-18	2650	8.3E-18	16000	5.9
	Si	0.5	1.7E-16	2650	3.5E-16	5300	2.1
	Si	1	1.4E-15	2650	2.1E-15	4000	1.5
	Si + Fe	1	1.6E-15	3168	2.3E-15	4500	1.4
	Si	2	1.1E-14	2650	1.4E-14	3300	1.3
	Si	5	1.7 E-13	2650	1.9E-13	2900	1.1
	Latex	0.13	1.15E-18	1010	1.3E-17	11000	11.3
	Latex	0.5	6.6E-17	1010	2.4E-16	3600	3.7
	Latex	1	5.3E-16	1010	1.2E-15	2300	2.3
	Latex	1.9	3.6E-15	1010	6 E-15	1700	1.7
	Latex	3.6	2.4E-14	1010	3.3E-14	1400	1.4

Table VI . 5

 VI5 

		1	9E-9	8.2E-8	9.1
	Si	0.5	2.2E-7	5.9E-7	2.7
	Si	1	9E-7	2E-6	2.2
	Si + Fe	1	1E-6	2E-6	2
	Si	2	4E-6	5E-6	1.25
	Si	5	2.2E-5	2.6E-5	1.2
	Latex	0.13	9.2E-11 9.2E-8 1000
	Latex	0.5	1.4E-9	3.5E-7	250
	Latex	1	5.5E-9	7.1E-7	130
	Latex	1.9	2E-8	1E-6	50
	Latex	3.6	7.1E-8	3E-6	42

: Numeral application of sedimentation speed of synthesised colloids, v col , and Janus particles, v Janus , in water at 20 o C in the steady state case.

Table VIII .

 VIII 1: Properties of solvents in order to chose a good candidate for LLCR. coefficient for LLCR application, it is better to have a slightly polar solvent. Thus, cyclohexane, hexane, toluene and mineral oil are not good candidates as they are almost apolar. Finally, we have to check out if the solvents are soluble into water. Since dimethylformamide, tetrahydrofurane and diethyl acetate are soluble into water in environmental conditions, they cannot be used for LLCR. In conclusion, diethyl ether is the best candidate for our system. However we will see in the following what happens with other possible solvents that are not polar as cyclohexane, hexane, toluene and mineral oil.

	solvent	formula	density Polar Water soluble? Usable LLCR?
			(g cm -3 )			
	chloroform	CH 3 Cl	1.49	Yes	No	No
	dichloromethane	CH 2 Cl 3	1.33	Yes	No	No
	1,2-dichloroethane C 2 H 4 Cl 2	1.25	Yes	No	No
	dimethylformamide C 2 H 7 ON	0.944	Yes	Yes	No
	tetrahydrofurane	C 4 H 8 O	0.889	Yes	Yes	No
	diethyl ether	C 4 H 10 O	0.713	Yes	No	Yes
	diethylacetate	C 5 H 10 O 2	0.902	Yes	Yes	No
	cyclohexane	C 6 H 12	0.779	No	No	Maybe
	hexane	C 6 H 14	0.655	No	No	Maybe
	toluene	C 6 H 14	0.867	No	No	Maybe
	mineral oil	/	0.83-0.91	No	No	Maybe

Table VIII .

 VIII .2). 2: Concentration in acid or base (A/B) in the experiment. Acid is HCl and base is NaOH. The corresponding estimated pH is indicated. Samples prepared previously (Table VIII.2) were used in LLCR systems (Figure VIII.

	A/B	HCl	HCl	HCl	HCl	HCl	HCl
	C A/B 100 mM 10 mM 1 mM 100 µM 10 µM	1 µM
	pH	1	2	3	4	5	6
	A/B	NaOH	NaOH	NaOH	NaOH	NaOH	NaOH
	C A/B	1 µM	10 µM 100 µM 1 mM 10 mM 100 mM
	pH	8	9	10	11	12	13

  • mL -1 in zeta potential measurement instead of 4 mg • mL -1 as in CRE normal experiments. In order to do so, we have worked with different solution containing different colloidal concentration and F 11 TAB 2+ oxidised with iron (III) with MgSO 4 for compensation (Table D.2).

	[Colloids] (µg • mL -1 )	[F11TAB] [Fe 2+ ] [SO 2-4 ] [Mg 2+ ] (µM) (µM) (µM) (µM)
	0.2	0	0	0	0
	2	0	0	0	0
	20	0	0	0	0
	200	0	0	0	0
	2000	0	0	0	0
	20	20	20	37.5	7.5
	200	20	20	37.5	7.5
	2000	20	20	37.5	7.5
	20	200	20	375	75
	200	200	20	375	75
	2000	200	20	375	75

The coffee-ring effect seems to be a really promising system for the spontaneous emergence of colloidal crystals at the liquid-gas interface and possibility to transfer it on a dry solid substrate. Indeed, we have shown in the previous chapters the crucial role of particles accumulation there. Should crystallization occur at the liquid-gas interface in the drying sessile drops, colloids can be drawn by flows from the inner part of the drop towards the growing crystal at its interface. However, as far as we know, no studies have analyzed the organization behaviour of particles adsorbing at the liquid-gas interface of a drying sessile drop potentially subjected to the coffee-ring effect, and colloid crystallization at this fluid interface has not been reported. Note that colloidal crystal formation is theoretically much more difficult to achieve in planar or concave interfacial systems than convex ones.[START_REF] Kozina | Out-of-equilibrium assembly of colloidal particles at air/water interface tuned by their chemical modification[END_REF] In this chapter, I first explain why colloidal concentration is a key parameter for crystallisation at liquid-gas interface. Then, I explain how the fortuitous discovery a colloidal crystal forming at the liquid-gas interface in a surfactant-containing CRE system led me to study this phenomenon in detail, prior to systematically present how colloidal crystals can be obtained in various coffee-ring effect systems and some rationale about it.

est très simple et toujours le même : une goutte de 1 µL de solution de colloïdes et de tensioactifs à une concentration variable est déposée sur une surface de verre. La goutte sèche à température et taux d'humidité ambiants et le dépôt est observé.On observe, à faible concentration fixée (Figure E.5), que le type de dépôt obtenu change en fonction de l'état d'oxydation du tensioactif : lorsqu'il est sous sa forme réduite, on obtient un dépôt classique en forme d'anneau alors qu'on observe un disque uniforme lorsqu'il est oxydé. Le changement de charge permet ainsi d'induire l'adsorption des particules de charge opposée à celle de l'interface, tandis que le caractère tensioactif permet de travailler à très faible concentration. Il s'agit d'un élément nouveau pour la compréhension fondamentale de ce phénomène. Nous avons confirmé ces résultats avec un contrôle électrochimique. Le stimulus redox permet donc de contrôler l'effet tache de café. Ce système original permet en outre d'envisager des applications de diagnostic d'état d'oxydation de matériaux faciles, rapides, interprétable à l'IJil nu et bon marché.
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ainsi de la première réaction interphase permettant de contrôler l'effet tache de café.

Dans ce chapitre, des phénomènes connus sur l'effet tache de café classique dans l'air ont été généralisés à l'effet tache de café en phase liquide-liquide. C'est notamment le cas de l'introduction de tensioactifs, de protéines et de sels. Par ailleurs, nous avons décrit pour la première fois un système de contrôle de l'effet tache de café par une réaction à l'interface entre les deux phases liquides.

Ceci ouvre des perspectives pour le développement de méthodes de diagnostic basées sur l'effet tache de café plus performantes, car se passant des contraintes inhérentes à l'air ambiant (humidité, flux d'airs, convection, etc.).

VI.3 Important effects related to Janus particles VI.3.1 Density

Volume A first important thing to determine is the mass and density of Janus particles used in this PhD. Let's consider a Janus particle made of a material M 0 and half covered with two materials M 1 and M 2 .

The volume of material M 0 is defined as

R 0 being the radius of the colloid. The volume of material M 1 is defined as

The previous equation can be developed to give

which can be simplified to give

In addition, as R 1 << R 0 we can simplify the previous to give

The volume of material M 2 is defined as

The previous equation can be developed to give

which can be simplified to give

The equation can be developed again to give

which leads to

In addition, as R 1 << R 0 and R 2 << R 0 we can simplify the previous equation to get

Chapter VII

Crystallisation of CRE patterns

In the previous chapters, we have mainly focused our interest on the overall distribution of the particles left by a drying colloidal suspension drop. This let us to a detailed analysis on the external (redox stimulus) or internal (surfactants, Janus particles, role of the adsorption at the liquid-gas interfaces) parameters that make particles accumulating at the periphery of the drop (coffee-ring effect) or distribute homogeneously to create a uniform disk. Here, we thus address the question of the microscopic organization of the colloids upon this process. It is generally known that, when a coffee-ring occurs, only particles at the outer periphery of the ring form crystalline structures because they have time to self-organize there, while the rest of deposited particles generate amorphous deposits. When the coffee-ring effects is canceled, for instance by inducing particle adsorption at the liquid-gas interface, particles usually form uniform yet amorphous assemblies. The situation of a pinned sessile drying drop thus seems inappropriate to generate colloidal crystals. At the same time, obtaining 2D colloidal crystals is sought after in materials science for better integration of particles in functional device or for exploiting their collective or coupling properties. Of particular interest is the situation of the fluid interface as the resulting colloidal crystal can offer dynamic responses.

In this chapter, we thus scrutinize the behaviour of colloids at the liquid-gas interface of a drying sessile drop in the presence of various surfactants. We report our discovery that, in fact, colloidal crystallization can occur at the liquid-gas interface. We show that this systematically occur for a narrow surfactants concentration range.

Chapter VIII

Liquid liquid coffee ring effect

All chapters consider the classical situation of a drop evaporating in air. Interestingly, it was very recently recognized that the CRE also occurs when a sessile drop dissolves into an outer liquid where it is partially miscible. However, only one paper have considered this situation so far and more knowledge about this system need to be obtained. In this Chapter, we present some of our systematic investigation on the CRE in this new liquid/liquid format. Interestingly, we find that many of the characteristic features of the CRE in air are recapitulated when a drop dissolves in another liquid phase instead of evaporating into the air. Therefore, liquid/liquid coffee-ring is promised to as many applications as the conventional evaporative CRE, and can thus offer interesting solutions for the development of rapid, portable and low-cost diagnostics, with the advantage of being much less sensitive to humidity than evaporative systems. • Working electrode (WE) is made of a 0.50 µm diameter platinum wire.

• Reference electrode (RE) is made of a pure silver wire chemically covered with silver oxide AgO inside a cell full of electrolyte solution (a flittered glass part is on the cell's bottom to ensure conductivity).

Appendix B

Capillary measures B.1 Interfacial energy measurement B.1.1 Definition a) Laplace-Yong pressure

There are different methods to determine interfacial energy of a liquid in the air or of a liquid in a liquid. A pressure, called the Laplace pressure, is associated with a curved interface. The Laplace pressure is proportional to the interfacial energy. Therefore, measuring pressure inside bubbles or drops and in the bulk allow us to get the interfacial tension.

with γ the surface tension, P ext external pressure, P int internal pressure and n the radial vector on the surface. On a simple interface with two characteristic rays of curvature R 1 and R 2 , the previous equation can be written as

b) Hydrostatic pressure

Interfacial energy also tends to minimise the surface area of a drop. Thus, analysing the drop or bubble shape allows us to determine it. However, we have to take into account the effect of gravity on drop shape. Then,

with ∆P 0 the difference of pressure between internal and external by the height, ρgz the product of the density of the medium by the gravity constant by the height, and ∆ρgz is the difference of the previous products between internal and external.

A given system of solid, liquid, and vapor at a given temperature and pressure has a unique equilibrium contact angle. However, in practice, a dynamic phenomenon of contact angle hysteresis is often observed, ranging from the advancing (maximal) contact angle to the receding (minimal) contact angle. The equilibrium contact is within those values, and can be computed from them. The equilibrium contact angle reflects the relative strength of the liquid, solid, and vapour molecular interactions.

B.2.2 Experimental device

During our experiments, advancing and receding contact angles have systematically been reported in order to be more quantitative. Measures have been conducted with a Krüss tensiometer. A camera recorded drop shape with a powerful light source behind the drop.

Volume is injected or taken from the drop with a long flat metallic needle (Figure B.1 -A).

On an original 2 µL drop, we inject 12 µL and 10 µL is pulled back at 20 µL min -1 . The movie is usually taken during 60 s at 5 frames per second. All the experiment is conducted in environmental conditions that can vary a lot depending on the season. 

Appendix C Magnetic susceptibility measurement C.1 Definition

In electromagnetism, the magnetic susceptibility is a measure of how much a material will become magnetised in an applied magnetic field. It is the ratio of magnetisation M (magnetic moment per unit volume) to the applied magnetising field intensity H. This allows a simple classification, into two categories, of most materials' responses to an applied magnetic field: an alignment with the magnetic field, χ ¿ 0, called paramagnetism, or an alignment against the field, χ ¡ 0, called diamagnetism. Paramagnetic materials align with the applied field and are attracted to regions of greater magnetic field. Diamagnetic materials are anti-aligned and are pushed away, toward regions of lower magnetic fields. On top of the applied field, the magnetisation of the material adds its own magnetic field, causing the field lines to concentrate in paramagnetism, or be excluded in diamagnetism. Quantitative measures of the magnetic susceptibility also provide insights into the structure of materials, providing insight into bonding and energy levels.

The volume magnetic susceptibility, noted χ v , is a dimensionless quantity defined by:

with M the magnetisation of the material (the magnetic dipole moment per unit volume) and H is the magnetic field strength (A • m -1 ).

The weight magnetic susceptibility is defined as:

with ρ the density of the material.

C.2 Experimental measure

We used Magnetic susceptibility balance Sherwood Scientific Cambridge UK device. It is switched on ten minutes before measurements and properly calibrated. Horizontality has been checked carefully as we have observed non-reliable measurements sometimes because of ). We observe that two layers are appearing around the colloid. It's the double layer structure that appears systematically when a charged surface is immersed in an ionic solution.

First layer, close to the surface of the negatively charged colloid, is made of very dense cations that compensate negative charges of the surface. It is also called the Stern layer.

Second layer, a little bit further from the colloid surface, separate the mobile fluid from fluid that remains attached to the surface. It is also called the slipping plane.

Zeta potential is defined as the electrical potential at the slipping plane. Electric potential is defined as the energy needed to move a particle from a point to an other without creating acceleration. 

D.2 Experimental setup

Zeta potential measurements have been conducted on Malvern Zeta Sizer device in cells DTS106C. F n TAB was typically diluted at desired concentration with iron (III) from Fe 2 (SO 4 ) 3 and mixed with latex colloids covered with carboxylic groups. Because the concentration ABSTRACT When a drop dries on a solid surface, its compounds accumulate on its edges to form a ring-shaped deposit. This familiar phenomenon, called the coffee-ring effect, is in fact a scientific challenge, an industrial obstacle to prevent and a technological opportunity for low-cost diagnosis. By exploring new ideas, this thesis aims to better understand it and to reveal original methods to control it. Thus, three stimulable surfactants were synthesised and used to control the coffee-ring effect by using a redox stimulus for the first time. Socalled Janus particles clarified the role of the liquid-gas interface and produced novel hybrid deposits. A new phenomenon of particle crystallisation on the surface of a drying drop has also been demonstrated. Finally, the characteristics known for the classical coffee-ring effect have been generalised to liquid-liquid systems in which air is replaced by another liquid.

MOTS CLÉS

Effet tache de café, interface, évaporation, tensioactifs, oxydo-réduction, colloïdes actifs RÉSUMÉ Lorsqu'une goutte sèche sur une surface solide, ses composés s'accumulent sur ses bords pour former un dépôt en forme d'anneau. Ce phénomène familier est appelé effet tache de café. Il s'agit à la fois d'un défi scientifique, d'un obstacle industriel et d'une opportunité technologique de diagnostic. Cette thèse a pour objectif de mieux le comprendre et de révéler des méthodes originales pour le contrôler. Ainsi, trois tensioactifs stimulables ont été synthétisés et utilisés pour la première fois afin de contrôler l'effet tache de café grâce à un stimulus redox. Des particules dites Janus ont permis de clarifier le rôle de l'interface liquide-gaz et de produire des dépôts hybrides inédits. Un nouveau phénomène de cristallisation de particules à la surface d'une goutte qui sèche a également été mis en évidence. Enfin, les caractéristiques connues pour l'effet tache de café classique ont pu être généralisées aux systèmes liquide-liquide dans lequel l'air est remplacé par un solvant.
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