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General Introduction

Colloids form an important class of materials at the frontier between polymers and wet granular materials. They are ubiquitous in the natural world and in many synthetic products we employ in our daily life. They are also used in advanced applications to design systems as different as optical sensors, micro-containers for controlled delivery, and smart coatings. On a more fundamental perspective, colloidal science is a vivid area of research. In spite of important recent achievements there remain outstanding open questions, the great challenge being to connect particle properties to macroscopic behavior.

For a long time hard sphere colloids have been considered as archetypes in colloidal science.

Hard sphere particles only interact through excluded volume interactions and hydrodynamic interactions mediated by the solvent. Over the last 30 years, they have constituted a huge field of research which has been explored from many different perspectives: chemistry, soft matter physics, statistical physics, and simulations. They have led to several key concepts which have become classical in the domain. Let us just cite the cage model, the discovery of mesoscopic glasses, the notions of self-and cooperative diffusion as well as of aging and slow dynamics. However these successes should not screen the fact that hard sphere suspensions as such have a limited number of applications.

Besides hard sphere systems, colloidal science encompasses a wide range of materials which differ for particle shape, repulsive or attractive interactions, the possibility to mix colloids with polymers or surfactants, and particle softness. Soft colloids are deformable Brownian particles which can be as diverse as microgels, emulsion droplets, star polymers, block copolymer micelles and proteins. They exhibit very rich phase diagrams depending on the volume fraction, the architecture of the particles, and their elasticity. A feature that distinguishes soft colloids from hard spheres is their capacity to jam at high volume fractions and form so-called jammed glasses where particles are in contact and interact via soft elastic repulsions. Despite a great variety of particle elasticity, soft glasses have many generic features in common. They behave like weak elastic solids at rest but flow very much like liquids above the yield stress. This unique feature is exploited to process high-performance coatings, solid inks, ceramic pastes, textured food and personal care products. In addition to steric deformation, soft colloids can swell and de-swell depending of the environment and, in the case of hairy colloids, particles can undergo local interpenetration at the periphery.

The physics and the chemistry of soft colloids have considerably developed over the last 10 years, involving many groups all around the world. The present thesis is part of the Initial Training Network "Colloids with designed response" or Colldense, one of the H2020 program supported by the European Commission. The activities of Colldense are divided into three main topics: deformable colloids, hybrid colloids, and colloidal mixtures. Our thesis is part of the work-package on deformable colloids. We focus on a special type of soft colloids called microgels. Microgels are deformable particles that consist in a polymeric network swollen by a solvent. The architecture of the network can be tuned at will by adjusting molecular parameters like the composition and the amount of crosslinker, or varying the conditions of synthesis. Therefore microgels constitute an interesting model of soft colloids to vary the deformability, the strength and the range of the interactions, and the ability to de-swell.

Many studies in the field, including those from our group, concerns soft colloids with purely repulsive interactions and not much is known about the case where attractive interactions come into play. Yet, there is some experimental evidence that attractive potentials are responsible for several new phenomena. Moreover attractive microgels are commonly used in the industry. In view of this, the primary objective of this thesis was threefold: (1) designing soft microgels with tunable short range attractions; (2) investigating and modeling the linear rheology of suspensions of attractive microgels; (3) connecting the flow properties to the existence and the strength of the interactions. To carry out this program, our choice has been to develop a new class of microgels called associative microgels. Associative microgels bear hydrophobic groups which induce short adhesive interactions.

Rapidly, we have realized that the crosslink density is another important parameter that affects many rheological properties of the microgel suspensions even in the purely repulsive limit. Thus we have conducted in parallel a systematic study using well characterized repulsive microgels where the crosslink density was continuously varied. This led us to discover that microgel suspensions form photonic glasses when the crosslink density is correctly adjusted.

The present manuscript is organized in six chapters.

In Chapter 1, we discuss the general background of our research by presenting some key concepts of colloidal science that are useful throughout the manuscript. The chapter is divided into three sections where we successfully review purely hard sphere suspensions, hard colloids in the presence of interactions, and soft colloids. Our presentation highlights two aspects: (i) the connection without physical models and experimental systems (ii) the relationship between the particle scale properties and the macroscopic properties.

In Chapter 2, we present the materials and the methods implemented in this study. The microgel particles are carefully described along with their main morphological properties.

Then we briefly present light scattering and rheology, which are the two main tools adopted in this project. We conclude this section by presenting an original microvelocimetry setup that we built and made operative in the laboratory. This setup combines fluorescence microscopy and rheology in order to measure and characterize the local flow properties of the suspensions.

Chapter 3 describes the relation between the particle elasticity and the linear and non linear rheology of suspensions of repulsive microgels. The particle elasticity is tuned by varying the crosslink density. In the limit of very low crosslink density, we identify and characterize a new class of microgels that we call ultrasoft microgels.

Chapter 4 shows that microgel suspensions in the entropic glass and jammed glass regime exhibit all the hallmarks of photonic glasses. The colors of the suspensions are quantified using transmission and reflection measurements and related to the structure factor when the concentration is varied. We propose a model based on the Rayleigh-Ganz-Debye formalism that provides reasonable predictions of the transmission spectra. This chapter is written in form of an article.

Chapter 5 constitutes the core of our thesis. We investigate the relation between the strength of the short-range adhesive interactions brought by hydrophobic interactions and the mechanical properties of the suspensions. We identify unique dynamical properties tha n we interpret using a generalization the cage concept. We demonstrate that at large deformation flowing suspensions exhibit shear banding or enhanced wall slip depending on the nature of the shearing surface. We propose a microscopic model that explains shear banding in terms of a gradient instability when the characteristic times associated with in-cage associations and shearing motion comes into competition. This model should be general and applicable to other attractive colloids under strong flow. Finally we discuss the generality of our results when the architecture and the composition of the hydrophobic chains are varied.

Chapter 6 opens to potential applications of the results obtained in the previous chapters. It consists of two complementary projects involving both associative and repulsive microgels. In the first project, we explore the possibility to mix, or blend associative and repulsive microgels to finely tune the rheological properties. In the second project, we use both repulsive and attractive microgels as emulsion stabilizers.

To carry out this thesis we have benefited from several collaborations. The microgels have been produced in the chemistry department of Coatex SAS, a subsidiary of the Arkema Company, under the responsibility of Jean-Marc Suau, with whom we had many interactions.

Structural characterizations were performed at beamline XX at the Soleil facility and at beamline ID2 at the European Synchroton Facility. A secondment period at the University of Edinburgh under the supervision of Prof. Paul Clegg has been the opportunity to discover promising applications of associative microgels. Finally we benefited from advice and help from Prof. Rémi Carminati from the Langevin Institute at ESPCI to model the optical properties of microgel photonic glasses.

State of the art and objectives

Colloids are multiphasic mixtures in which the suspended objects have sizes between 1 nm and 1µm. Colloidal suspensions are ubiquitous in natural and synthetic materials of everyday life: blood, toothpaste, foams, inks, paints, dairy products, aerosols and so on. Today the term "colloid" often refers to the objects suspended in the dispersed phase, rather to than the entire mixture; this is the convention we will use in this manuscript. The physics underlying the interactions and the general behavior of these objects in such suspensions is dominated by thermal fluctuations: collisions between particles and solute molecules lead to Brownian motion [1]. These objects are too large to be inscribed in the framework of quantum mechanics and in some cases (depending on their size) too small to be subjected to drag force [2]. Nevertheless, hydrodynamic interactions are also relevant and their contribution becomes more and more important as the concentration of the dispersed objects increases. Moreover, the possibility to interact via different type of potentials (hard/soft and repulsive/attractive) determines major variation in the properties of the suspensions and thus, the applications related to those.

Repulsive hard sphere colloids

In this paragraph we focus on the description of the classical model proposed for hard sphere (HS) suspensions. Here we show how, starting from the description of the inter-particle pair potential, we can describe the state transitions that occur in the suspensions when the particle volume fraction, , is increased. We put in tight relationship the micro-structure and the local dynamics, which allows us to present an interpretation for the origin of the elasticity and the description of the flow properties in the glassy regime.

Hard sphere interactions

The easiest way to think about a colloid is to assume that it is just a spherical bead, or a hard sphere. The so-called hard sphere model [3] in physics gives a very basic yet useful idea of what interactions these objects could look like in the dispersing media. The hard spheres potential, V, is defined as follows:
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Phase diagram and structure

Colloidal suspensions are known to undergo phase transitions when the number of suspended objects increases, which is again expressed in terms of volume fraction, . This finding inspired many works starting from the '60 in order to prove the analogy between the colloidal science and the solid state physics. In this context, colloidal suspensions were the ideal candidate to study such problems, because the size of the constituent colloids is large enough to make them observable by microscopy, otherwise impossible for their molecular and atomic counterparts [8]. Pusey and Van Meegen were the first to present a complete experimental study of the state diagram of colloidal suspensions made of 'nearly hard spheres' colloidal particles of poly(methylmethacrylate) (PMMA) [9] [10].

The state transitions in colloidal suspensions made of hard sphere-like objects can be analyzed and discussed in a three-fold way: in terms of the structure of the suspension, in terms of the local dynamics experienced by the single particle and in terms of the flow and mechanical signatures associated to the transition. The following part is thus devoted to discuss the state transition in such way.

Structure of the states.

Historically, the first computer simulation by Alder and Wainwright [11] and Hoover and Ree [12] found that a suspension of mono-disperse hard spheres at equilibrium has three critical points: 0.494 F , the freezing point, 0.545 M , the melting point and 0.74

CP
, which is the volume fraction of particles organized in a fully compressed closed packed (CP) crystal, and thus the maximum possible amount of particles in a suspension. For volume fractions below the freezing point, the suspension is in the fluid state; between the freezing and the melting, a coexistence of fluid and crystal takes place and eventually, beyond the melting, the suspension is fully crystalline.

The nature of the crystal can be either face-centered cubic (FCC) or hexagonal close-packed (HCP), depending on the conditions, i.e. the kinetics at which the transition is induced. The transition towards the crystalline state is entropically driven, or in other words it takes place when the gain in the free volume entropy that competes to each particle in a crystalline lattice (where they have a more degrees of freedom) overcomes the configurational entropy loss by quitting the liquid state [13]. Subsequent studies [14] added more complexity to the above-mentioned picture of the state transitions in colloidal hard spheres suspensions; the state diagram was enriched by the presence of another state, the glass state, which is a state of matter characterized by the fact that, while the pair correlation function between particles is similar to the one of the liquid state, the relative movement of the object is extremely slow (sometimes, the particles in this state are described as 'kinetically frozen'). Thus, if the cooling/compression is rapid enough, the system undergoes a glass transition at 0.58 G and the glass state lasts till 0.64 RCP , which is the maximum possible concentration for hard spheres without order (Random Close Packing or RCP). In this view, the glass transition can only occur for out-of-equilibrium systems.

These findings have been confirmed experimentally by Pusey and Van Meegen [9][10], whose results were in accord to the predictions in terms of the state transition experienced by their experimental system. As a reminder, the system studied was made of poly-methyl-methacrylate (PMMA) particles stabilized by a thin layer of poly-hydrostearic acid (PHSA). More importantly, they found that a glass transition occurs in the vicinity of the G , which has been later demonstrated to be a feature of meta-stable systems [15] [16] [17]. Interestingly, they found slight deviations in terms of the volume fractions associated to the boundaries of the transitions that they explain by the polydispersity of the system ( 5%), the imperfection of their interaction potential (induced by the soft polymer layer surrounding the particles used to stabilize them against clustering and aggregation) and the slight inter-particle attraction (due to a partial inefficiency of the screening polymer layer), or a combination of these three features [9]. The effect of polydispersity, that is almost unavoidable in the experimental systems, has been extensively studied in simulations [18] [19]. It is commonly assumed that a polydispersity of around 8-10% is already enough to shift at higher the boundary between the fluid and the arrested phase and to suppress the cristallinity in suspensions [START_REF] Pusey | Hard spheres: crystallization and glass formation[END_REF]. In the following two sections, we will discuss the consequences on the state transitions caused by the interactions (attractive and repulsive in hard or nearly-hard spheres) and by the particles softness, which will bring us to discuss the case when soft particles are interacting via attractive interaction, which is the motivation underlying the present work. For the moment, we can conclude on this issue by saying that for a not better identified combination of the abovementioned factors, the pair interaction potential existing among the latex particles studied in this pioneer work is slightly deviating from the perfect HS potential (Figure 1.1, full line) and it looks more like the one in Figure 1.1 represented by dotted line.

In Figure 1.2 we graphically synthesize the occurrence of the state transitions so far presented and discussed, with the help also of micrographs of hard spheres suspensions in the corresponding states.

visible light. The iridescence, starting from this work, has been identified as one of the main visual signature of the presence of crystalline domain in colloidal crystals.

Microscopic dynamics of HS suspensions

In terms of the local dynamics experienced by the single particle, the glass transition is due to crowding. The global structure of the material, indeed, seems to be unaltered from the liquid state, but the single particle dynamics slows down dramatically [START_REF] Van Megen | Dynamic light-scattering study of the glass transition in a colloidal suspension[END_REF]; the reason is the confinement of each of these particles in 'cages' formed by their neighbors. The term cage has been used for the first time in reference of colloidal glasses by Pusey [10], but it is also used in the description of super-cooled liquids and glasses [22].

The amount of space explored by a single particle over time can be quantified in terms of mean square displacement (MSD), which is a quantity classically measured (or derived) from scattering experiments. In Figure 1.3 we show the mean square displacement for PHSA-stabilized PMMA particles over the time, when their volume fraction is increased. diffusion) or at very long time-scales, when the occurrence of cooperative rearrangements is much higher. In the most concentrated suspension ( 0.578 ), only the short time diffusive motion and the MSD plateau are detected; the long time diffusion regime is impossible to access [START_REF] Van Megen | Measurement of the self-intermediate scattering function of suspensions of hard spherical particles near the glass transition[END_REF]: the suspension has achieved full non-ergodicity, meaning that the mobility is suppressed at time-scales comparable to the experimental ones. Beyond this region, the investigation of the local dynamics of these suspensions requires other specific techniques, such as neutron or X-rays scattering.

The presence of the cages, thus, limits the long-range diffusion of the single particle, which is only allowed to 'rattle' in a spatially confined environment, i.e. the cage. The cage rattling was firstly observed through confocal microscopy in real space and reported by Weeks and coworkers [START_REF] Weeks | Three dimensional direct imaging of structural relaxation near the colloid glass transition[END_REF]. At this point, the system becomes non-ergodic: this transition is the hallmark that a glassy material is formed [START_REF] Poon | Colloidal glasses[END_REF].

Flow properties of HS suspensions.

Suspensions of any kind are in principle able to flow; colloidal suspensions, particularly, keep this ability at least in the fluid-like state, where the viscosity, , is still a valuable parameter to describe their flow behavior. Phenomenologically, we expect that as the number of suspended objects increases, the viscosity of colloidal hard spheres suspensions increases as well. Nevertheless, the study of the variation of the viscosity with the volume fraction has to take into account also a more complex aspect. As the volume fraction of colloids increases, indeed, the viscosity of the suspension is not anymore constant at each given temperature, but it is shear-dependent [START_REF] Larson | The structure and rheology of complex fluids[END_REF]. To illustrate this feature, we report in Figure 1.4 the variation of the shear viscosity with the applied stress for latex suspensions having different volume fractions. Reproduced from [START_REF] Wagner | Shear thickening in colloidal dispersions[END_REF].

All the curves represented in Figure 1.4 show at least three different regimes. In the first one, occurring when the imposed shear stress is close to zero, the viscosity is constant in a wide range of particles volume fractions; here, the thermodynamic limit is attained: the imposed shear is not able to perturb the pair correlation function of the particles, i.e. their spatial arrangement. The viscosity that competes to this regime is called low shear viscosity, or Newtonian viscosity, and it is usually The viscosity divergence as the volume fraction of the suspended hard spheres like colloids approaches the glass transition (illustration taken from [START_REF] Foss | Structure, diffusion and rheology of Brownian suspensions by Stokesian Dynamics simulation[END_REF]). This figure shows the increase and the divergence of the viscosity with the volume fraction of hard spheres, putting together results obtained by experiments and simulations. Practically, this graph translates the empirical observation that if the concentration of the dispersed particles is increased, the viscosity of a suspension will increase, going from a free-flowing liquid to a soft solid, as more and more particles are added [START_REF] Barnes | Institute of non-Newtonian fluid mechanics[END_REF]. At very low volume fraction, the Einstein model provides the prediction of the variation of the viscosity [START_REF] Einstein | Zur Theorie der Brownschen Bewegung[END_REF]. According to this model, the viscosity of a dispersion of non-interacting spherical particles was calculated through statistical mechanics and it was found to be a function only of the viscosity of the continuous phase 0 and volume occupied by the dispersed phase , independently from size and shape of suspended particles. Where s is the solvent viscosity. Since this representation should be applied in the limit of very low concentration of dispersed objects ( 0 ), where individual particles are not aware of one other's existence, it gives little help for real situations. Following Einstein's effort, Batchelor [START_REF] Batchelor | The effect of Brownian motion on the bulk stress in a suspension of spherical particles[END_REF] computed the effect of two body hydrodynamic interactions on viscosity, expressed as in the following:

2 0 (1 2.5 5.9 ) (1.6)
For the purpose of the determination of the viscosity of suspensions in the viscous regime, the Batchelor model predicts reliably the variation of the viscosities up to 0.1 [START_REF] Larson | The structure and rheology of complex fluids[END_REF], thus still far away from the glass transition. Beyond this point, indeed, many different expressions have been proposed, some of them being developed from statistical mechanics, such as the one of Brady:

2 0 1.3 1 sm (1.7)
Where m is a critical concentration that, according to the author's opinion, corresponds to the random close packing; it means that the viscosity diverges when the maximum random packing volume fraction is attained.

On the other hand, the properties of suspensions approaching the non-ergodic transition has been studied and interpreted in terms of in terms of Mode Coupling Theory [34] [35] [36] in analogy to super-cooled liquids and glasses [START_REF] Angell | Perspective on the glass transition[END_REF]. According to this theory, the law that better describes the variation of the viscosity with the particle volume fraction is the following:
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Where g is the volume fraction at which the glass transition occurs. Whether the viscosity diverges as the volume fraction of the suspensions approaches the glass transition [START_REF] Meeker | Concentration dependence of the low-shear viscosity of suspensions of hard-sphere colloids[END_REF] or the random close packing [START_REF] Cheng | Nature of the divergence in low shear viscosity of colloidal hard-sphere dispersions[END_REF] is still a subject debated [START_REF] Russel | Divergence in the low shear viscosity for Brownian hard-sphere dispersions: At random close packing or the glass transition[END_REF]. Anyways, is seems clear that the reasons of this phenomenon, as firstly suggested by Segré and coworkers [START_REF] Segrè | Viscosity and Structural Relaxation in Suspensions of Hard-Sphere Colloids[END_REF] and later confirmed by Franke and coworkers [START_REF] Franke | Solidification of a colloidal hard sphere like model system approaching and crossing the glass transition[END_REF], are to be linked to in the dynamical arrest to which these suspensions undergo when the particle volume fraction is too high and the system starts to be crowded in particles.

Hard sphere glasses

Many experimental systems, as previously mentioned, are too polydisperse and permanently (i.e., for time much longer than the experimental accessible time-scales) out-of-equilibrium to show crystallization [START_REF] Voigtmann | Double Transition Scenario for Anomalous Diffusion in Glass-Forming Mixtures[END_REF]. The glass state features are, thus, very relevant for the understanding of the structure and the properties of the colloidal suspension used as materials in everyday life. In many applications, such as home-care and personal-care products, inks, paints etcetera, it is required the ability to suspend objects such as emulsion droplets, pigments, beads and capsules [START_REF] Coussot | Yield stress fluid flows: A review of experimental data[END_REF]. For this reason, one of the main features required for the suspending fluid is the ability to oppose the drag force applied against it by these suspended objects, while keeping its ability to flow when larger deformations or stresses are applied (for example, when we squeeze the toothpaste tube or when we tilt a bottle of soap in order to pour some on our hands). This characteristic, in fluid dynamics, is called yield stress, which is the minimum amount of stress that has to be overcome in order to put the material in flow [START_REF] Barnes | Institute of non-Newtonian fluid mechanics[END_REF].

which is coherent with the value of the ' G when " G has a minimum for the most concentrated suspension 0.56

( 2 1/ 0 . 1 dyne cm Pa ).

Flow and yielding of colloidal glasses

Yield stress fluids are in general colloidal suspensions [START_REF] Barnes | Institute of non-Newtonian fluid mechanics[END_REF]. As discussed before, the viscosity of such suspensions diverges as volume fraction approaches the critical volume fraction associated to the glass transition (or the random close packing), till this physical property is not measurable anymore, because in the accessible shear rate window it is everywhere function of the shear rate itself. Beyond the glass transition, other rheological properties become more relevant to monitor, like for example the elastic modulus and the yield stress, both features indicating that some kind of solid-like behavior has been developed consequently to the dynamical arrest in the suspension; for this reason, indeed, these suspensions are also called, in the field of the complex fluid dynamics, visco-plastic fluids.

One of the first complete experimental studies of the yielding properties of hard sphere-like colloidal suspensions across the glass transition has been made by Petedikis and coworkers [START_REF] Petekidis | Yielding and flow of sheared colloidal glasses[END_REF].

They used as model system the same PMMA stabilized particles as Pusey (in dodecane instead cisdecalin as the original work) with a polydispersity large enough to avoid crystallization ( 12%).

These suspensions have been rheologically characterized. For our purposes, we here report in Depending on the volume fraction, two different regimes can be identified: the first one, marked with open symbols, that correspond to suspensions having g , where the stress decreases as the shear rate (particularly, for 0.4 , the stress is linear in the shear rate meaning that the fluid is Newtonian), and the second one, marked with full symbols, for g , where at low shear rates the stress tend to a finite value, the so-called yield stress, which increases as the particles content increases. Presence of the yield stress is due to the presence, at rest, of the cage: each single particle in the suspension is trapped by its neighbors due to crowding, and thus, it is only able to explore a limited amount of the available space.

The yield stress exhibited by these suspensions belongs to a range of values that is too weak to sustain the load applied by suspended objects such as emulsion droplets, pigments, capsules and so on, which is the case of many applications of colloidal suspensions as yield stress fluids. It seems necessary, in such cases, to use to colloidal suspensions that, if possible, are able to sustain a much higher load. As we show in the following parts of this chapter, and as it has been somehow suggested so far, there is a tight link between the microstructure and the material properties of colloidal suspensions, and for this reason we will examine in the following how the particles architecture and their physico-chemical nature (regarding, especially their consequences in the inter-particles interactions) can have an impact, at bigger length-scales, on the structure of the final suspensions and how we can engineer the particle chemistry and architecture in order to obtain suspensions with the desired material properties for applications.

Hard sphere colloids with attractive interactions

In many studies where colloidal suspensions have been identified as a model system for atomic and molecular interactions, the presence of attractions among colloids appears as a necessary ingredient.

On the other hand, as quickly mentioned in the last section, in experimental systems (unwanted) pair attractive interaction are unavoidable. Thus, it is relevant to widen the perspective on hard spheres colloidal suspensions and to push our knowledge towards systems that can show attractive interactions. For hard sphere like objects, a pair potential with attractive interactions has the shape that is depicted (and compared to the repulsive one) in It is relevant to underline that an attractive hard sphere pair potential is defined by two characteristic features: w U , the well depth, which is related to the strength of the interaction, and , the interaction range, which can be short or long depending on the width of the potential well (Figure 1.8b, continuous line). The potential so far described is the one that is conventionally used as a model potential; as a matter of fact, in experimental systems, the actual potential is less sharp, as, for example the one depicted in Figure 1.8b, with the dotted line.

The interest in colloids interacting via attractive pair potential has recently grown thanks to numerous works exploring the possibility to form desired and/or functional structure starting from a pool of randomly mixed and non-organized colloids, exploiting the particle capability to selfaggregate and self-assemble [START_REF] Whitesides | Self-Assembly at All Scales[END_REF]. The theoretical approach to the study of these systems consists into varying the shape and the characteristic values of this potential in order to observe what kind of consequences are affecting the state diagram. In this section we will briefly review to these studies for the relevance that they had in order to predict some general features of hard spheres suspensions with attractive pair potential state transitions lately verified in experimental works.

In experiments, it is much harder to achieve self-assembled structure, because it requires a fine engineering of the interaction potential which is sometimes hard to implement in real systems.

Despite the fact that we are not going to approach strictly this topic, it is worth looking into its vast literature regarding the experimental pathways followed to achieve attraction. Particle binding can be, indeed, obtained by exploiting the physical and chemical properties of colloidal suspensions and the possibility to induce the adhesion among particles by the only means of the physical chemical nature of the colloid surfaces and the colloid-solvent interactions [START_REF] Yethiraj | A colloidal model system with an interaction tunable from hard sphere to soft and dipolar[END_REF]. In the following we will shortly review how colloidal suspensions are made attractive experimentally.

Attractive interactions in experimental systems

A wide variety of colloidal suspensions exhibiting attractive pair potential interactions have been the object of experimental study in the last thirty years; nevertheless, to our knowledge, there is no existing review paper or book that presents all the knowledge gathered so far on such systems. Of course, the variety of experimental conditions, particles and solvent physical-chemistry interactions makes this task almost impossible to accomplish. Nevertheless, in this paragraph we will try to briefly review the main aspects by sorting out the most relevant experimental systems in three categories that differ for the particle or suspensions feature that are responsible for the attractive pair potentials. Thus, in the following we discuss the attraction among colloidal particles caused by Van der Waals forces, induced by the adding of polymer molecules or small colloids and the directional interactions, achieved by functionalizing and engineering colloidal particles.

Van der Waals and DLVO

Van der Waals forces are ubiquitous and they are arguably the first source of attractive interaction among colloids [START_REF] Barnes | Institute of non-Newtonian fluid mechanics[END_REF]. Two spherical particles of a radius a , the net attraction that they experience due to Van der Waals forces is F :
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, where r is the inter-particle distance and A is the Hamacker constant and it expresses the compatibility between the surface chemistry of the particles and the chemistry of the solvent and it is positive when the interactions are attractive. The Hamacker constant can be calculated by the Lifschitz theorem and the interested reader can be addressed to [START_REF] Lifshitz | The theory of molecular attractive forces between solids[END_REF].

In correspondence of the well of the interparticle potential, particles stick strongly together, causing the so-called coagulation phenomenon [START_REF] Barnes | Institute of non-Newtonian fluid mechanics[END_REF]. To avoid that, experimentally, since the beginning of the studies on hard spheres suspensions, scientist came up with the idea to prevent the particles to fall in this potential energy well by changing the surface chemistry of the particles in order to give rise to some repulsive forces that come from like charges, which is called electrical double layer repulsion [START_REF] Pashley | Applied colloid and surface chemistry[END_REF]. In this case, the range of the repulsion can be tuned to contrast or either to make more effective the attraction by adding electrolytes to the solutions [53] [54].

One theory has been proposed to take into account the two contributions and to generalize the competition between attractive and repulsive forces in colloidal suspensions, which is the DLVO theory, whose name comes from the acronym of the scientists who proposed it in the first place (Derjaguin, Landau, Verwey, Overbeek). The interest reader is addressed to the book [START_REF] Israelachvili | Intermolecular and surface forces[END_REF]. The potential derived from the DLVO theory is arguably the most used pair potential used in simulation to model the pair interactions between colloids in suspensions, and it works for many of the most common colloidal suspensions to describe phenomena such as the gravitational collapse and flocculation phenomena [31] [55].

Polymer mediated interactions

Polymers, micelles, proteins, small colloids, and, in general, macromolecules, are known to induce a solid-liquid phase separation in colloidal suspensions, which is a phenomenon widely observed in different colloidal suspensions (natural rubber [START_REF] Jenkins | Depletion flocculation in colloidal dispersions[END_REF], blood [START_REF] Neu | Depletion-Mediated Red Blood Cell Aggregation in Polymer Solutions[END_REF], food [START_REF] Dickinson | Stability of food emulsions containing both protein and polysaccharide (in Food Polymers, Gels and Colloids)[END_REF]) and used in many industrial processes such as the sludge dewatering processes [START_REF] Montgomery | Water treatment principles and design[END_REF]. A deeper understanding of this phenomenon can be done by enlightening the underlying mechanisms, which can be substantially different depending on the affinity between the polymer and the solvent and, ultimately, the polymer-colloids interactions.

To illustrate all the possible scenarios that fall in this type of attractive interactions among particles, in Figure 1.9 we report a schematic from [START_REF] Gong | Direct measurements of particle-surface interactions in aqueous solutions with total internal reflection microscopy[END_REF] that summarize what we are going to discuss in this paragraph.

Figure 1.9. Schematic taken from [START_REF] Gong | Direct measurements of particle-surface interactions in aqueous solutions with total internal reflection microscopy[END_REF].

Depletion-Attraction induced by non-adsorbing polymer

Polymer chains and small (compared to the size of the colloidal particles) colloids can act as a depletant in colloidal suspensions. This finding has been published in the pioneering paper from Asakura and Oosawa [START_REF] Asakura | On Interaction between Two Bodies Immersed in a Solution of Macromolecules[END_REF], long before that the soft matter community addressed its interest in the possibility to induce attractions among colloids in suspensions. They show that two rigid bodies immersed in a solution of spherical rigid macromolecules are pulled together to one another if the distance between them, a, is smaller than the macromolecules' diameter d, by a force equal to the osmotic pressure exerted by the latter. The consequence of this attraction is that the suspended colloids aggregate or flocculate [START_REF] Mao | Depletion force in colloidal systems[END_REF] forming a space-spanning 3D network that is often referred as colloidal gel [63] [64]. This phenomenon has an entropic origin. Depletion interactions are controlled by two parameters. The size of the depletants, i.e. the smaller component of the mixture, sets the range of the interactions (the of Figure 1.8). Its concentration determines the depth of the potential, or the w U of Figure 1.8. Interestingly, since in case of macromolecules such as polymer coil or soft colloids (see Section 1.3), the size of the depletant can be tuned by acting on some external parameters (pH, temperature, etc) that can change the affinity of these objects with the solvent, the resulting interaction is as well tunable accordingly.

Interactions via adsorbing polymers

The depletion-flocculation (or depletion-attraction) phenomenon so far described takes place only when the macromolecules are non-adsorbing on the colloids [START_REF] Jenkins | Depletion flocculation in colloidal dispersions[END_REF], which is the main characteristic of a depletant. Nevertheless, also adding adsorbing polymers and macromolecules can lead to flocculated gels, but in this case the mechanism responsible for that is called bridging. This phenomenon has an enthalpic origin and takes place when the surface interaction parameter , which describes the net interactions between the polymer surface and the solvent, is positive; then, the polymer adsorb on the colloid surface and, if its concentration is low enough to not ensure the full coverage of the colloid surface, the adsorbed same chain can 'bridge' two particles together,

given that its chain is long enough. In this case, one very important parameter is the polymer conformation: very long and stretched polymers seem to be the ideal candidate for inducing such phenomenon [START_REF] Yu | Role of Polymer Conformation in Interparticle-Bridging Dominated Flocculation[END_REF]. Of course, the solvent can contribute to the chain stretching and, thus, the attraction in the same colloids-polymer mixture can be caused either by the occurrence of the depletion-interaction, either by the bridging depending on the quality of the solvent [START_REF] Chen | From the depletion attraction to the bridging attraction: The effect of solvent molecules on the effective colloidal interactions[END_REF].

Adhesive colloids

If the polymer chain is not long enough, then it would only adsorb on one particle, gathering the opposite effect: in this case, the well-known scenario of the steric stabilization is displayed [7],

resulting in the arising of a repulsive pair potential among particles, which is actually the reason why all the experimental studies on the hard spheres suspensions are using latex particles stabilized by a thin layer of adsorbed fatty acids polymers as discussed in 1.1. Nevertheless, sterically stabilized colloids can as well show some kind of attractive pair interactions; this phenomenon is usually manifested when the polymers are strongly hydrophobic and the suspending media is a marginal solvent for the polymer strands [START_REF] De Kruif | Adhesive hard-sphere colloidal dispersions. A small-angle neutronscattering study of stickiness and the structure factor[END_REF]. For example, octadecyl [START_REF] Woutersen | The rheology of adhesive hard sphere dispersions[END_REF] or stearyl [69] [70] stabilized silica particles in cyclohexane [START_REF] De Kruif | Adhesive hard-sphere colloidal dispersions. A small-angle neutronscattering study of stickiness and the structure factor[END_REF], benzene [START_REF] Woutersen | The rheology of adhesive hard sphere dispersions[END_REF] or dodecane [START_REF] Narayanan | Microstructure and Rheology near an Attractive Colloidal Glass Transition[END_REF], as the temperature decreases, display clustering and aggregation. This behavior can be explained in two ways: on one hand, the solvent quality can enhance the hydrophobic interactions among the polymer chains and thus their clusterization; on the other, the chain belonging to two neighbor particles can form some lyotropic phase and cause aggregation. The latter is the explanation commonly accepted for this phenomenon [START_REF] Narayanan | Microstructure and Rheology near an Attractive Colloidal Glass Transition[END_REF].

To conclude on this topic, we can say that since in both cases (the depletion and the bridging flocculation) the attraction is controlled by the depletant or the bridging macromolecules size. For this reason, the correspondent pair potential has a small , or in other words, it is short-ranged; as an indication, we can say that this interaction has a range of 10 500nm . On the other hand, the well depth depends strongly on the mechanism the energy involved in this kind of interactions: it is smaller for the depletion (which is also the reason why often the depletion flocculation is referred as a reversible mechanism) while is deeper for the bridging flocculation, where is proportional to the adhesion energy between the polymer and the colloid. Again, as an indication, we can establish that it is worth order of magnitude 11 0 kT , and thus much weaker than Van der Waals interactions.

Dynamics of attractive hard spheres glasses

As highlighted in the last chapter, the reason for the non-ergodicity transition in purely repulsive hard spheres suspensions is due to the caging phenomenon. When particles can also interact in an attractive way, and they find themselves in a crowded environment, another phenomenon has been found to be responsible for the non-ergodicity transition: the bonding In these works, they show that an attractive glass yields differently that its repulsive counterpart, and two different yielding points can be clearly identified (black arrows in the graph), instead of one. The bonding phenomenon seems to be responsible for this unusual behavior: when the applied deformation becomes large enough, first the particle-particle associations stretch and break, and then, the cage opens.

It is worth to note that these features have been so far observed exclusively in systems interacting via DLVO potentials or by polymer-induced attractions. Suspensions made of particles interacting via directional bonding or adhesive colloidal suspensions, although being valuable model systems to probe the universality of the attractive glass features, have been poorly studied in the dense regime so far.

Soft colloids and their interactions

The approach so far described, despite its simplicity, is no longer sufficient when the interaction among the particles is dominated by the particle softness. The softness of a colloid can be associated, in the first place, to the elasticity of the single individual particles. Elastic particles, indeed, experience a pair interaction potential that is weaker and less steep than hard sphere one. This implies several practical manifestations of the softness that occur in such systems: particles deformability, swelling/de-swelling phenomena, and interdigitation. Thus, it is very difficult to depict a coherent framework where soft colloids features can be described: the richness of their morphologies and the fact that these softness manifestations can occur either sequentially or simultaneously makes the phenomenology strongly system-dependent. Nevertheless, in the volume fraction of the dispersed objects, the latter is only taking place when the suspensions are close-packed.

The most relevant example of swelling under stimulus concerns microgels. Microgels are very well known for their capability to swell and de-swell according to their physico-chemical nature and the characteristic of the environment they are in [START_REF] Fernandez-Nieves | Microgel suspensions: fundamentals and applications[END_REF]. Indeed, one relevant class of microgels is constituted by micronetworks made of thermo-sensitive neutral polymers, such as Poly(Nisopropylacrylamide), also called PNIPAM [START_REF] Pelton | Preparation of aqueous latices with Nisopropylacrylamide[END_REF]; it exhibits a low critical solution temperature or LCST, what means that it is able to change its solubility in polar solvents such water with temperature, thanks to the capability of its amide groups to from hydrogen bond with water molecules [START_REF] Pelton | Temperature-sensitive aqueous microgels[END_REF]. The presence of the LCST means that these objects undergo a thermally activated shape and volume (phase) transition, which is schematically represented in Another interesting class of stimuli responsive micronetworks is constituted by polyelectrolyte microgels. As their macroscopic counterparts (i.e. polyelectrolyte gels), these macromolecules are sensitive to ionic strength, osmotic pressure and pH. The swelling of these networks in solvent such water is due to the polymer network solvent intake to equilibrate the osmotic pressure excess of the inside of the network [START_REF] Borrega | Suspensions de microgels polyélectrolytes: propriétés physico-chimiques, rhéologie, écoulement[END_REF]. Thus, in this case, it is the degree of ionization that leads to a volumephase transition (the swelling). This effect has a huge impact on their morphology and thus on their applications: indeed, they can swell much more in water than in organic solvents [START_REF] Fernandez-Nieves | Microgel suspensions: fundamentals and applications[END_REF]. On the other hand, adding ions to the solution (by means of salt or other ionic species such small molecules, polymers, surfactants or other macromolecules) can lead to the opposite effect: the osmotic de-swelling [START_REF] Cloitre | Structure and flow of polyelectrolyte microgels: from suspensions to glasses[END_REF] [START_REF] Fernández-Nieves | Osmotic de-swelling of ionic microgel particles[END_REF]. As polyelectrolyte microgels are the experimental model system chosen for this work, all these issues will be extensively discussed later on.

On the other hand, the osmotic de-swelling does not only concern ionic microgels, but neutral too.

For the latter, the increase in the external osmotic pressure can be only caused by an increase in the change shape, volume and that they can overlap, has major consequences when the suspension starts to be crowded in particles; moreover, these three phenomena can cooperate in a non-trivial manner, which is still a subject of discussion in the scientific community [START_REF] Mohanty | Interpenetration of polymeric microgels at ultrahigh densities[END_REF] [128] [START_REF] Bouhid De Aguiar | Deswelling and deformation of microgels in concentrated packings[END_REF]. As a consequence, it is very difficult to determine the exact volume fraction of the particles, since the individual particles volume is not constant with the particles concentration. An additional difficulty is represented by the fact that softness manifestations (deformability, change in shape and volume, interdigitation) are strictly related to the particles chemistry and architecture and are strongly related to the phisico-chemical interaction ongoing between the suspended particles and the suspending medium. Nevertheless, we can individuate some general features of the soft spheres like colloidal suspensions that we present in the following.

The problem of the volume fraction determination

First of all, one crucial aspect has to be point out: discussing the state diagram of soft particles in terms of volume fraction can be only done on the premises that the determination of the actual soft particle volume fraction can be achieved with a reasonable confidence. Many studies for example, are based on the so-called effective volume fraction, which is the volume fraction referred to the volume of the particle in the dilute regime, when all the phenomena linked to the softness phenomenology haven't already taken place [START_REF] Vlassopoulos | Tunable rheology of dense soft deformable colloids[END_REF]. Of course, experimentally, it is possible to determine shape and size of these objects at any concentration (given that the particles form factor is a sphere), through for example scattering techniques. But, as already mentioned in the last paragraph, the softness causes multiple phenomena that lead to a change of shape and volume as the concentration increases, i.e. all along the state transitions; in other words, if the state transitions of hard spheres can only be treated as alteration (evolution) in the structure factors of the suspensions, in the soft spheres' ones, the change in the form and in the structure cannot often easily decoupled as the phenomena underlying the transitions are tightly entangled.

Soft state diagram: main features

As a consequence, one of the most relevant aspects of the state diagram of soft colloid is the fact that these suspensions can be further concentrated in particles, well beyond the close packing [START_REF] Vlassopoulos | Tunable rheology of dense soft deformable colloids[END_REF].

The reason why this happens is that particle shape and volume changing can lead to the accommodation of topological constraints arising from the dense packing. Another general feature is that the state transitions between the different phases are shifted towards higher volume fractions. This feature is as well to be ascribed to the particles change in volume and shape. The following The first part of this diagram (blue curve) represents the variation of the relative viscosity with the microgel mass concentration; in this regime, it is still possible to detect a Newtonian plateau in the experimentally accessible range of shear rates. When this is not possible anymore, the quantity to monitor is the elastic modulus, 0 G : its variation is represented in the right part of the diagram by the grey-green curve. This curve presents a discontinuity that takes place around c=1.1wt%, which is the signature of two different mechanisms responsible for the increase of the elasticity beyond the liquid-solid transition. The interpretation that the authors give to this phenomenon is that the suspensions in grey color, where g j cc c , behave like entropic glasses, while, at concentrations j cc (suspensions in green) the elasticity arises from the coupling of the cage phenomenon and the elastic contacts between particles. This interpretation also works on other kind of microgels [START_REF] Conley | Relationship between rheology and steructure of interpenetrating, deforming and compressing microgels[END_REF] and emulsions suspensions [START_REF] Seth | A micromechanical model to predict the flow of soft particle glasses[END_REF], but it is still an open debate whether softer colloids can jam [START_REF] Gury | Private Communications[END_REF]. We will discuss this topic only for microgel particles in the chapter dedicated to the effect of the crosslinking density (Chapter 3).

Soft and attractive colloids

As already mentioned in the previous chapter, the role of attractions in colloidal systems changes dramatically the scenarios that we described for suspensions where colloids are just interacting via repulsive pair potentials. Very few studies can be found reporting the nature and the phenomenology that concerns the possibility that soft colloids can interact via attractive pair potentials.

The existing research in this field can be classified on the basis of the nature of the attractions, as we did for attractive hard spheres (see paragraph 1.2.1) and on the basis of the morphologies of the soft colloids involved. In the following we propose a summary table of the literature that we are going to discuss in the following. One of the most relevant studies performed on soft associative colloids interacting via electrostatic interactions is constituted by polyelectrolyte microgels, swollen by sodium hydroxide (NaOH); this system is very sensitive to the ionic strength of the solution, as we mention in 1.3.3, and thus this parameters has been varied by adding different amount of sodium chloride (NaCl). This intervention leads, on one hand, to a partial osmotic de-swelling of the microgels and on the other to the arising of an attraction among particles induced by the decrease of the Debye length. The resulting material is a gel-like material [START_REF] Shao | Role of interparticle attraction in the yielding response of microgel suspensions[END_REF]. Similar behavior has been found in micellar systems [START_REF] Mallamace | Kinetic Glass Transition in a Micellar System with Short-Range Attractive Interaction[END_REF]: this time the attraction is due to the composition gradient among the different blocks.

Electrostatic

The literature is slightly richer in systems made of soft colloids interacting via polymer mediated attractions. Many systems actually show that the progressive adding of polymer to soft suspensions can tune the colloids interaction potential and make it switch from soft-repulsive to soft-associative. This is the case for example of oil droplets in water: by varying the amount of SDS, a surfactant commonly used to stabilize emulsions of such kind, the droplets start to stick together as a consequence of the depletion-attraction induced by the excess of polymer present in the continuous phase [START_REF] Bécu | Yielding and Flow in Adhesive and Nonadhesive Concentrated Emulsions[END_REF]. Also neutral microgels, functionalized with amine groups, have been shown attractive interactions when a polyacrylic acid is added to the solution [START_REF] Cho | Highly Responsive Hydrogel Scaffolds Formed by Three-Dimensional Organization of Microgel Nanoparticles[END_REF]; this time, the acidic functions present on the polymer are able to interact with the amine groups, bridging many different colloids together. However, the addition of depletants in soft colloid suspensions like star polymers [START_REF] Truzzolillo | Depletion gels from dense soft colloids: Rheology and thermoreversible melting[END_REF] or even microgels [START_REF] Eckert | The effect of free polymer on the interactions and the glass transition dynamics of microgel colloids[END_REF] is responsible for de-swelling. The combined effects of de-swelling and depletion-interactions are still under investigation. In case as stars, it is possible to blend two different populations having very different softness (which we remind that it is controlled by the number of arms), in order to obtain, in some concentration ranges, attraction among particles [START_REF] Truzzolillo | Osmotic Interactions, Rheology, and Arrested Phase Separation of Star-Linear Polymer Mixtures[END_REF].

The vast majority of the soft associative systems studied in the literature are represented by DNA functionalized oil-in-water emulsions; the potentiality of this system has been widely explored because of its capability to imitate the cell-cell contacts in biological tissues [START_REF] Pontani | Biomimetic emulsions reveal the effect of mechanical forces on cell-cell adhesion[END_REF]. A fine engineering of the patch on the emulsion droplets is required in order to obtain the desired coverage [START_REF] Joshi | Kinetic control of the coverage of oil droplets by DNA-functionalized colloids[END_REF] and, thus, the desired functionality [START_REF] Zhang | Sequential self-assembly of DNA functionalized droplets[END_REF]. DNA seems to be a promising and accessible way to obtain directional and specific interactions and thus a repeatable structure of the assembly as it has been demonstrated by Sciortino and co-workers who studied the assembly of nanostars entirely made of DNA double strands [START_REF] Fernandez-Castanon | Small-angle neutron scattering and Molecular Dynamics structural study of gelling DNA nanostars[END_REF]. Thanks to the complementary sequences grafted at the ends of the stars arms, the colloids are able to form very well defined structure that lead to a material that has the macroscopic properties of a gel, but it can disassemble thanks to the thermo-reversibility of the hydrogen bonds. To our knowledge, so far nobody succeeded in implementing DNA strands on microgels but nevertheless an attempt to make attraction in microgels suspensions via directional bonds has been recently made in [START_REF] Antoniuk | Supramolecular Hydrogel Based on pNIPAm Microgels Connected via Host-Guest Interactions[END_REF], where the first microgels interacting via host-guest associations were synthesized. Compared to the previous attempts made in Saunders' group [START_REF] Liu | Tuning the swelling and mechanical properties of pH-responsive doubly crosslinked microgels using particle composition[END_REF],

where microgels were covalently crosslinked one to another, this is the first time that it is possible to create supramolecular assemblies starting from microgels interacting via covalently reversible inter-particles bonds.

Objective of the thesis

One of the most interesting aspects of the role of attractions on soft colloids is the variety of rheological features displayed by these systems. Indeed, soft associative systems often combine the features of both the aspects of their interactions potentials: the softness and the attractions. As a major consequence, the state diagram is complexified, as it is shown in [123] [147].

In terms of mechanical properties, we expect that the attractions among particles lead to stiffer and connected materials. In many cases though, these suspensions keep their ability to yield and flow when the applied solicitation is large enough to stretch, deform and eventually break the interparticles links. In this case, some suspensions made of polyelectrolyte microgels have been observed to yield in a two-step way [START_REF] Shao | Role of interparticle attraction in the yielding response of microgel suspensions[END_REF], as it happens for attractive hard spheres described in 1.2.4 (Figure 1.15). At the same time, the flow properties can be characterized by inhomogeneities and shear banding, as it has been observed in sticky emulsions [START_REF] Bécu | Yielding and Flow in Adhesive and Nonadhesive Concentrated Emulsions[END_REF]. These studies have cast a light on the possibility to relate the presence of attractive interactions to the complexity of the flow dynamics shown by such systems [START_REF] Irani | Athermal rheology of weakly attractive soft particles[END_REF].

On this premises, the objective of this work is to elucidate the rheological and optical properties of deformable microgels functionalized by hydrophobic groups analogous to those used in associative polymers [START_REF] Lundberg | Synthesis, characterization and solution rheology of model hydrophobically-modified, water-soluble ethoxylated urethanes[END_REF] [150] [START_REF] Volpert | Influence of the Hydrophobe Structure on Composition, Microstructure, and Rheology in Associating Polyacrylamides Prepared by Micellar Copolymerization[END_REF]. Such functionalization is responsible for a controlled interparticle adhesion, which allows, unlike polymer mediated interactions, the decoupling of the attractive pair potential from the volume changes. Moreover, this modification is much simpler to achieve and less expensive than the interactions induced by DNA strands, which are still difficult to scale-up and are, thus, limited to the lab scale. The architecture and the size of the hydrophobic group allow a fine tuning of the interaction strength and range, as it happens in associative polymers. For this reason, they constitute a valuable candidate for the systematic study of the role of inter -particle attraction in soft deformable colloid suspensions.

subscripts corresponding to the linear chains having 22 or a blend of 16 and 18 carbon atoms, respectively; C16g is the subscript for an alkyl group made of two branches with 8 carbon atoms each.

The localization of those chains in the colloidal particle has been the object of a long but unsuccessful struggle. We tried to localise the sticky ends using fluorescence techniques. Indeed, it is possible in principle to locate the hydrophobic domains formed by the associations of two or more hydrophobic chains with a fluorescent dye, such Nile Red, known for its ability to change its fluorescence emission spectrum when embedded in such domains [START_REF] Locatelli-Champagne | Monitoring mesoglobules formation in PNIPAm solutions using Nile Red solvatochromism[END_REF]. Despite some qualitative trends, we were not able to deduce any quantitatively reproducible results. For this reason, we cannot conclude on this aspect of the characterization. We can limit ourselves to adopt the following argument: stickers are mostly situated on the periphery of the object because they have surfactant characteristics and thus, during the synthesis, they should be preferentially located at the periphery of the growing micelles.

The mechanical and flow properties of the suspensions made prepared from this class of microgels is the object of Chapter 4.

Sample preparation

The sample preparation consists in two steps: the dilution of the original stock solution at the desired concentration and the ionization of the MAA acid functions with sodium hydroxide (NaOH). First, the desired amount of the stock solutions is dilute with the half of the de-ionized water necessary to achieve the final concentration in one flask (first flask). Into another flask (second flask), the desired amount of NaOH solution (usually 1M) is dilute with the remaining half of de-ionized water. The sample preparation is finalized by pouring the solution containing the base from the second flask to the first; the mixing of the two solutions is achieved by tilting and rotating the flask by hand, slowly and steadily, in order to prevent the sample solution from trapping air bubbles. The sample is then kept at rest to equilibrate at least 24 hours before any measurements.

The amount of NaOH added to the microgels depends on the desired ionization degree of the acidic functions present on the polymer network that we want to achieve. The ionization degree can be quantified in terms of ionization ratio, , expressed as follows:

NaOH COOH (2.1)
Where NaOH represents the molar amount of NaOH added to the solution to achieve the ionization and COOH represents the molar amount of acidic functions available in the microgels to ionization. For all the experimental results that we present and discuss in Chapters 3 to 6, the ionization ratio is kept constant at 1 . In the following paragraphs, we vary in order to verify the acid content of our polymers by titration (in section 2.1.4) which is functional to the study of the swelling behaviour of the microgel particles (in section 2.1.5).

Determination of microgels MAA content

The feature responsible for the pH-responsiveness of our microgels is the presence of MAA functions on the polymer backbone. For this reason, it is of a fundamental importance to check the acidic functions content of the microgels that we are going to study. We, thus, perform titration experiment with a Titrilab TIM860 (Radiometer Analytical). We prepared aqueous solutions of the different types of microgels, at c=1mg/g each. We use a standard solution (Alfa Aesar) of sodium hydroxide (NaOH) at 0.1 M, which is added automatically at a constant rate of 0.1mL/min in the flask containing the microgels solution, under continuous stirring. Such parameters, i.e. the microgels mass concentration, the NaOH solution concentration and its adding rate, were previously optimized in order to achieve a good homogeneity of the solution after adding of each single drop and, consequently, get a good resolution on the titration curve issued from the experiment.

In The four repulsive microgel suspensions show qualitatively the same titration behaviour: all the curves are characterized by a similar shape. In the first part of the curve ( 0.1 Vm L ) consists of a fast increase of pH due to the creation of charges on the copolymer backbone. This part is then followed by a relatively large plateau and, afterwards, the curve starts to increase again ( 0.8

Vm L

). This behaviour is found to be a characteristic feature of the polyelectrolytes behaviour during ionization [157][158]. The existence of the plateau, indeed, signals the inhomogeneous distribution of the energy required to ionize all the MAA functions present on the polymer. The height of the plateau is related to the crosslink density, because the change in the polymer configuration consequent to the swelling affects the ionization. Usually, the higher the crosslinker content, the higher the plateau. The detailed study of this behaviour has been the object of a previous thesis [START_REF] Borrega | Suspensions de microgels polyélectrolytes: propriétés physico-chimiques, rhéologie, écoulement[END_REF], and here we limit ourselves to verify the existence of phenomenon and the MAA content.

In order to do that, we detect the equivalence point, which is represented by the inflection point present in the second rising branch of the titration curves; it corresponds to the quantity of NaOH that neutralize an equivalent quantity of MAA. The equivalence point that we get from our experiment corresponds at 1 , which, in other words, corresponds to the complete neutralization of the acidic functions that are theorically present on the microgels. We can thus conclude that all our repulsive microgels have marked polyelectrolyte behaviour and, despite the differences existing among them in terms of crosslink density, the MAA content is the same for all and it is in agreement with the quantity of MAA monomers introduced during the synthesis.

We perform the same verification on the other group of microgels. In We find that all the three associative microgels studied show the same behaviour. Moreover, the curves are qualitatively comparable to the one that characterize repulsive microgels. This time, though, the plateau height is the same for all the three microgel suspensions because they contain the same amount of crosslinker. Again, all the microgels that we examined present an equivalence point, i.e. the inflexion of the second increasing part of the titration curve, at 1 . We can thus conclude that the presence of different stickers on the microgels does not affect the ionization of the MAA functions.

Characterization of the swelling behaviour

Once we have verified that the acid functions content is exactly the one that we expect, we can then study how the microgels behave when their acidic functions gradually ionize. Particularly, we are interested in the variation of the colloids size during the ionization. Previous works indeed [START_REF] Cloitre | Glassy Dynamics and Flow Properties of Soft Colloidal Pastes[END_REF][120] enlightened the fact that the ionization of the acidic functions of poly(EA-co-MAA) microgel network leads to the swelling of these polymer networks. The swelling is due to the difference in osmotic pressure that is established between the inside and the outside of the network induced by the presence of the counterions. The osmotic pressure balance is counterweighted by the elasticity of the particle: stiffer networks are much less prone to swelling than loose ones. Since the elasticity of the particles is related to the amount of crosslinks, we study here the difference in the swelling properties of repulsive microgels induced by the different crosslink content (section 2.1.5.1). Then, we verify whether the presence of stickers affects the swelling properties (section 2.1.5.2) and we conclude this section by discussing the polydispersity. The properties that we present here allow us to discuss our experimental results by doing comparisons among repulsive microgels having different crosslink density and between repulsive and associative microgel with the same crosslinker content.

Swelling behaviour of repulsive microgels

Here we present, in Figure 2.7, the swelling curves for the repulsive microgels, i.e. the increase of the hydrodynamic radius H R , measured via DLS (see section 2.2), with the increase of the ionization ratio, . This measurements are performed on microgel suspensions where the mass content is c=0.01wt%. This concentration insures that the suspended colloids do not interact hydrodnamically.

average number of monomer units between two crosslinks, assuming that the crosslinks distribution is uniform. The higher the amount of crosslinks, the smaller x N ; in Table 2.1 the x N values for repulsive microgels are reported. In Figure 2.8 we show the variation of Q as a function of x N by plotting the results for our microgels and for the microgels from the previous work [START_REF] Cloitre | Glassy Dynamics and Flow Properties of Soft Colloidal Pastes[END_REF]. [START_REF] Cloitre | Glassy Dynamics and Flow Properties of Soft Colloidal Pastes[END_REF].

Figure 2.8. Maximum swelling as a function of the crosslink density for the microgels studied in this work (grey) and those studied in

Here x N appears in terms of its square root; the reason of this choice lies in the fact that in chemical gels the relation between the swelling and the crosslink density takes this form [START_REF] Dusek | Responsive gels: volume transitions I[END_REF]. A linear variation is expected, as the one showed by microgels from the previous work (in black in the plot).

Moreover, our microgels seem to swell more for a given network size, as x N is a way to measure the average mesh size of the gel. This is due to the fact that our microgels contain a different crossliker, whose reactivity and number of reactive functions could be responsible for this behaviour.

x N can be also used to quantify the length of the dangling chains. If we assume a uniform distribution of the crosslink density in the polymer network, for the less crosslinked microgel ( 1 X

M

) we can estimate a chain end length roughly equal to 10nm . This length is not sufficient to cause interdigitation.

Swelling behaviour of associative microgels

As already mentioned, the associative microgels object of our study have the same crosslinking density as the repulsive 1 X M . In order to justify the comparison in terms of properties with the latter, it is crucial to determine if the swelling is comparable or it is affected by the presence of the the variation of the scattered intensity are simply given by the form factor () Pq . For spherical particles, the form factor can be expanded near 0 q leading to the so called Guinier approximation, which gives access to radius of gyration of the suspended objects in solution; such determination is the object of 2.2.4.1.

Dynamic light scattering (DLS) uses the temporal evolution of the scattered intensity in its totality, because the dynamic evolution of this signal reflects of the dynamics of the scattering particles.

Practically, the DLS consists in measuring how much the intensity at a generic time t is correlated with the intensity at a given time 0 t , knowing the interval time between the two, dt (2.10a). The auto-correlation function of the normalized intensity 2 (,) gq t is thus defined as follows:

0 0 2 2 0 (, )(, ) (,) 1 (, ) Iqt Iqt d t gq t Iqt (2.5)
Another correlation function is relevant in DLS, which is the correlation function of the electric field 1 (,) gq t that contains all the information about the particles in solution, which is written, in its normalized form, as:
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(2.6)

Equations (2.5) and (2.6) are related through Siegert equation:

2 2 1 1 ( , ) g g q t (2.7)
where is an experimental parameter that depends on the geometry and the alignment of the laser beam in the setup and thus, is specific of the setup used. Physically, it is roughly equal to the number of speckle on the speckle's pattern from which the intensity is calculated. Therefore, for a given experimental setup, this factor can vary depending on the concentration of the scattered particles, and its variation can be relevant to us in order to deduce if some state transition is ongoing; in the following, if not elsewhere specified, it is roughly equal to 0,9.

Experimental setup

For all the light scattering experiment that we present, we use an ALV / CGS-3 Compact

Goniometer System combined with a He-Ne laser (λ = 632.8 nm). The sample is introduced into a For our samples particles the radius of gyration is 73 g Rn m .

Determination of the hydrodynamic radius

Correlation functions for the suspension at three different angular positions are shown in the 2.12.

Figure 2.12. Correlation functions at three different angles for our reference system made of PS spheres.

(,)

gq t has an approximately monoexponential form. At short time, the intensity is totally correlated with itself since on average it did not have time to change significantly; 2 (,) gq tis therefore constant. At long times, the intensity is less and less correlated with itself because it is more and more likely that it is totally different from its initial state; 2 (,) gq t decreases with time.

This directly reflects the positional correlation of the scattering particles over time. From these results, there are several methods to extract the diffusion coefficients or even the average hydrodynamic radii of the particles / polymers.

For samples whose polydispersity does not exceed 20%, the so-called cumulant method makes it possible to evaluate an averaging coefficient on all measurement angles. It applies only in the case of dilute samples where the movement of the particles is purely diffusive. The auto-correlation function 2 (,) gq tcan then be decomposed as follows:

2 3 3 1 2 ln( ( , )) 2 ... 3 k gq t t k t t (2.10)
Where is the cumulant of the first order and 2 represents the inverse of the characteristic time of the function 2 (,) gq t; 2 k and 3 k are the cumulants of the 2nd and 3rd order, respectively, and they represent the variance of the diffusion coefficient distribution function (related to the polydispersity of the particles) and the asymmetry of this distribution. The polydispersity, represented by the polydispersity index ( PDI ), is estimated as follows:

2 2 k PDI (2.11)
If there is only diffusive mode, 2 (,) gq tand 1 (,) gq tare decreasing exponentially with time. The characteristic time of the decay is given by the first cumulant :

2 1 Dq (2.11)
D is self-diffusion coefficient and is the characteristic relaxation time of the correlation function.

To obtain the average diffusion coefficient of the suspended colloids studied, it suffices to relate 1/ as a function of 2 q and, together, as a function of 2 1/ q . These two representations are complementary, meaning that they can equally lead to an estimation of the diffusion coefficient, but the latter attributes more importance to small angles (small q ), or at large angles (large q ), as shown in A good indicator of the reliability of a DLS measure is the fashion in which the PDI is distributed to the respect the angle; we expect it to be centred around an average value, which in this case is 0.064 PDI . For solid spheres such the ones that we used to show this methodology, we expect PDIs of this order of magnitude (<0.1). Usually, the PDI is also used as an indicator of the error on the measure.

Rheology

The ensemble of the techniques that allow to measure the relevant rheological properties is called rheology [START_REF] Barnes | Institute of non-Newtonian fluid mechanics[END_REF]. The general principle on which each rheological measurement is done is that one can apply a mechanical stimulus (input) to the sample and recording its mechanical response (output).

The analysis of this response in terms of rheological quantities and models gives access to different information, that span from industrially relevant quantities (viscosity, moduli, yield strain and stress) to the material morphology and organization. In the following, we will discuss deeply the technicalities of our rheological measure in a way to clarify our approach to the rheological measurements.

Experimental setup

All the measurements that we have performed in this manuscript have been run on stress-imposed rheometers by Anton Paar GmbH. The models that we have been using are the following: Physica MCR 501, 302 and 502, which are the machines currently available in the rheology facility of our laboratory. Another important detail concerns the geometries that we have been using for our measurements. If not elsewhere specified, we used three different geometries: a cone-plan (CP, d=50 mm, cone angle 2°), which is the most widely used, and two different types of Couette cells, a 

Rheo-Optical Velocimetry Setup (Rheo-PIV)

In many applications, classical rheology investigations are not enough. The macroscopic response of colloidal suspensions, for example, is the result of phenomena that take place on much smaller scales so that the results are averaged over much higher lengthscales. In order to investigate the flow dynamics at local scales, where for example flow instabilities take place, we have developed a microvelocimetry setup based on the coupling between a conventional rheometer and a fluorescence microscope. This choice has been made possible by the optical transparency of our samples that allows to optically probe the entire gap conventionally used for rheological experiments (up to 1mm).

Presentation of the setup

The principle of our original experimental setup is presented in As it is known from the literature and shown by the spectra, the excitation band is centered at 1 540nm (i.e. excitation wavelength) and the emission at 2 560nm (i.e. emission wavelength).

A fluorescence cube is installed in the microscope tube; its purpose is to select the excitation light that goes on the specimen and the one emitted by the probes. The fluorescence cube is composed of the following elements: an excitation filter (Leica ET500-20x), which is a band-pass around 1 , an emission filter (Leica ET535-30m), which is a band-pass around 2 and the dichroic mirror (Leica T512-l), which is a long-pass above 2 . In Figure 2.23 we show the optical path and the spectra of each of these elements.

The radius of the tracers is nominally 500 nm (indicated by the manufacturer); this size has been chosen to be comparable to the size of our microgels particles, in order to avoid any effect on the local dynamics. As an additional precaution, the tracer concentration has been kept always constant and low (c=10 -4 w/w); we expect by adopting this measure to avoid to affect neither the volume fraction, neither the flow dynamics, in a sensitive way. To check if our assumption is right, we performed rheological tests on the loaded sample that we want to probe; in From this experiment we can conclude that the small difference existing between the two curves fall in a 10% error, which is the standard error that we commit on rheology measurements (see 2.3).

Image acquisition

The velocity profile measurement have been performed during shear rate imposed experiments, or start-up shear. Depending on the imposed velocity, we used the laser operating in continuous or in modulation mode. The following Figure 2.26 is schematically shown, in terms of chronograms, the difference existing between these two operations modes; for the readability, it is necessary to point out that the camera/laser is considered open when the associated value is not zero. belonging to a digital frame are comprised between 0 (black) and 255 (white). A way to characterize an image (,)

xmn is, thus, via its histogram, ()

x hk, which reflects the occurrence of each grey level within the pixels constituent the image.

()

x k hk n , 0, 255 k (2.18)
The sequence of mathematical operations done on a single frame can be schematically resumed as in The first action that we take in order to get rid of the out-of-focus signals, is to equalize the grey level distribution, since the one of the original image is highly unbalanced (lower intensities largely prevail as seen in Figure 2.29a). This operation is called histogram equalization; this way we obtain a frame that looks like as the one shown in Figure 2.29b. At this point, another operation that is called segmentation is required, in order to cut off the image every pixel that is not bright enough to be reliably considered as a signal. Practically, this operation sets to zero (i.e. to black) all the pixels that have an intensity, in terms of greyscale, that is less than a certain threshold value, for example less than 250; this way the signal/noise ratio is enhanced because only the pixels that correspond to in-focus tracers will be kept bright and will result meaningful for the correlation. The final result of this sequence of operation is a frame that is uniformly a black field, with few white spots corresponding to the in-focus particles, as the one shown in Figure 2.29c.

The determination of the velocity profiles

The determination of the velocity profile is based on the calculation of the cross correlation between two images constituent a couple. The calculation and all the statistics done on the results is contained in an automated MatLab routine that originally was developed in the MMN Lab by Anne Laure Vayssade and co-workers [START_REF] Vayssade | Flows of Herschel-Bulkley fluids in confined environments: applications to the cementing of oil wells[END_REF], and successively adapted to our setup and integrated with our image analysis toolbox. In the following, we explain step by step how the velocity profiles are determined.

The displacement determination

The cross correlation between two images constituent the couple is possible by treating them as matrices, as we explained in the last paragraph. The cross correlation calculation requires the matrices to be transformed into the Fourier domain. If the two images are correlated, i.e. the displacement of the tracer particles occurred between the two images is order of magnitude of 10 pixels, then, the cross correlation function shows a very sharp peak as the one shown in Figure 2.30. The sharper the peak, the stronger is the correlation between the images. 

The velocity profile calculation

This way we are able obtain as many velocity determinations as the couple of frames that have been taken during the experiment, for a given height. For each sampled height, as raw data, we obtain a distribution of displacements, which can be shown by a histogram that looks like the one that we show in Once we verify that the distribution is statistically reliable, i.e. it looks Gaussian-like, we determine the final value of the displacement experienced by the tracers, for a given height, as the mean value of that distribution. In this operation, we usually discard the least probable displacement values, i.e. the displacements coming from very weak cross correlations; we do so by putting a threshold on the cross correlation peak height. The standard variation of the displacement distribution is taken as the error that we commit on the determination of the velocity for each sampled height.

Finally, to obtain velocities from displacements, it is needed to divide the calculated displacement by the elapsed time between the two images over the cross correlation has been calculated. The crucial point here is to keep carefully in mind that the interval time can be not constant between all the images that constitute the sequence acquired; the interval time, indeed, depends on the mode in which the laser has been operated (continuous or modulated), as we discussed in 2.3.5.

In conclusion, the mean value of the velocity distribution coming from the cross correlation between a given number of couples (for the experiment that we show, 100) taken at each height, constitutes ultimately the velocity variation, or velocity profile, along the gap h. An example of such curve is shown in 

Repulsive Microgels

In this chapter, we investigate the effect of the softness of repulsive microgel on the phase diagram and on the rheology of the suspensions. The softness is tuned by varying the concentration of the crosslinker monomer during the synthesis, as described in Section 2.1.

We examine the properties of the suspensions made of these particles as the microgel concentration varies and at the end we will link the particle properties to the suspension ones.

Existence of a liquid-solid and a non-ergodicity transition

In this section we will present and discuss the existence of a non-ergodicity transition as the colloidal particle concentration increases in the suspensions; as already discussed in Chapter 1, the hallmark of this transition is the slowing down of the local dynamics due to crowding and, consequently, the arising of solid-like properties. For this reason, in order to probe the transition, we will first use light scattering to sample the local particles dynamics and then, rheology, to obtain the mechanical spectra of these suspensions. The study presented in this section has been conducted exclusively on two groups of microgels suspensions, those made of microgel type 1 X M and those made of microgel type 4 X M , which represent the two extremes in terms of crosslinker content (the lowest and the highest, respectively).

Local dynamics probed by DLS

In order to monitor the transition, we will examine in the following only the auto-correlation functions of the intensity field, 2 (,) gq t, taken at a wave-vector q that corresponds to a position of 90° to the respect of the incident beam. We report the curves in 

Discussion

In this paragraph we examined the local dynamics of microgel suspensions made of two types of microgel, 1 X M and 4 X M , which constitutes the two extreme values in terms of microgels crosslink content that we explored in our work. As we increase the colloid concentration in the suspensions, we demonstrate that the local dynamics probe the existence of a nonergodicity transition for both type and we individuate a criterion to place that transition in terms of colloids mass concentration. On the other hand, we also examined the mechanical spectra, which show as well a transition in terms of mechanical properties from a state that we can identify as a viscous suspension and a state characterized by solid-like properties for both.

In conclusion, we placed each of these transitions in terms of colloids mass concentration.

It is interesting to compare these two transitions for both the microgels type examined. For for hard and soft sphere colloidal suspensions.

For the moment, we cannot establish yet if the nature of the transition depends on the crosslink density of the single microgel. The only remarkable effect is that for the more crosslink microgels the transition is shifted towards higher mass concentrations. This is likely to be the consequence of the difference in volume in particle size (see Section 2.1); less crosslinked microgels have a larger volume and thus they are able to attain the volume fraction which sets the beginning of the non-ergodicity at smaller mass concentration. The nature of the transition at m c will be investigated in the following. The two curves seem to have a similar shape, suggesting that the mechanism underlying the viscosification of the suspensions is comparable no matter how different the microgels are in terms of crosslink density.

Discussion

In the first section of this chapter we have seen how increasing of the viscosity with the increasing in microgel particles seems to have the same feature for both 1 X M and 4 X M , despite the fact that, for reasons related to the difference in the microgel size, the glass transition takes place at higher mass concentration for the stiffer microgels suspensions. In order to see if the difference in crosslink density is determining other substantial difference in the viscosity variation, we report (Figure 3.7) the relative viscosity curves against the mass concentration in microgels, this time normalized by m c for each type of microgel suspension. in the dilute regime. The fashion in which the relative viscosity increases when the mass concentration increases is identical, pointing out that the phenomenology is independent from the particle elasticity. Such result is remarkable in the sense that the crosslink density difference existing between these two types of microgels is significatively large.

The solid -like regime

Above c m the suspensions show a behavior dominated by the solid-like response. In this concentration domain, it is possible to examine all the relevant aspects of the mechanics and the dynamics of the suspensions by rheology. We will start to explore the so-called linear regime, by using SAOS in order to sample the material structure at rest and deduce important information about its elasticity; then we will study the non linear regime, via oscillatory tests at large imposed deformation (LAOS) to determine, if exist, the yield point, and finally with rotational tests, such as the flow, in order to deeply explore the dynamics of the suspensions under the permanent shear. In the following, the vast majority of the experimental results presented and discussed will concern all the four types of microgel particles that we have.

4 X M microgel suspensions. The reason of this phenomenon lies in the fact that the elasticity of the suspensions is function of the particle elasticity; indeed, Moreover, the viscoelastic spectra show that the dissipation is much more important in 1 X M suspensions; the presence of a slow decrease in the storage modulus and the occurrence of the minimum of the loss modulus are the two features that signal this behavior. Indeed, the minimum of the loss modulus can be associated to the crossover frequency between the rapid modes, called relaxation , associated to the local movements of the colloids in their cages, and the slow modes, called relaxation , associated to reorganization of the particles and thus, to much more collective effects [START_REF] Mckenna | Soft colloidal matter: A phenomenological comparison of the aging and mechanical responses with those of molecular glasses[END_REF]. The shift of the minimum towards smaller frequency, then, suggests that the local movements are still possible at longer time-scales in

1 X M .
The variation of the elastic modulus of 4 X M microgel suspensions highlights the presence of two distinct regimes: entropic glass and jammed glass.

The entropic glass regime is characterized by the kinetic arrest of the particles. The particles, although frozen in their cages, are not in contact. This arrest is the origin of the entropic elasticity of suspensions, which assumes is of the order of magnitude 3 / kT R ; the elastic modulus originated from such elasticity, do not exceed the value of 100kT as it happens for hard spheres suspensions (see Section 1.1 and [START_REF] Petekidis | Yielding and flow of sheared colloidal glasses[END_REF]). The jammed glass regime is characterized by elastic contacts between the particles. The elastic modulus is expected to vary linearly with the volume fraction according to [START_REF] Van Hecke | Jamming of Soft Particles: Geometry, Mechanics, Scaling and Isostaticity[END_REF] and in the limit of the validity of the approximation c , with the mass concentration. This regime is thus attained only from soft colloids, which are able to deform and adapt their shape to the topological constraints induced by the presence of their neighbors (see Section 1.3).

On the other hand, the variation of the elastic modulus measured for 1 X M microgel suspensions is completely different. The absence of the linear variation and of the discontinuity that marks the difference between the entropic and jammed glass regime are the two remarkable features that place the behavior of such microgel type at the antipode of the 4 X M . Moreover, the impossibility to distinguish the entropic glass regime from the jammed glass regime has also been observed in star polymer suspensions [START_REF] Erwin | Dynamics and rheology of colloidal star polymers[END_REF]. M microgel suspensions, we can distinguish two regimes (Figure 3.17). Just above the c m , which marks the non-ergodicity transition and the divergence of the viscosity, the flow curves exhibit a slow decrease at low shear rates, while at higher shear rates the stress increases rapidly with a power law whose exponent is smaller than one, indicating a shear thinning behavior. This behavior persists over the entire entropic glass regime; however, the slope of the low shear rate regime tends asymptotically to 0 as the jamming transition approaches. In the jammed glass regime, the flow curves are well represented by the Herschel Bulkley equation with a low shear rate plateau, which corresponds to the yielding part, and a power-law variation of the stress at high shear rates, which corresponds to the flow flow part. First of all, it is impossible to distinguish between the entropic glass regime and the jammed glass regime. Indeed, the flow curves at any concentration have the same shape, characterized by a power law variation at high shear rates and a slowly increasing plateau at low shear rates. Moreover, all the curves seem to be parallel one to another (in log-log coordinates). This behavior is confirmed also at high shear rates, where steady shear experiments were carried our on a selected set of suspensions (Figure 3 described by a power law whose exponent is about 0.65; second, there is no sign of a welldefined yield stress plateau situated at low shear rates, at any concentration studied.

Towards a new class of soft microgels

The results described in the previous sections allow us to classify the repulsive microgels object of the present study in two classes, depending on their crosslink density. Indeed, microgels of the types 2 X M , 3 X M and 4 X M form a class characterized by the common features already presented in the literature [START_REF] Seth | A micromechanical model to predict the flow of soft particle glasses[END_REF] [125] [START_REF] Cloitre | Glassy Dynamics and Flow Properties of Soft Colloidal Pastes[END_REF][START_REF] Bécu | Yielding and Flow in Adhesive and Nonadhesive Concentrated Emulsions[END_REF][START_REF] Denkov | Viscous Friction in Foams and Concentrated Emulsions under Steady Shear[END_REF][START_REF] Nordstrom | Microfluidic Rheology of Soft Colloids above and below Jamming[END_REF][START_REF] Paredes | Rheology across the Zero-Temperature Jamming Transition[END_REF][START_REF] Basu | Rheology of soft colloids across the onset of rigidity: scaling behavior, thermal, and non-thermal responses[END_REF][START_REF] Liu | On the Universality of the flow properties of soft particles glasses[END_REF]. For microgels belonging to such class, it is possible to distinguish an entropic glass regime near to the liquid-solid transition and a jammed glass regime at higher colloids concentrations. The rheological properties in the jammed regime are generic: the elastic modulus increases linearly with the concentration in the jammed glass regime as expected by athermal systems [START_REF] Van Hecke | Jamming of Soft Particles: Geometry, Mechanics, Scaling and Isostaticity[END_REF]. The yield strain increases with the concentration, expressing the fact that yielding becomes more and more difficult as the suspension is more crowded. The flow curves can be collapsed onto a master curve when the stress is scaled by the yield stress and the shear rate by the characteristic time 0 / s G . This characteristic time highlights the role of the elasticity in the jammed regime. We recover here the behavior already described for microgels suspensions [START_REF] Pellet | The glass and jamming transitions of soft polyelectrolyte microgel suspensions[END_REF] and concentrated emulsions [START_REF] Seth | A micromechanical model to predict the flow of soft particle glasses[END_REF] [START_REF] Scheffold | Linear and nonlinear rheology of dense emulsions across the glass and the jamming regimes[END_REF]. These properties have been successfully reproduced at a qualitative level by modeling the suspensions as dispersions of soft elastic spheres lubricated by the solvent [START_REF] Seth | A micromechanical model to predict the flow of soft particle glasses[END_REF] [START_REF] Mohan | Local mobility and microstructure in periodically sheared soft particle glasses and their connection to macroscopic rheology[END_REF].

At the opposite, 1 X M constitutes a distinct class of soft colloids. In this case, it is impossible to make a distinction between the entropic glass and the jammed glass regime. The elastic modulus increases continuously above the liquid-solid transition in a way which is different from what is found in both entropic and jammed glass. The yielding behavior characterized by the no yield strain dependence on the concentration suggests that the crowding effects do not play any role in the way that particles escape their cage. Whereas in the previous class of particles cage have to deform elastically before they break, here the yielding do not require such feature. This is likely due to the fact that particles are soft enough to deform and yield without involving strong elastic deformations. This scenario is also in agreement with the frequency dependence of the yield point; at low frequency, indeed, the particles are given more time to deform so that they yield at lower deformation. Similarly, the flow properties do not involve the characteristic time 0 / s G . This capability of self-squeezing is supported by the experimental evidence that the rheology of these materials has revealed important dissipative effects. In the following we shall refer to this class of microgels as ultrasoft microgels.

The behavior of ultrasoft microgels poses new and crucial questions. First of all, it is not clear which phenomenon controls the dynamics of squeezing. It is likely that a new characteristic time should be introduced in order to characterize the dynamics of the deformation of individual microgels. A natural candidate would be the permeation of the solvent through the polymer mesh of the micronetworks constituting the particles; if relevant, this mechanism should depend on the solvent viscosity. Of course, this has to be tested in the near future by investigating the role of the solvent in the linear and non-linear rheology. A second question concerns the theoretical modeling of the rheology of ultrasoft microgels. The models developed so far where particles keep their volume are not appropriate to study such problem.

Very recent contributes [START_REF] Zakhari | Effect of particle-size dynamics on properties of dense spongy-particle systems: Approach towards equilibrium[END_REF] [182] may provide a promising route toward this objective.

Local flow dynamics

In the last paragraph we conclude that the particle morphology is affected by poor amount of crosslinker at the point that it determines a qualitative change of the suspensions behavior. This is reflected also in the local flow dynamics of soft microgel suspensions, which has been analyzed via micro-velocimetry. We use the Rheo-PIV setup we built, which has been described in 2.3. For this study, only microgel suspensions made of 1 X M and 4 X M have been studied because they constitute the archetype of the two behaviors we identified.

Velocity profiles

In M suspensions show a different behavior. Steady shear measurements at any concentration studied highlight here that the shape of the flow curves at low applied shear rates is qualitatively different depending on the kind of bottom shearing surface adopted. In more details, when the bottom shearing surface is smooth, all the suspensions show a marked decrease of the shear stress as the shear rate decrease. This phenomenon takes place at shear rates lower than 0.1s -1 , while at higher shear rates the curves are in perfect agreement, disregarding the roughness of the surface adopted. The values attained by the shear stress when the suspensions are sheared onto smooth surfaces are lower than those displayed when the surface is rough, at each given shear rate. The difference between the shear stress values measured in presence of smooth surfaces and those measured in presence of rough surfaces is smaller as the microgel content increases. In this case, the agreement between the micro and the macrorheology is good only in the range of shear rate higher than the one where the surface effects become relevant. By contrast, where the surface effects become relevant and the velocity profiles assume the shape of plug flow, the agreement is much worst. This is due to the uncertainty on the determination of the slope of the velocity profiles, when such slope happens to be very small, and close to zero.

The results that we have presented here show the relevance of the role played by the particle elasticity in the interactions with the shearing surfaces. Moreover, we probe that, not only the microrheology determinations are in agreement with the macroscopic ones, but also that the access to the local flow dynamics enables to confirm our conclusion based on the analysis of the scaling of the flow curves (Section 3.5). In this way, we obtain a quantitative argument to support the existence of a neat distinction between 1 X M and all the other microgels here studied.

Tunable structural colors in colloidal microgel glasses 4.1 Introduction

Structural colors in materials arise from the interference of light caused by the variations of refractive index over length scales comparable to optical wavelengths. Crystals made of colloidal particles arranged on a lattice with long-range order can be seen as the archetypes of synthetic photonic materials, which have attracted a lot of attention. They exhibit iridescent colors that originate from the diffraction of light along well-defined directions depending on their orientation according to the Bragg law condition [1]. Recently it has been discovered that glassy amorphous materials with short-ranged order but no longranged also exhibit structural color [2,3]. As in crystals, the scattered wavelength is determined by the average distance between scatterers. However, since glasses are isotropic the color is independent of the angle of observation. This coloration mechanism is ubiquitous in nature where it can at the origin of the bright structural colors of birds and insects [ 4,5,6].

Synthetic photonic glasses constitute a rapidly expanding field of research with the objective glasses exhibiting structural colors in the visible spectrum is to limit or suppress the incoherent scattering due to individual particles, which comes into competition with the interparticle contribution at the origin of structural coloration [START_REF] Pusey | Hard spheres: crystallization and glass formation[END_REF]. Incoherent scattering introduces a blue peak in the spectrum that shifts the wavelength of the reflected light towards and favors the blue part of the visible spectrum. In addition, thick samples appear uniformly white when multiple scattering dominates. Different routes have been proposed to solve this issue. Black absorbing particle coatings have been used to reduce incoherent scattering and achieve bright structural colors [5,11,13]. Instead of using uniform colloidal particles, several authors have invented nanostructures which involve refractive index variations over different length scales, making it possible to finely tune the coherent contribution to scattering and at the same time to minimize incoherent scattering. These structures can be core-shell particles [10,11,18,[START_REF] Fasolo | Equilibrium Phase Behavior of Polydisperse Hard Spheres[END_REF], self-assembled capsules [8], or mixtures of colloids [5,12,14]. An alternative route that has not yet been fully explored consists in designing soft porous materials which exhibits short-range order on a length scale comparable to the wavelength of visible light and weakly interact with light. For instance exploiting phase separation phenomena, it has been possible to prepare polymer gels with an interconnected disordered structure that exhibits bright colours [START_REF] Van Megen | Dynamic light-scattering study of the glass transition in a colloidal suspension[END_REF]. Suspensions of poly (N-isopropylacrylamide) (pNIPAm) microgel spheres have been shown to exhibit remarkable photonic properties [17,22]. Due to the low polydispersity of the particle size distribution, concentrated suspensions form iridescent [START_REF] Fasolo | Equilibrium Phase Behavior of Polydisperse Hard Spheres[END_REF] K. Ueno, A. Inaba, Y. Sano, M. Kondoh, M. Watanabe. A soft glassy colloidal array in ionic liquid, which exhibits homogeneous, non-brilliant and angle-independent structural colours. Chem. Commun., 2009, 0, 3603-3605.

[20] S. Magkiriadou, J.-G. Park, Y.-S. Kim, V. N. Manoharan. Absence of red structural color in photonic glasses, bird feathers, and certain beetles. Phys. Rev. E, 2014, 90, 062302.

[21] N. Kumano, T. Seki, M. Ishii, H. Nakamura, Y. Takeoka.Tunable angle-independent structural color from a phase-separated porous gels. Angew. Chem. Int. Ed., 2011, 50, 4012 -4015.

[22] J. Gao, Z. Hu. Optical properties of N-Isopropylacrylamide microgel spheres in water. Langmuir, 2002, 18, 1360-1367. colloidal crystals above the crystallization transition and structural colored glasses at higher concentrations. In these systems the photonic properties are obtained at the expense of a large quantity of polymer. In addition both mechanisms can occur in competition, for instance when the crystals are melted by a change of temperature or the application of a mechanical deformation. Clearly, a predictive model connecting the phase diagram and the microscopic parameters of the suspensions would help to design soft particle suspensions with the desired optical properties.

In this paper we describe glassy or jammed suspensions of repulsive polyelectrolyte microgels that exhibit structural colors varying from red to purple upon varying the concentration. These properties are obtained at very low concentrations due to the capacity of polyelectrolyte microgels to swell by several orders of magnitude upon ionization. We characterize the phase diagram of the suspensions using rheology, light scattering and SAXS experiments. We investigate the structural colors as a function of the polymer concentration both in transmission and reflection geometries. A quantitative model relates the microscopic parameters describing the microgels and the structure of the suspensions to the color observed at different concentrations. This study is mainly conducted on microgel M x4 . For the sake of generality additional results are presented for M x3 , and a more crosslinked microgel not listed in Section 2.1. Also, it is worth to specify that the bibliography of this chapter follows a different numbering than the one of the manuscript and all the references cited here are listed in Section 4.5.

Materials and methods

Preparation of microgel suspensions

The suspensions used in this study were prepared from polyelectrolyte microgels in water. The microgels are spherical crosslinked polymer networks synthesized by emulsion polymerization at low pH ( 2) using ethyl acrylate (64 wt%), methacrylic acid (35 wt%), and the trifunctional crosslinker trimethylolpropane triacrylate TMPTA (2.6%) methacrylate. The microgels were synthesized using a semi-batch technique with starved-feed conditions and continuous feeding of initiators and reactants. The temperature and feeding rate were optimized to yield a constant conversion rate and linear particle growth with time. These conditions are known to reduce inhomogeneities of composition inside the particles. Three batches of microgels were prepared with increasing amount of TMPTA crosslinker. The solid content of the stock suspension was determined by thermogravimetry.

At low pH, microgels behave like insoluble latex particles and form weakly viscous and turbid suspensions. Suspensions of swollen microgels were prepared by diluting a volume of stock solution (30 wt%) at the desired concentration and adding sodium hydroxide which ionizes methacrylic acid units and provokes the swelling of the particles. The degree of neutralization of a suspension is characterized by the molar ratio f between the sodium hydroxide that is added and the carboxylic functions borne by the polymeric network. In this study f =1, if not otherwise specified. When the concentration is increased, microgels undergo osmotic deswelling and the particle volume fraction is not known accurately. In the following we thus use the polymer concentration, C, as the control variable. The composition, the radii in the collapsed (R 0 ) and swollen (R m ) states, and the swelling ratio (Q = R m /R 0 ) are are listed in Table 1. 

MAA EA TMPTA R 0 R m Q M 0.

Scattering experiments

The structure factors of dilute microgel suspensions at concentration up to C = 5.5 mg.g -1 were determined using light scattering experiments. The set up is a CGS3 Compact Goniometer System from ALV, equipped with a digital correlator and a Helium-Neon laser emitting at 632.8 nm. The suspensions are contained into cylindrical borosilicate test tubes (diameter: 10 mm) commercially available from VWR. The tubes are inserted in a thermostated cuvette filled with toluene which is placed on a motor-driven precision goniometer enabling the photomultiplier detector to rotate accurately. The scattering angles accessible are in the range 6.85 10 -3 q 2.55 10 -2 nm -1 .

To complement these static experiments dynamic light scattering measurements were performed in the infinite dilution limit to determine the hydrodynamic radius R H of swollen microgels and the polydispersity index. The field autocorrelations functions were analyzed using the cumulant method yielding the relaxation rates, the diffusion coefficient, and the hydrodynamic radius from the Stokes-Einstein-Sutherland relation.

Concentrated suspensions with C > 5.5 mg.g -1 were investigated using Small Angle Xray Scattering experiments carried out at the high brilliance beamline ID02 of the European Synchrotron Radiation Facility (ESRF, Grenoble, France). The optics was used at a fixed wavelength of 0.1 nm. A long detector distance of 31 m was used in order to explore a wide q-range (6.85 10 -3 q 2.55 10 -2 nm -1 ). The spatial resolution of the measurements was q = 7.5 10 -3 nm -1 . The suspensions were loaded in sealed quartz capillaries of 2 mm in diameter.

Rheological measurements

The glass and jamming transitions of concentrated suspensions were determined from rheology. Rheological measurements are carried out using an Anton Paar MCR 502 rheometer equipped with a cone and Peltier plate geometry with a diameter of 50 mm, a 2° angle, and a truncation of 48 mm. The shearing surfaces are sandblasted to provide a surface roughness of 2 to 4 m, which prevents the occurrence of slip. To prevent water evaporation, a solvent trap is placed around the sample and the interior atmosphere of the trap is saturated using a small volume of distilled water. All measurements were made at 20.0 0.1 °C. After loading, the suspensions are kept at rest for 1 hour to allow the internal stresses stored to relax. The storage and loss moduli are determined from oscillatory frequency sweeps performed at small strain amplitudes ( 0 = 5 10 _3 ) over a broad angular frequency range (10 -2 10 2 rad. s -1 ).

Optical measurements

UV visible measurements were performed on a UV 2401 PC (Shimadzu) over a range of wavelengths from 200 to 800 nm for transmission measurements and from 400 to 750 nm for reflection measurements. For reflection measurements, an integration sphere was added to the setup allowing measurements of the diffuse intensity. In this section we use Small Amplitude Oscillatory Shear Rheology to probe the phase diagram of the microgels when the polymer concentration is varied. At low concentration, the storage and loss moduli exhibit a typical liquid-like response with G′ ∼ ω 2 and G′′∼ ω 1 over almost the entire frequency window (data not shown). The inset of Fig. 1 shows that above a concentration C G , the storage modulus becomes larger the loss modulus revealing solid-like properties. Close to C G , the onset of terminal behavior remains visible at the lowest frequencies but upon increasing the concentration, the storage and loss moduli show the characteristic variations exhibited by soft glassy materials, i.e. a nearly constant plateau in G' and a much lower G'' with has a small minimum around a frequency m . In the following we characterize the plateau modulus of the suspension, G 0 , as the value of the storage modulus at m .

Results

Phase diagram of microgels suspensions

The variations of the plateau modulus with the concentration are reported in Fig. 1 allowing us to determine the nature of the concentrated phases which are obtained. Near the liquidsolid transition, G 0 is of the order of the characteristic modulus kT/R 3 associated with entropic elasticity ( 1 Pa). G 0 then increases moderately up to a concentration C J where it starts to rise sharply with a linear dependence on concentration. By analogy with a previous work, we associate the domains C G <C<C J and C>C J to the entropic glass regime and the jammed glass regime respectively. In the entropic glass regime, the particles are trapped in metastable cages which restrict long distance displacements over time scales comparable to the experiment but there are not in contact. Solid-like properties arise from elastic restoring forces of entropic origin which drive the particles back to their equilibrium position when they are sheared. In the jammed glass domain, the particles adapt their shape to steric constraints by forming contacts through which they exert repulsive forces of elastic origin. We have measured the intensity scattered by the suspensions using light scattering at low concentrations (C<6 mg.g -1 ) and small angle X-ray scattering at higher concentrations (C<6 mg.g -1 ). At all concentrations, the intensity exhibits a broad peak at a spatial wavevector q * , which demonstrates that the suspensions have an amorphous structure (inset of Fig. 2). The peak reflects the existence of correlations between the microgels. In Fig. 2 we have plotted the variations of the position of the structure factor peak versus the polymer concentration. We observe that q * increases with C reflecting the fact that the center-to-center distance between the microgels decreases as the suspension becomes denser. Figure 3a shows photographs of microgels suspensions. At low concentration the suspensions have a cloudy appearance, which we attribute to incoherent scattering. Above C 5 mg.g -1 , they exhibit slightly opaque, non-iridescent and homogeneous colors which change from red to green to blue to purple and to transparent with an increase in the particle concentration. The optical appearance of the suspensions is quantitatively characterized in Figs 3b-c for some microgel concentrations using transmission and reflection UV-Vis spectrophotometry. Each transmission spectrum increase continuously with the wavelength and exhibits a dip at a wavelength t (Fig. 3b). Qualitatively, the position of the dip is well correlated to the color reflected by the suspension in Fig. 3a. It moves towards from red to blue wavelengths when the concentration increases. For the nearly transparent suspension at C = 30 mg.g -1 , there is no dip detected in the experimental window and the transmittance smoothly increases with the wavelength up to values close to 1. In the case of the dilute suspension at C = 3 mg.g -1 , the transmittance also increases continuously with the wavelength but it is smaller than 1 (inset of Fig. 3b). Figure 3c shows the reflectance spectra of the same suspensions as in Fig. 3b. We observe a series of characteristic peaks which shift from red to blue and purple wavelengths as the concentration increases. The wavelengths r which characterize the position of the maxima of the peaks approximately coincide with the position t of the dips in Fig. 3b.

Structure of suspensions

Photonic properties of suspensions

Variations of color with concentration

The values of the wavelengths r and t which characterize the peaks and dips observed in the reflection and transmission spectra can be determined accurately as follows. To determine r , we fit the top of the reflected peaks to third order polynomials which account for the slight asymmetry of the peaks. r is then obtain by equating to zero the derivatives of the polynomials which best approximate the peak maxima. To determine t , we note that the dips are located in the portions of the transmission curves with positive curvature and we define t as the wavelength of minimal positive curvature. In practice, the regions of positive curvature are approximated by fourth order polynomials whose second derivatives provide the values of wavelengths t . Wavelengths t and r are determined with an accuracy of 5 nm.

Figure 4 represents the variations of the wavelengths t and r with the polymer concentration. There is a difference of about 10 nm between t and r , the wavelength t being shifted towards smaller wavelengths with respect to r . Apart from this systematic shift, the variations of t and r with the polymer concentration are in good agreement. Both t and r decrease with the concentration as power laws t ( r ) C -x with the same exponent x = 0.32 0.01. In the inset we have plotted the values of r determined from the reflection spectra measured for the different microgels listed in Table 1. The three sets of data exhibit the same characteristic shape.

Figure 4. Variations with the microgel concentration of wavelengths t ( ) and r ( ) determined from the transmission and reflection spectra of microgel M 0.8 . The continuous and dashed lines are the best fits of the experimental data to power laws: and . The inset compares the variations of the wavelengths r for M 1 ( ), M 0.8 ( ), and M 0.6 ( ).

Discussion

Origin of the colors of microgel suspensions

We can understand the formation of colors in microgel suspensions in relation with the structural properties of the particles and of the suspensions. At low polymer concentration (C 3 mg.g -1 ), i.e. low volume fraction, the suspensions have a turbid aspect due to the incoherent scattering from individual particles. Above C 5 mg.g -1 , spatial correlations appear between the particles, as signaled by the appearance of a peak in the structure factor.

The light scattered by the suspension has two contributions: incoherent scattering and coherent scattering associated with the existence a well-defined interparticle distance comparable to the wavelength of light. The highly porous microstructure of the microgels, which contains a small quantity of polymer (typically less than 1 wt%), which limits the importance of incoherent scattering and multiple scattering. The color of the suspension shifts from red to purple when the concentration increases because the interparticle distance decreases. In Fig. 5, we plot the variations of ther wavelengths t and r versus the correlation distance d * = 2 /q * deduced from the structure factors (see Fig. 2). Both wavelengths t and r increases linearly with d * in agreement with the observation that red color are observed at low concentration in the entropic glass regime where the interparticle distance is large and blue color at high concentrations where the interparticle distance is small. The expressions that best fit the variations of t and r are reminiscent of the Bragg law for the diffraction by regular crystals.

Figure 5. Variations of the wavelengths t ( ) and r ( ) determined from the transmission and reflection spectra of microgel M 0.8 versus the correlation distance d * obtained from the position of the structure factor peak in Fig. 4. The continuous and dashed lines are linear fits to the experimental data: and .

The particles listed in Table 1, which have the same hydrodynamic radius, are expected to have the same correlation distance d * at a given concentration and to exhibit have the same color, in agreement with the inset of Fig. 4. Note however that they do not have the same refractive index so that the color intensities are different (data no shown). Finally at very high concentration (C > 50 mg.g -1 ), the microgels are densely packed [START_REF] Van Megen | Measurement of the self-intermediate scattering function of suspensions of hard spherical particles near the glass transition[END_REF], which suppresses the [START_REF] Van Megen | Measurement of the self-intermediate scattering function of suspensions of hard spherical particles near the glass transition[END_REF] C. Pellet, M. Cloitre. The glass and jamming transitions of soft polyelectrolyte microgel suspensions. Soft Matter, 2016, 12, 3710-3720. contrast of refractive index between the particles and water: the suspension appears transparent and colorless.

Predictive model for the transmitted intensity

In this section, we model the intensity transmitted though a concentrated suspension made of spherical particles of volume V 0 , radius R, and refractive index n, which are immersed in a fluid of refractive index n 0 . The number density of particles in the suspension is and the volume fraction is = V 0 The wavelength of the light is and the incident spatial wavevector is with . In the absence of absorption, the Beer-Lambert law shows that the transmission T = I/I 0 can be expressed as:

, ( 1 
)
where is the scattering mean free path or length which can be expressed in terms of the particle number density and the scattering cross section [START_REF] Weeks | Three dimensional direct imaging of structural relaxation near the colloid glass transition[END_REF]:

is the intensity scattered by a particle for unpolarized light; is the structure factor due to interparticle scattering; is the magnitude of the scattering vector and is the scattering angle. The expression of depends on the regime of diffusion. Here the refractive index of the microgels is close to that of the suspending fluid because of their porous structure. Therefore it can be approximated using the Arago-Biot mixing law: , being the volume fraction of polymer inside the microgels and the refractive index of the polymer. Thus the relative refractive index is close to 1 since and the condition is satisfied.

[24] D. Weitz and Pine. Diffusive-wave spectroscopy. In Dynamic Light Scattering. Edited by W. Brown, Clarendon Press, Oxford, 1993.

It is thus possible to use the Rayleygh-Ganz-Debye theory to express the intensity scattered by a single particle [START_REF] Poon | Colloidal glasses[END_REF][START_REF] Larson | The structure and rheology of complex fluids[END_REF]:

is the form factor which accounts for the scattering from individual particles. Assuming that microgels can be assimilated to homogeneous spheres:

Finally the expression of the scattering length in the Rayleigh-Ganz-Debye approximation of a suspension with volume fraction is:

It is then straightforward to compute the transmission T using expressions ( 1) and ( 5) above.

Comparison with experiments

The model derived in the previous section can be used to provide predictions of the transmission spectra of microgels suspensions. The relative refractive index m is estimated assuming that the refractive index of the microgel particles are given by a mixing rule as explained in the previous section, leading to . The volume fraction of the polymer inside the microgels is: where are the specific mass of the suspension and of the polymer, respectively [START_REF] Wagner | Shear thickening in colloidal dispersions[END_REF]. The main issue is to relate the concentration C to the actual volume fraction of the particles . This is not [START_REF] Poon | Colloidal glasses[END_REF] M. Kerker. The Scattering of light and other electromagnetic radiation. Academic Press, New York, 1969.

[26] U. Apfel, K. D. Homer, M. Ballauff. A turbidity study of particle interaction in latex suspensions. Colloid Polym. Sci., 1994, 272, 820-829.

[27] R. possible a priori because the microgels change their volume according to an osmotic deswelling mechanism when the concentration is increased [START_REF] Van Megen | Measurement of the self-intermediate scattering function of suspensions of hard spherical particles near the glass transition[END_REF][START_REF] Wagner | Shear thickening in colloidal dispersions[END_REF]. We use the fact that the boundaries of the entropic glass and jammed glass regimes at C g = 5.5 mg.g -1 , C J = 9 mg.g -1 can be associated to volume fractions = 0.58 and = 0.64 respectively [START_REF] Van Megen | Measurement of the self-intermediate scattering function of suspensions of hard spherical particles near the glass transition[END_REF].

We then use a linear interpolation to estimate the volume fraction at any concentration above C g . The structure factors are computed numerically from simulated packings of soft particles at different volume fractions [START_REF] Wyart | Discontinuous Shear Thickening without Inertia in Dense Non-Brownian Suspensions[END_REF]. For the form factor P(q), we use expression (4) for spherical particles where the radius is considered as an adjustable parameter.

Figure 6 compares the prediction of this model for C J = 9 mg.g -1 at the jamming transition and at C J = 13 mg.g -1 , i.e. deeper inside the solid phase. For both concentrations, the predictions reproduce the shape and the amplitude of the transmission curve measured experimentally. To get a good correspondence between the experiments and the simulations, it is necessary to introduce a prefactor of order 1, which slightly depends on the mass concentration, into expression (6) of the inverse scattering length. The transmittance is corrected by a multiplicative factor of 0.9 that collapses vertically the simulated and experimental data. For C = 9 mg.g -1 , the dip at t is well reproduced. For C = 13 mg.g -1 , the model tends to underestimate the transmittance at the dip. The values of the radii that leads to the best agreement between the simulated and experimental data are roughly 10 % larger than the values expected from Fig. 5. This discrepancy can have different origins. First there is an uncertainty in the determination of the volume fraction. Secondly, we have replaced the actual particles which have a polyhedral shape in the jamming regime by effective spherical particles. This approximation should be valid as long as the distortions of the particles remain negligible but it is likely than it plays a role.

[28] F. Khabaz, University of Austin at Austin, private communication. 6) are equal to 0.9 and 1.25 respectively.

Associative microgels

In this chapter, we investigate a novel class of poly(EA-co-AMA) microgel particles, obtained by functionalization of the soft repulsive microgels studied in the previous chapter with stickers, comprising alkyl chains of variable architecture and size. The description of the structure and composition of the associative stickers are given in Section 2.1. These stickers are responsible for the introduction of short-range attractions in addition to the soft repulsive interaction potential existing between the microgel particles presented and discussed in Chapter 3.

In this chapter, we first study the effect of the introduction of stickers focusing on the associative microgels M C22 . Particularly, we investigate the existence of a liquid-solid transition (5.1), the properties of viscous suspensions (5.2), and the properties in the nonergodic regime, with particular attention to the mechanical (5.3) and flow properties (5.4). In order to highlight the consequences on the suspension properties of the introduction of associative stickers, we systematically compare all the results to those obtained for 1 X M microgel suspensions, the repulsive counterpart of M C22 in terms of architecture. In section 5.5 we propose a model to encompass and explain the rheological properties of associative suspensions. In section (5.6), we test the generality of the results obtained for M C22 and the relevance of our model by analyzing the properties of suspensions made of associative microgels whose stickers differ from those of M C22 in terms of size (M C16 ) and architecture (M C16g ).

Existence of a liquid-solid and a non-ergodicity transition

In this section we will present and discuss the existence of a non-ergodicity transition as the microgel concentration increases; the hallmark of this transition, according to previous work on both hard and soft colloids, is the slowing-down of the local dynamics due to crowding and, consequently, the appearance of solid-like properties. For this reason and in analogy with 3.1.1, in order to probe this transition, we will first use light scattering to sample the local particles dynamics and then, rheology, to characterize the mechanical spectra of the suspensions Again, here and in the following we will refer to the microgel concentration as the mass concentration, since the actual volume fraction unknown because of the capability of polyelectrolyte microgels to change their volume due to osmotic de-swelling (see section 1.3).

Local dynamics probed by DLS

In order to monitor the transition, we will examine in the following the intensity autocorrelation functions, 2 (,) gq t, measured at a wave-vector q that corresponds to a scattering angle of 90° with the respect of the incident beam. We plot the curves in Figure 5.1 for M C22 suspensions.

Figure 5.1. Auto-correlation functions of the intensity field measured by DLS for M C22

microgel suspensions as the microgel concentration increases. At low concentrations, the intensity of the autocorrelation function exhibits the characteristic shape of an exponential which decays to zero at long times. As the concentration increases, the decay occurs at longer times and above some concentration (c=2mg/g), the shape of the autocorrelation function is no longer compatible with a simple exponential variation, revealing the occurrence of slow relaxation processes at long times. The long time dynamics becomes much slower than the duration of an experiment; the time-averaged intensity correlation function is no longer equivalent to an ensemble-averaged correlation function. At and beyond this transition, only the short time dynamics is detected; the long time dynamics in such samples can be considered frozen. As a consequence, the base-line of the autocorrelation functions does not correspond anymore to the full decay of the dynamics. This is signaled by the value , i.e. the value of the autocorrelation function at 0 t , which starts to decrease.

In order to identify the non-ergodic transition for each microgel type suspension, we use criterion already used in section 3.1.1: the concentration assumed to be the transition point is where the auto-correlation curve is not longer an exponential and the value of decreases According to this criterion and based on the set of concentrations that we have, we can thus establish that c m,C22 =3.0 mg/g. disregarding the measuring method. The variation that we observe is qualitatively similar to the variation of the low-shear viscosity in suspensions of repulsive microgels examined in section 3.2.

Discussion

In the first section of this chapter we showed that the variations of the viscosity with the microgel concentration for repulsive and associative microgels are similar, despite the fact that, for reasons related to slight differences in particle sizes, the glass transition takes place at slightly different concentration.

In order to determine if the presence of stickers create substantial differences in the liquidsolid transition, we report in Figure 5.5 the relative low-shear viscosity data against the concentration in microgels, this time normalized by a factor that corresponds to m c for each type of microgel. M microgels are nearly superimposed. This result demonstrates that the presence of the hydrophobic modifications on the microgel particles does not play any role in the liquid regime. This is a remarkable result distinct from the case of associative polymers where the presence of short range attractions induces macro-phase separations even in the dilute regime [START_REF] Sciortino | One liquid, two glasses[END_REF].

Mechanical properties of associative microgel suspensions

The elasticity of associative microgel suspensions

The objective of this section is to investigate the impact of associations on the solid-like properties of suspensions made of M C22 microgels, in the limit of very small deformation, by implementing SAOS rheology.

The properties of the mechanical spectra

Beyond the non-ergodic transition, the mechanical properties are dominated by a solid-like behavior. The suspensions become stiffer as the concentration increases, as we expected, but they are even stiffer than their repulsive counterparts. This qualitative observation is quantitatively demonstrated through rheology measurements. First of all, in slightly shifted with respect to the values determined from the loss modulus. However, the quantitative analysis we provide below is not affected and we thus decided to stick to the determination from the loss modulus.

Similar mechanical spectra are obtained at all concentrations; these spectra are shown in () s i n ( / 2 ) arctan 1( )c o s ( / 2 ) (5.4) The data in Figure 5.7 are fitted to these expressions of ' G and '' G as follows. First, ' G is fitted to expression 5.2, which enables us to determine G , 0 G , and ; in all cases, we assumed a symmetric distribution in view of the symmetrical shape of '' G in the vicinity of the secondary relaxation ( 1). We then check that the set of parameters we obtain from this fit adequately represents the variation of '' G through the expression 5.3. In Figure 5.7 we show the fit for the spectra (black lines).

The agreement between the fits and the experimental data is reasonable as far the variations of 
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suspensions at low frequency is of the same as for repulsive 1 X M suspensions. A new mechanism however is at work which leads to a significant value of the high frequency modulus.

The concentration dependence of the secondary relaxation A

The frequency at which the secondary relaxation occurs has been determined by fitting the experimental curve of the loss modulus by the Havriliak-Negami model. In Figure 5.9 we show the variation of the value of A with concentration in associative suspensions of M C22 microgels.

Figure 5.9. The variation of the characteristic frequency A with the concentration for M C22 microgels at 20°C.

A trend can be detected from this plot. The value of A , beyond c=8mg/g, tends to decrease as the microgel concentration increases. The variation that we detect, though, is very small.

The thermal activation of secondary relaxation A

The local maximum of the loss modulus discriminates between two different states of the suspensions: a state characterized by strong solid-like properties ( G ) and a state characterized by weak solid-like properties ( _ G ).To confirm the relationship between the occurrence of the secondary relaxation and the presence of associations, we performed SAOS tests at different temperatures in order to monitor the effects of the temperature on the value of A . Where 0 is a microscopic frequency also called attempt frequency and E a an activation energy. Fitting of the experimental data in Figure 5.10 to linear variations, we obtain the activation energy and the microscopic frequency of each suspension. We show these results in Table 5.1.

Figure 5.11. A cartoon depicting the particle arrangement in the framework of the two-state model proposed for concentrated suspensions of associative M C22 microgels. We consider that the concentration (i.e. the volume fraction) is large enough so that each particle is locally trapped by several of neighbors that restrict its motion over long distances and confer solid-like properties to the suspension (the cage as introduced for hard sphere suspensions in Chapter 1). Moreover, we assume that the neighboring particles are close enough or in contact where they develop flat facets as shown in section 1.3. In Chapter 3, purely repulsive microgels simply repelled each other whereas here associative microgels, once in contact, develop adhesive interactions of hydrophobic origin, induced when the alkyl groups of stickers situated on one particle associate with alkyl groups belonging to neighboring particles. Each sticker experiences a dynamics that consists in successive bonding-opening events occurring at some microscopic frequency.

Let us now interpret the above-described results in the framework of this model. At high frequency, i.e. at short time-scales, the associations of the stickers interacting through the particle contacts are effective (Figure 5.11, right). The material is thus much stiffer compared to the one containing the same amount of repulsive microgels, because in addition to the elasticity due to the contribution of the repulsive forces, the associations build up an interconnected 3D network of microgel particles. At low frequency, i.e. long time-scales, the associations are relaxed and not effective (Figure 5.11, left). In this frequency domain the suspensions recover all the features of a purely repulsive suspension, where the elasticity arises only from the repulsive contacts. According to this picture, we call sticky cage the structural unit resulting from the combination of crowding and adhesion through the contacting surfaces. The repulsive cage conforms to the classical scenario for repulsive systems. The secondary relaxation thus takes place when the sticky cages, which involve adhesion among many associative groups, are fully relaxed.

We can draw a formal analogy between the dynamics of associative colloids and the dynamics of entangled associative polymers, described by the sticky reptation [START_REF] Leibler | Dynamics of reversible networks[END_REF]. The sticky reptation model combines relaxation through reputation (at long time scales) and the microscopic relaxation of stickers along the polymer chains (at short time). At short time there is a secondary relaxation where the associations between polymer chains are relaxed. However this relaxation occurs at high frequencies which in general are not accessible with conventional rheology. A major difference between the two situations, however, is that each polymer chain interacts with its neighbors through a great number of associations and entanglements whereas caged particles in concentrated suspensions have a limited number of partners. Mean-field theories can be developed for polymers but not for colloids.

The yielding properties of associative microgel suspensions

Given that the interparticle interactions have a remarkable effect on the solid-like properties of microgel suspensions when they are sampled in the limit of very small deformations, we investigate the role of attraction on the yielding properties. In this section we will present the characterization of the yielding properties via oscillatory tests at large amplitude (LAOS).

The frequency dependence of the yielding point

As for repulsive suspensions in paragraph 3. When the suspension is sampled at a solicitation frequency high enough to fall in the domain where the elasticity is dominated by attractive interactions, it behaves as a cohesive material thanks to the associations established between each particle and several of its neighbors. At high frequency, yielding occurs when these adhesive interactions are broken by the applied solicitation. We will say that the suspension is an attractive jammed glass.

At low frequency, adhesive interactions are relaxed and in this case yielding occurs when the cage breaks as it happens in suspensions of purely repulsive microgels. At intermediate frequency it is possible to distinguish both mechanisms: cage esca pe, first, taking place at a strain of a few percents, followed by sticky cage rupture at much higher strain. Everything happens as if the suspension was yielding into two steps. We will refer to this behavior as to double yielding. Double-yielding at intermediate frequency is signaled by the presence of changes of the local slopes in the shear stress curves. This behavior exhibits similarities with that measured in colloidal suspensions of hard spheres interacting via depletion interactions are known to form attractive glasses [START_REF] Pham | Yielding behavior of repulsion-and attraction-dominated colloidal glasses[END_REF] [100]. The interaction range and strength are tuned via the size and the concentration of the non adsorbing polymer chains. Double yielding becomes very clear when the strength of the depletion interactions is increased. The proposed interpretation is that the bonds first stretch and rupture, before the particles escape their cage.

It is worth noting that all the studies reported in the literature (), the suspensions exhibit double yielding independently of the frequency of the applied solicitation, which is not the case in our suspensions.

Macroscopic and microscopic flow properties of associative microgel suspensions

In the previous parts we have seen that the linear rheology and the yielding properties are strongly influenced by the presence of the associations The last aspect to analyze and discuss is, undoubtedly, the flow properties of suspensions made of C 22 modified microgels.

General phenomenology

We investigate the flow properties of associative microgels at different concentrations using a combination of techniques: constant shear-rate experiments, start-up flow, and creep. The clear overshoot at the onset of the plateau region suggesting that the suspension explores a metastable mechanical state before the stress decreases to the plateau. This is a strong evidence that a mechanical instability is taking place. Suspensions at concentrations larger than C = 20 mg/g are difficult to study because of the presence of elastic instabilities that develop at the periphery of the sample and lead to the fracture of the material.

Structure of associative microgel suspension under flow

In order to elucidate the flow behavior of adhesive microgel suspensions, we have measured the flow profiles of the material sheared in the rheometer using the Rheo-PIV setup presented in section 2.4. After a couple of preliminary experiments, we have realized that the nature of the shearing surfaces is a key parameter and, thus, we proceed as follows. The top surface of the shearing geometry is kept the same and, as we detail in section 2.3, it is a rough surface, while the bottom surface is a glass slide. We used two different slides: one bare glass slide, which allows slip at the bottom of the rheological gap, and a roughened glass slide, which is intended to suppress slip at the bottom of the rheological gap. All the experiments are performed in CR mode on 22 C M microgel suspension at c=15mg/g.

Flow profiles in presence of a smooth surface

In Figure 5.17 we present the velocity profiles measured for different applied shear rates using a smooth bottom surface. We split the results into three different graphs in order to better account for the wide range of shear rates investigated. considered with great caution since they may be associated to long transients, as in [START_REF] Divoux | Transient Shear Banding in a Simple Yield Stress Fluid[END_REF].

More experiments would be necessary to establish their validity and their meaning.

Local rheology with smooth surfaces

The velocity profiles in Figure 5.17 and 5.18 show that the shear rate applied macroscopically is not the appropriate parameter to characterize the flow properties of associative microgel suspensions. Their local flow dynamics is more complex than expected for simple fluids. In particular, due to slip and shear banding, the local shear rate does not coincide with the imposed shear rate. To circumvent this difficulty, we have determined the local shear rates from the velocity profiles shown in the last two paragraphs. Then we have construct local rheology flow curves by plotting the stress value deduced from the CR tests against the local shear rates. The boundary conditions, indeed, play a huge role in promoting one or the other phenomenon [START_REF] Cloitre | A review on wall slip in high solid dispersions[END_REF].

The role of the size and the architecture of the associative moieties

In the previous sections of this chapter, we demonstrate that the presence of associative moieties induces short range-attractions among soft microgel particles, otherwise interacting via soft pair repulsion. Interparticle associations do not affect the suspension properties in the viscous regime, i.e. for the range of concentration below the non-ergodic and liquid-solid transition. On the contrary, when particles get closer due do crowding, the interparticle attractive potential is responsible for singular elastic properties. This elasticity is due to bonding, i.e. the fact that particles involved in a cage are close enough to adhere via the hydrophobic chains that bridge particles together. The resulting suspensions can be seen as attractive jammed glasses. They keep their ability to yield and flow, both strongly affected by the presence of attractive interactions. Depending on the time-scale of solicitation, the material yields as a repulsive suspension or a cohesive material. In addition suspensions can undergo to flow instabilities and shear banding.

In this section we analyze how these results depend on the chemical composition and the architecture of the associative groups which is systematically done all along this section.

Liquid-like regime

We have examined the local dynamics of microgel suspensions made of M C16 and M C16g microgels, using DLS, mechanical spectroscopy and steady shear rheology. The original experimental data can be found in Supplementary (Figure S.1-2); here we will describe the most relevant conclusions that we obtain.

All microgel suspensions exhibit non-ergodic and solid to liquid transitions which coincide within the experimental uncertainties. Table 5.2 below summarizes the determination of the concentration c m at which the transitions take place. We present three determinations based on the appearance of slow non-ergodic modes in DLS, mechanical spectroscopy by SAOS, and the divergence of the viscosity measured in continuous shear rheology. For a given type of microgels, the different determinations are in good agreement. Moreover the values of c m for the different types are comparable. This confirms that the role of associations in the dilute regime is negligible and that the liquid to solid transition is mainly determined by the value of volume fraction which essentially depends on the value of the crosslink density. postpones the onset of the instability to high shear rates where they come in competition with rearrangements. On the other hand, the architecture of the 16 Cg M stickers present on lead to the complete degradation properties of the non linear properties with no enhancement of the stress, i.e. of the effective viscosity at low shear rates and the suppression of the shearbanding plateau.

Fig. S.1. Auto-correlation functions of the intensity field measured by DLS for M C16 microgels

suspensions as the microgels concentrations increases. interactions is responsible for flow instabilities, which can affect the processability of the suspensions, making them not suitable for applications requiring homogeneity of flow properties in a given range of shear rates. Both elasticity and flow properties strongly depend on the architecture and composition of the hydrophobic modifications; nevertheless, it seems that none of the architecture that we studied is a good compromise between good mechanical properties and homogeneity of flow behavior.

This last consideration guided the work presented here. The objective of this study is to explore the possibility to reconcile good mechanical properties, i.e. obtaining stiff suspensions, and, at the same time, get rid or, at least, limit the occurrence of flow instabilities.

Elasticity and flow properties of the blends

In this paragraph we present the characterization of the elastic properties of blends obtained by mixing together repulsive and associative colloids, in different proportion. Before going through the results of our experiments on the blends, we present the preparation of the samples that we characterize in the following. Then, the mechanical properties will be analyzed by comparing to those of the suspensions having the same mass concentration in colloids of one type. Also the flow properties will be investigated. In conclusion, we monitor the evolution of the elasticity of the blends with the increase of the mass ratio of associative microgels. In this study, we examine binary blends containing exclusively 1 X M and 22 C M type.

Preparation of the samples

The blend samples preparation is the same as the one that we describe in 2.2.3. for suspensions containing just one microgel type. In order to obtain the blend, we mix the desired amount of each microgel stock solution in a first flask, before adding NaOH, in order to obtain complete mixing of the different species and avoid any phase separation.

In this study we decided to keep the total microgel mass content constant; the value of the colloids mass concentration is equal to c=10mg/g. The ratio of associative microgels M is varied in a range spanning from 5% to 90% of the total microgel weight content; in this designation, 0% and 100% constitutes the two reference systems for show the following features: (i) the non-monotonic variation of the storage modulus and, precisely, the tendency to exhibit a high frequency plateau value and a low frequency plateau value; (ii) the non-monotonic variation of the loss modulus, which starts to present a local maximum at intermediate frequency and two local minima on each side. These two features are increasingly marked as the fraction of associative microgels in the blend increases.

Moreover, these two features are were found in suspensions made of pure 22 C M in Section 5.3.

The variation of the moduli with the associative microgels content

To better understand the evolution of the spectra that we presented in the last paragraph, we decided to apply the same methodology that we use to monitor the variation of the elastic moduli of pure microgels suspensions. Indeed, we took the value of the storage modulus ' G at the minimum of the loss modulus '' G : this is the elastic modulus of the blend; then, we examine its variation with the associative fraction in the blend. Where the spectra present a marked non-monotonicity in the loss modulus, we were able to take two values for the elastic modulus, each of them corresponding to one of the two local minima, as we did for the pure associative microgel suspensions; in this case, we name again the elastic modulus corresponding to the minimum situated at high frequency G and the one corresponding to the minimum at low frequency, _ G . Their variation is plotted against the associative fraction contained in the blend in Fig. 6.2. Fig. 6.2. The variation of the elastic moduli G + and G _ of the blends with the increase in associative M C22 content (total colloid concentration c=10mg/g).

The low frequency modulus is constant with the variation of the associative microgel content, whereas the high frequency modulus increases. More importantly, from this representation, we can detect a threshold value for the appearance of double elastic modulus: it corresponds to the blend having a composition of 10wt% in associative microgels.

The variation of the G can be fitted with a power law, as the following: 

Flow of blends

In addition to the linear rheology, we also investigated our blends in the non linear regime.

The objective was to characterize the flow behavior in correspondence with the appearance of the double state elasticity. In particular, we tracked the presence of the plateau at intermediate M , the flow curve start first to shift at higher shear stress, especially in the low shear rate domain. Then, when the amount of associative microgels is increased further, starting from blend containing 40%, the curves first present a change of the local slope at intermediate shear rates and ultimately, a fully developed plateau.

Discussion on the elasticity and the flow properties of blends

The power law variation of the elastic modulus reminds of a well-known phenomenon in suspensions, the percolation. Percolation in mathematics and physics is a critical phenomenon that can be described as a state transitions between a state where points, or cluster, are just distributed in space, to another where these clusters are interconnected [START_REF] Essam | Percolation Theory[END_REF]. This description applies as well to physical systems made of two or more non miscible fluids or to the study of polymer growth. The sol-gel transition is, in fact the analogue of the percolation threshold, and is characterized by the appearance of an elastic behavior. Near the threshold, the elastic modulus obeys the following power-law:

( ) T c E p p (6.
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The exposant T = 3.96 [204] [205].

This picture is be coherent with the origin of the elasticity in blends made of associative and repulsive microgels. The percolation threshold corresponds to the fraction of associative microgels that corresponds to a 3D structure that percolates in the entire sample. To probe this hypothesis, we therefore investigate the microstructure of our blends via microscopy. This is the object of the next paragraph.

Microstructure of the blends

To determine the microstructure of the blends confocal microscopic observations were made.

In order to detect the structure, a fluorescent dye was added to the blends. The dye chosen for this study was Nile Red, which is known for its ability to emit fluorescence depending on the micro-environment in which the dye molecules are situated, phenomenon called as Nile Red solvatochromism. Nile Red, indeed, is fluorescent when it is embedded in hydrophobic domains such micelles cores. For this reason, we used this molecule to stain the hydrophobic domains formed by the alkyl chains when the bond, to see if it is possible to detect a structure made of the associative microgels into the blend.

In this study, we examine again binary blends containing exclusively 1 X M and 22 C M type. In the following we present the preparation of the dyed samples. Then, we present the observation that we made.

Preparation of the samples

The preparation of the blends for this study is the same as described in 6.1.2.1. The fluorescent dye Nile Red (Sigma) comes in form of a powder that was previously dispersed in ethanol at c=2.5 mol/L, which is a better solvent for the dye molecules than water. Few droplets of this solution were added to the microgel blends; in order to improve the labeling of the hydrophobic groups, we prepared different samples, which differ for the method that we adopt to add the Nile Red in ethanol solution. Indeed, we have multiple different choices: we can either add this solution to the microgel in water solution in the first flask or to NaOH in water solution in the second flask. Due to the poor solubility of the dye in water and to the capability of ethanol to swell microgels, this choice is crucial in order to avoid the formation of structure induced by the immiscibility of the component that we add in order to realize our observations. In the following paragraph, we present the observation that we make and we precise this aspect of the preparation.

fluorescent dye that we use to label the hydrophobic domains is not specific and thus when we observe blends containing high ratio of associative over repulsive microgels, we are not able to observe any morphology but just a uniform field with red spots. To conclude, the observations made so far do not allow to conclude with certainty on the microscopic structure of the microgel blends.

In order to perform successfully these measurements, it is needed to have labeled microgels; the chromophore, in this case, should be added during the synthesis. This way, microgels would be detected under fluorescent light without the need of adding a dye to the suspension and, thus, avoiding all the troubles that we encountered in trying to solubilize the Nile Red in a poor solvent.

Microgel stabilized emulsions

In this section we present the properties of oil in water emulsions stabilized with both our repulsive and associative microgels. This project has been carried out in during my 4 weeks secondment at Institute for Condensed Matter and Complex Systems of the School of Physics and Astronomy, University of Edinburgh, under the supervision of Dr. Paul S. Clegg.

Motivation

The microgels that we study in this work are known to be effective rheology additives. It means that they are added to formulations in order to provide them with yield stress, which prevents those formulations from the de-stabilization of the suspended ingredients, such as oil droplets, pigment, capsules and so on.

In this study we intended to explore the advantage of having the hydrophobic modifications in terms of stabilization properties. Indeed, hydrophobic modified polymers such HASE have been found to be effective for encapsulation of hydrophobic substances thank to the presence of the alkyl chains [START_REF] Locatelli-Champagne | Encapsulation de molecules hydrophobes par des poluelectrolytes amphipphiles : relation structure-proprieté[END_REF].

Also hard colloids are known to be able to stabilize emulsions; such particles stabilized emulsions are known as Pickering emulsions [START_REF] Pickering | [END_REF]. The possibility to stabilize the interfaces of two immiscible fluid by particles lies in the particles' affinity with the both phase; particularly, particles that are partially hydrophobic able to create contact angle with both fluids equal to 90° are considered the ones having the better stabilizing properties [207].

Particles gives to such emulsions specific properties: higher stability against the coalescence or phase separation, the possibility to stabilize smaller droplets (depending on the size on the particles) and the possibility obtain a surfactant-free emulsion [START_REF] Chevalier | Emulsions stabilized with solid nanoparticles: Pickering emulsions[END_REF].

In the literature, there are few studies on the ability of soft colloids such microgels to stabilize emulsions. Most of them concern the emulsion stabilization performed by using thermosensitive pNIPAM microgels [START_REF] Li | Microgel particles at the fluid-fluid interfaces[END_REF] [START_REF] Schmidt | Influence of Microgel Architecture and Oil Polarity on Stabilization of Emulsions by Stimuli-Sensitive Core-Shell Poly( N -isopropylacrylamide-co -methacrylic acid) Microgels: Mickering versus Pickering Behavior?[END_REF]. The softness is considered to be a factor that improves the stabilization properties; indeed, the capability of soft particles to deform gives an additional contribution to the stabilization. Microgel stabilized emulsions are also called Mickering emulsions [START_REF] Schmidt | Influence of Microgel Architecture and Oil Polarity on Stabilization of Emulsions by Stimuli-Sensitive Core-Shell Poly( N -isopropylacrylamide-co -methacrylic acid) Microgels: Mickering versus Pickering Behavior?[END_REF].

Preparation of the samples

All the emulsions that we study here in this section are oil in water emulsions. The continuous phase is the water phase it is constituted by the microgel suspension; the suspensions that constitute this phase are exclusively made of In order to orient our study towards a valuable set of samples, we collected the following indications from the literature existing on pNIPAM-co-MAA microgel stabilized Pickering Emulsions [START_REF] Li | Microgel particles at the fluid-fluid interfaces[END_REF] [START_REF] Schmidt | Influence of Microgel Architecture and Oil Polarity on Stabilization of Emulsions by Stimuli-Sensitive Core-Shell Poly( N -isopropylacrylamide-co -methacrylic acid) Microgels: Mickering versus Pickering Behavior?[END_REF]. First of all, the polarity of the oil phase has a major role; a successful emulsification is achieved at any pH with polar solvents. This is due to their compatibility with polar co-monomers that constitute the microgels.

The relative concentrations that seemed to insure stable emulsions were set as following. The oil phase ratio that has been found ideal is between 30 and 50 wt%, while the microgels concentration in the continuous phase is 10mg/g. The emulsification has been conducted with a rotor stator Ultraturrax set at 8000rpm for 2 or 3minutes.

In our study, then, we prepare emulsions having 10mg/g of microgel in the continuous phase.

We made samples with oil with different polarities: octanol, silicon oil 50cp, isopropyl myristate (or IPM) and dodecane, all purchased from Sigma. In the vast majority of the cases, the oil content was set at 30wt%. The preparation was articulated in two steps: first, we prepare the microgel suspension that constitutes the continuous phase, as we explain in 2.2.3.

Once the suspension is equilibrated, we add the desired amount of oil phase. For all the observations, the oil phase was dyed with Nile Red, solubilized directly in the oil. Then we proceed with the emulsification always conducted for 2 minutes emulsification with an Ultraturrax. stress fluid; this observation confirms the ability of such microgels to prevent the destabilization of complex formulations.

Remarkably, rheology measurements that we perform on these formulations were able to capture some differences between the suspensions stabilized with repulsive and associative microgels. Indeed, in some of the latter, we were able to detect the rheological signature of the continuous phase, i.e. the presence of the double elasticity. The only samples that showed this behavior were emulsions constituted by octanol as the dispersed phase, which is the most polar oil that we tested in this study. Surprisingly, these formulations show the appearance of an unexpected microstructure when subjected to increasingly large oscillations. The appearance of what we call strings of droplets was shown in a narrow window of oil content, between 25 and 35wt%.

A tentative explanation of this observation is that the string formation is based on the following consideration. The poorer affinity between the octanol and the associative moieities of associative microgels, compared to the other oils that we tested, which are less polar can be responsible for a tendency to create inter-microgel associations in the continuous phase. In comparison to less polar oils, associative chains aren't just confined in the oil phase. This could justify the features of the mechanical spectrum. When the oil concentration is sufficiently high and the droplets are sufficiently close, only a very thin layer of continuous phase very dense in microgels is separating droplets: droplets are bridged by microgels and are very likely to align in small group according to the flow direction. Of course, to prove this microstructure, we would need to identify the position of the microgels hydrophobic modifications in the emulsions, which would be only possible if we were able to dye selectively these moieties during the synthesis.

General Conclusion

The present thesis had the objective to study the mechanical properties and the flow dynamics of colloidal suspensions made of soft and associative microgel particles. Particularly, we devoted our attention to the link existing between the structure, the local dynamics and the macroscopic material and flow properties.

The lack of experimental systems that are able to combine the soft pair potential with the inter-particle adhesion and to be, at the same time, versatile in terms of tunability of both properties and easily made, was enlightened by our bibliographic survey in Chapter 1.

This analysis of the state-of-the-art motivated the choice and the design of our experimental system (Chapter 2). Microgel suspensions, indeed, are well suited for our studies. The synthesis is conducted in a way to insure a good homogeneity of the crosslink distribution in the particles and a well-controlled shape and size of the particles. Moreover, such microgels are easily modified and made associative by the addition of stickers, made of hydrophobic alkyl chains, covalently attached to the particle micro-networks; these stickers are responsible for interparticle adhesion. The adhesion is tuned by the structure and the composition of the hydrophobic tails of the stickers. In several respects, the associative microgels are the counterparts of the associative polymers. One pending question that we have not been able to answer and that in our opinion would require more investigations is the particle homogeneity in terms of the spatial distribution of crosslinks and stickers.

In the first part of this manuscript, we focused our interest in the study of soft repulsive microgels having different particles elasticity, i.e. different crosslinker content. On one hand, our investigations on the effect of the crosslink density of repulsive microgels have led to the discovery of a novel class of soft microgel that we call ultrasoft, described in Chapter 3. The linear and non linear rheological properties of these so-called ultrasoft microgels do no obey to the current knowledge in the field. We have proposed that the deformability of the individual microgels plays an essential role. This is in contrast with the conventional behavior observed in highly crosslinked microgels, emulsions, and vesicles. This poses new fundamental questions like the nature of jamming, the origin of the elasticity, and flow mechanisms.

When the crosslinked density is large enough, concentrated suspensions exhibit remarkable photonic properties. (Chapter 4). We were able to connect the colors of suspensions to the local correlation length of the microgel at the microscale, using SAXS, rheology and UV-Vis spectrophotometry. We have proposed a predictive model that accounts for the optical properties of the suspensions.

Suspensions made of soft adhesive microgel (Chapter 5) present a double elasticity, depending on the solicitation time-scale, and flow instabilities. We have quantitatively characterized the nature of the flow instabilities, i.e. shear banding that sometimes occur in combination with wall slip, using a microvelocitmetry setup (RheoPIV) that we built and optimized during this thesis.. We propose a model, based on the competition between the time scale of the mechanical solicitation and the microscopic time-scale introduced by the sticker dynamics, which offers a coherent framework for understanding both linear elasticity and flow properties. This model and our original experimental results, establish a direct link between the existence of attractive pair interactions and flow instabilities.

The role of the softness in Chapter 4 and that of adhesive interactions in Chapter 5 have been investigated independently. In particular the results obtained in Chapter 5 are obtained with ultrasoft microgels. This poses the question of the interplay between particle elasticity and short-range attractions. Other parameters also remain to explore like the details of the functionalization in relation with the chemistry. Another important point that we did not have time to approach concerns the introduction of other reversible interactions, for instance using the potentiality of dynamic covalent chemistry.

In conclusion, we open our research to real applications (Chapter 6). Indeed, we demonstrate that blends of associative and non associative microgels can be a viable solution to obtain suspensions having materials properties intermediate between soft repulsive and soft associative. On the other, we show that oil in water emulsions droplets, depending on the oil polarity, the associative chains of the microgel tend to join either the oil phase or the continuous phase, where other associative microgel lie. In such formulations, the presence of associative chains is able to establish bridges among oil droplets under shear.

Our findings show that microgel particles can be viewed as the archetype of soft colloids. The possibility to tune the interparticle potential by acting on the architecture, the composition, and the chemistry of the polymer networks that constitute the colloids allow to explore multiple research directions. Microgel suspensions not only constitute the ideal candidate for model colloidal system, but at the same can be used to mimic more complex materials such as reversible gels, protein gels and so on. Since such suspensions conjugates different interesting properties, as the scalability of the synthesis, poor polymer content, the possibility to be Rapidement, nous avons réalisé que la densité de réticulation est un autre paramètre important qui affecte de nombreuses propriétés rhéologiques des suspensions de microgels, même dans la limite purement répulsive. Ainsi, nous avons mené en parallèle une étude systématique utilisant des microgels répulsifs bien caractérisés où la densité de réticulation varie continuellement. Cela nous a permis de découvrir que les suspensions de microgels forment des verres photoniques lorsque la densité de réticulation est correctement ajustée.

Le présent manuscrit est organisé en six chapitres. Nos résultats prouvent que les particules de microgel constituent l'archétype pour les colloïdes mous. La possibilité d'adapter le potentiel inter-particulaire en agissant sur l'architecture, la composition et la chimie des réseaux de polymères constituant les colloïdes permet d'explorer de multiples pistes de recherche. Les suspensions de microgel constituent non seulement le candidat idéal pour un système colloïdal modèle, mais elles peuvent également imiter des matériaux plus complexes tels que les gels réversibles, les gels de protéines. Étant donné que ces suspensions conjuguent différentes propriétés intéressantes, telles que l'évolutivité de la synthèse, la faible teneur en polymère, la possibilité d'être gonflé dans un solvant comme l'eau et l'auto-réactivité, les suspensions microgel peuvent être exploitées pour développer de nouveaux matériaux stimulables.

Pour mener à bien cette thèse, nous avons bénéficié de plusieurs collaborations. Les microgels ont été produits au département de synthèse de Coatex SAS, filiale de la société Arkema, sous la responsabilité de Jean-Marc Suau, avec qui nous avons eu de nombreuses interactions. Les caractérisations structurelles ont été effectuées à la ligne de faisceau XX à l'installation Soleil et à la ligne ID02 du synchrotron européen à Grenoble. Une période de détachement à l'Université d'Edimbourg sous la supervision du Prof. Paul Clegg a été l'occasion de découvrir des applications prometteuses des microgels associatifs. Enfin, nous avons bénéficié des conseils et de l'aide du professeur Rémi Carminati de l'Institut Langevin de l'ESPCI pour modéliser les propriétés optiques des microgels en tant que verres photoniques. I would like to thank Mme Catherine Barentin and Mme Véronique Schmitt for accepting to review this manuscript. It has been a great honor for me that you found the time to read and comment carefully my work. I appreciated your concerns about the delays and I will always remind with pleasure your availability and our exchanges. It has been a pleasure to interact with Sylvie Cohen-Addad, who I had the chance to exchange with several times also before the writing of the manuscript. I am very grateful to Dimitris Vlassopoulos, whom I met at the very beginning of my PhD. I consider myself very lucky for having had the possibility to exchange with you several times along my project, which thoroughly benefited of your deep insights. Each time we had a conversation I found my interest in fundamental research renewed at the point that, despite my 'industrial' vocation, you made me reconsiderat least for a momentmy career choices. Last, but not least, your kindness and your availability made possible a difficult arrangement that avoided painful delays of my defense, and I will be always indebted to you for that. During my PhD I had the opportunity to collaborate with Rémi Carminati on a fascinating project involving the optical properties of my microgel suspensions. Rémi, it has been a pleasure to work with you. You made me reconnect with optics, which I have always considered a 'scary' subject. You made everything so extremely understandable that the afternoons spent discussing on pages and pages of equations were really enjoyable. This project wouldn't have been possible without the contribution of Coatex and, particularly, of Jean-Marc Suau. Even though my project wasn't funded by you and your company, I could always count on you to discuss the tricky results that I sometimes obtained. I will always remember the surprised look on your face when we showed you the 'colored suspensions' or the fact that the less reticulated microgels don't behave as we all expected. During the last three years we had the opportunity to exchange on a regular basis (in presence also of Cleméntine Champagne and Benoît Magny) and I felt that all our discussions boosted forward my work. Your curiosity and your enthusiasm were contagious and made me motivated to explore further the microgels you synthesized for my project. I wouldn't be here after more than three years without Michel Cloître, my PhD supervisor. I will be always grateful for the trust he gave me when he enrolled me for this project and during the years of my PhD. You have always gave me new stimuli, in terms of techniques, side-projects, analogies with different systems; in fact, all of this reflects the richness of your person as a scientistwhich is something that I deeply admire of youand I feel sorry if at the beginning I wasn't really following you as you expected. You taught me everything I know and despite the misunderstanding between us I recognize that and I will preciously bring it with me. I feel indebted for the material and moral help you gave me during the writing and the finalization of this manuscript; I know you used all your patience against my stubbornness. This work has profoundly benefited from the interaction I had with Charlotte Pellet and Rémi Fournier. Charlotte, thank you for having me initiated to the microgel universe and even if we spent a little time together I always remember it with great pleasure. Rémi, your pertinent questions always made me reflect further and your enthusiasm towards the new techniques was at the origin of very long conversations in the rheology lab, waiting for our rheology experiment to finish! You have been to me a model and an inspiration. The success of this work is also due to the contribution of Raphaël Hepiëgne (first experiments on the rheology of associative microgels), Quentin Nozet (the colored suspensions) and Caroline Fradin (blends of microgels), who spent their internship in our lab on projects which are part of my thesis that I had the opportunity to co-supervise. You are very different from each other and it has been a challenge for me to direct your efforts. Working with you side by side has been an experience that taught me a lot, professionally and humanly. The SAXS experiments have been possible thanks to Ralm Ricarte, Mickaël Pomes-Hadda, Sarah Goujard and Maika Saint-Jean. I had the unique chance to join an ITN network. Being part of Colldense enriched me as a scientist and as a human being. I had the opportunity to meet regularly with the other 14 PhD students and 9 PIs involved in the project. During such meetings, I had the chance to present my results and discuss with renowned scientists; among all of them, I acknowledge the discussion I had with Erika Eiser, Emanuela Zaccarelli, Christos Likos and Steven Meeker. Steven, I will never forget your sense of humor and the discussions we had around a glass of wine in Ancona and of whiskey in Edinburgh. Regarding the younger components of Colldense, I feel like we grew up together in the past three years or so. We shared bunk beds, desks, drinks, pens, beach towels, notes, sunscreen, movies, hikes, snacks, inspirations and aspirations andmore importantlycoding tricks (without which we poor experimentalists wouldn't have survived to the MolSim School in Amsterdam!!). I am still amazed by our last meeting, where I realized how different we have become from our past selves, and I am convinced that sharing our PhD experience had a great role in that. I feel I have a real connection with all of you and in some cases I dare say we established a real friendship. Michela, Diego, Andrei, Alessio, Alex, Javier, Martina, Andreas, José, Léo, Daniele, Marion and Swati, I will miss you and I feel sad that my defense will take place during Colldense final meeting, without me having the chance to say properly goodbye to you (obviously, with an hug, for Alex's sake). A great contribution to the success of my PhD comes from the MMC lab. Every day here has been rich in ideas and suggestions, which enormously contributed to my personal and professional growth. I would like to thank Ludwik Leibler with whom I always had interesting conversations, especially since he occupies the neighbor office. Moreover, Sophie Norvez and François Tournillhac helped me in several occasions for spectrophotometry and any kind of experimental setup, respectively. Marie-France had a huge role in my insertion in the lab everyday life and Aroul, successively, helped me out for administrative matters. Isabelle and Anne-Claire, not only were my very first 'co-bureaux', but have been fundamental in dealing with the practical aspects of the lab life. Isabelle, now that I am gone, I am sure you will have plenty of free time! In the lab I also had the chance to meet a very relevant person in my professional life: Zorana, thank you for having followed me in every part of my last year and half. Your suggestions and your kindness were very relieving and made me stronger for the last part of my PhD. Your support was crucial in the moments where I felt I was giving everything up. The interactions that I developed through the MMC lab with Christian Beulet (Anthon Paar France), Gilles Vaillant (MicroVision) Sébastien Builhol and Régis Mejard (RDVision) were an opportunity to grow and to learn new technical aspects and to perfection my French language skills in a professional environment. How could I forget my lab mates? I know for sure that you skipped all the above just to jump to what I have to say on you guys (this is for you Coco). First of all, this is the right place and the right moment to state, once for all, that the BdF is über alles. Indeed, if I survived my PhD, is mainly thanks to the people I shared the days (and the desks and the chocolate) with. Raphaël, you have been the most amazing office mate I could wish for. I remember at the beginning you made so much effort to understand my crappy French and to be understandable to me. Afterwards everything was much easier when Coralie taught me the important words, right? You had an amazing way to see things always under a new and different perspective which is something that made me think deeper or rethink (after being mad at you). You have helped me out a lot in many practical ways but, mostly, I benefited from your calm and firm way to suggest me how to do the right thing. I wouldn't get over your departure without Sarah and Quentin. Sarah, as I already told you once, I feel very lucky for having met you and having had you as co-bureau and co-worker. Despite the fact that, especially at the beginning I was supposed to teach you things, I think that I mostly learned something from you and your way to face things and behave professionally. Quentin, I had the opportunity to know you better in the last year and I will miss you the fresh perspective that you bring in each discussion; you made me see things in a very different way and I am very grateful for that. Julien, we briefly shared the office when you were just a little baby, but I remember that we had best happy time together. Thanks for your help in getting the nice-looking chemical formulas and for having been one of the persons who could I roll the eyes at as 'allez le bleus' started. This is also the place to thank your father, Marino, for the help with the sandblasted glass that I used for my PIV experiments. My integration in this country and in this city wouldn't have been as smooth as it was without the people that I meet here who accompanied me inside and outside the ESPCI doors. Thibault and Coralie had a fundamental role in this; thanks to you I felt to be part of a community, even though I wasn't getting the half of your conversations at the very beginning. Along with François, Jeremie and Maïssa, we spent most of the time of our thesis together, but we shared much more than that. I had the best time with you, here, in Paris, for afterworks or pique-niques, at PRT and at the ferias, in Naples or in Bernay (wait, also in Gif-sur-Yvette!). You made me felt that I belong, at least a little, here and this means a lot to me since I moved here without knowing anyone. Jun, Max and Rob, could I forget our English lunches? I wish all the luck to the younger member of our lab, Antoine, Larissa, Stefania, Phuong-Anh and Alexis. I will always bring happy memories of Miki (we will see each other again, in Japan or in Italy), David (your 5 Euros banknote is gone), Trystan (and your black humor), Julien (you were a pleasant surprise), Florent (your Neapolitan is really bad), Esther (my microgel mentor) and Ralm (the star of the Italian TV). Réda, we met through the MMC lab but somehow we managed to become friends outside it. There are so many things I am grateful to you and, luckily, we will see a lot of each other in the next future. My work also benefited of the discussions and the exchanges with other people of ESPCI, which is one of the perks of doing a PhD in this school. First of all, I would like to thank Fabrice Monti for his availability; it has been a great opportunity to meet you. The interactions with people from SIMM lab have always been fruitful and pleasant; particularly, I have to thank a lot Julienyou know why. Recently, I had the opportunity to exchange a lot with people from LCO and I have to say that I regret not being here when we (or, actually, you) will be in the same lab. During my PhD I had the opportunity to meet a lot of leading scientists in the field of Soft Matter during scientific conferences. Having an engineering degree, at the beginning, for me it was a real challenge to handle the terminology and the approaches used in the field, which is made up of scientists having the most different backgrounds (physicists, chemists and so on). Then, I really enjoyed the diversity of viewpoints and way of thinking, which is what makes this field so rich and stimulating, in my opinion. Among others, I will especially remember the discussions I had with Alberto Fernandez-Nieves in Vienna and Paris, Jan Dhont in Venice and Peter Olmsted at the Gordon Conference and at the ESPCI. You made me dream about spending my future chasing fire ants and, at the same time, shear ba nding signatures in complex fluids and it made me feel a real scientist. My work also benefited of the discussions I had with Fardin Khabaz and Roger Bonnecaze from University of Texas. Thanks to my funding, I had the opportunity to spend a month in one of the Colldense lab, at the Institute for Condensed Matter and Complex Systems of the School of Physics and Astronomy of the University of Edinburgh. I have to thank Paul Clegg with whom I had an amazing interaction and who taught me everything about microscopy. I am grateful also to Andrew Schofield for all the practical aspects of the formulation in the chemistry lab and John Royer who helped me out for the experiments on his rheoconfocal microscopy setup. A great contribution to my integration in France comes from the French classes I took and from the wonderful people I had the chance to meet there. Particularly, I will mention Marta and all the Chimie Paris guys (Chiara, Marianna, Stefania, Marco, Juan), the lovely Anna, Michael and Myriam from CCFS Sorbonne. I am thankful to Martina, Ana, Alex and Marion for having made my time in Edinburgh fly. Finally, it has been great to share this PhD adventure with somebody that had to face the same challenge and who went through the same struggling; Martina, that's for you: I knew I could always count on a (very long) whatsapp voice message from you to cheer me up. In the end, any of this wouldn't have been possible without having the full support of my family and my partner. Your attitude and your love made lighter the time we spent apart, despite the hard strains we were and we are subjected to. Marco, thank you for your tips with electronics and image analysis, but especially for always reminding me to center the target and avoiding wonder around in a perpetual Brownian motion (my words, of course) as I usually do. You have never doubted of me, and this made me feel stronger and confident. Today I would like to tell you 'I made it, as I promised' but I'd rather say we made it.

Résumé

Les colloïdes déformables sont largement utilisés comme additifs rhéologiques dans de nombreuses formulations, allant des peintures et des revêtements aux cosmétiques. Dans ce travail, nous présentons une nouvelle classe de microgels colloïdaux stimulables par le pH, dont la déformabilité et les interactions attractives interparticulaires sont ajustables. Les microgels sont constitués d'un réseau de polyélectrolyte réticulé gonflé par l'eau, dont l'élasticité est ajustée à volonté en faisant varier la quantité de monomère réticulant pendant la synthèse. L'introduction de groupes alkyle induit des attractions de courte portée entre les microgels, dont la force dépend de la composition et de l'architecture des chaînes hydrophobes. Ce système est donc un bon candidat pour étudier les conséquences macroscopiques de la variation du potentiel d'interaction de répulsif à associatif et un modèle pour des matériaux plus complexes tels que les gels réversibles, les gels protéiques, etc. Nous avons utilisé la rhéologie non linéaire, la diffusion statique et dynamique de la lumière couplée à la vélocimétrie par images de particules (PIV) pour relier les propriétés à l'échelle des particules au comportement macroscopique des suspensions dans les régimes liquide, de verre entropique et de verre encombré. Dans une première partie, le potentiel inter-particulaire est purement répulsif mais son intensité est variée en utilisant la densité de réticulation comme paramètre de contrôle. Lors de l'augmentation de la fraction volumique des colloïdes, les suspensions de microgels fortement réticulées se comportent successivement comme des suspensions liquides, des verres entropiques et des verres encombrés. Dans ce dernier, les propriétés rhéologiques suivent les prédictions récentes pour des sphères élastiques idéales à des fractions volumiques élevées. De plus, la structure vitreuse des suspensions qui possèdent des corrélations spatiales à courte distance est responsable des couleurs structurales non iridescentes qui passent continuellement du rouge au bleu en augmentant la concentration. En revanche, les microgels faiblement réticulés présentent des propriétés mécaniques et d'écoulements décrites par des lois d'échelle nouvelles, ce qui suggère qu'ils appartiennent à une classe différente de matériaux désordonnés que nous avons appelés « colloïdes ultra-moux». La deuxième partie a été consacrée à l'étude des effets des attractions de courte portée sur les propriétés statiques et dynamiques des microgels. La comparaison avec des microgels purement répulsifs ayant exactement la même composition, la même densité de réticulation et la même taille de particule met en évidence les spécificités des microgels associatifs, qui ont un potentiel d'attraction inter-particulaire variable. Dans le régime du verre encombré, des interactions attractives sont responsables des hétérogénéités d'écoulement -une compétition entre le glissement de paroi et / ou les bandes de cisaillement -contrôlées par la force des interactions attractives. Pour rationaliser la rhéologie de ces systèmes, nous proposons un modèle à deux états impliquant deux temps caractéristiques associés à la relaxation des associations et à l'ouverture de la cage, respectivement. Ces résultats établissent un lien entre la force des attractions à courte portée et les instabilités d'écoulement macroscopiques. Enfin, nous présentons deux applications où des microgels associatifs sont utilisés dans de nouvelles formulations comme des mélanges avec des microgels non associatifs et comme stabilisants d'émulsions.
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Abstract

Soft colloids are widely used as rheological additives in formulations as diverse as paint, coatings, and cosmetics.

In this work we present a novel class of pH responsive colloidal microgels with controllable softness and tunable attractive interparticle interactions. Microgels are crosslinked polyelectrolyte networks swollen by water. The elasticity of individual microgels is tuned at will through the crosslink density which depends on the amount of multifunctional monomers introduced during the synthesis. Alkyl groups induce short range attractions between microgels, whose strength depends on the composition and the architecture of the hydrophobic chains. This system is thus a valuable candidate to elucidate the relation between the macroscopic properties and the strength of the interaction potential when it is varied from soft repulsive to soft attractive. This question is central to the behavior of materials like reversible gels or protein gels. We use non linear rheology, static and dynamic light scattering and video microscopy coupled to high speed Particle Image Velocimetry (PIV) to connect the particle scale properties to the macroscopic behavior of the suspensions in the liquid, glass and jamming regime. In a first part, the interparticle potential is purely repulsive and its strength is varied using the crosslink density as a control parameter. Upon increasing the polymer concentration, highly crosslinked suspensions successively encounter well defined glass and jamming transitions, which delimit the dilute, entropic glass, jammed glass, and dense glass regimes. In the jammed regime the rheological properties support recent predictions and simulations for ideal elastic spheres randomly packed at high volume fraction. The glass -like structure of the suspensions with short range spatial correlations is responsible for non-iridescent structural colors which shift continuously from red to blue when the concentration is increased. In contrast, weakly crosslinked microgels exhibit novel mechanical and flow properties with unprecedented scaling properties, which suggest that they belong to a different class of disordered materials that we termed 'ultrasoft' colloids.

In the second part we investigate the effects of short range attractions on the static and dynamic properties of soft microgels. The comparison with purely repulsive microgels with exactly the same composition, crosslink density, and particle size highlights the specificities of associative microgels which have different interparticle attractive potential. I n the jammed glass regime, attractive interactions are responsible for flow heterogeneities -a competition between wall slip and/or shear-bandingcontrolled by the strength of attractive interactions. To rationalize the rheology of associative suspensions, we propose a two-state model involving two characteristic time scales associated to the relaxation of the associations and cage opening, respectively. These results establish a link between the strength of shortrange attractions and the macroscopic flow properties. Finally, we present two applications where associative microgels are used as in novel formulations as blends with the non associative and as emulsions stabilizers.

Figure 1 . 4 .

 14 Figure 1.4. Mean Square Displacement (MSD) against time (logarithmic scale) of hard spheres like colloidal suspensions containing an increasing (left to right) amount of particles [23]. For very dilute suspensions and, generally, for ergodic systems, i.e. systems where the time average of a physical quantity is equal to the ensemble average of the same quantity, the variation of the MSD in function of the time (in a double logarithmic plot) is just linear and the slope is the diffusion coefficient. When the concentration of suspended particles increases, the MSD starts to increase more slowly (and eventually shows a plateau) at intermediate time-scales, which is the signature of the caging phenomena. Diffusion takes places only at very short time-scales (in-cage

Figure 1 . 4 .

 14 Figure 1.4. The viscosity of colloidal latex suspensions as a function of the applied shear stress.Reproduced from[START_REF] Wagner | Shear thickening in colloidal dispersions[END_REF].

Figure 1 . 5 .

 15 Figure 1.5. The viscosity divergence as the volume fraction of the suspended hard spheres likecolloids approaches the glass transition (illustration taken from[START_REF] Foss | Structure, diffusion and rheology of Brownian suspensions by Stokesian Dynamics simulation[END_REF]). This figure shows the increase and the divergence of the viscosity with the volume fraction of hard
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 17 Figure 1.7 the curves that describe the flow behavior of such suspensions obtained when they are subjected to a continuous imposed stress, which varies in a certain range.

Figure 1 . 7 .

 17 Figure 1.7. Steady state flow curve of hard spheres-like suspensions containing different volume fraction of particles across the glass transition measured in [47].

  Figure 1.8.

Figure 1 . 8 .

 18 Figure 1.8. Hard spheres repulsive and attractive potentials: model (continuous) versus effective (dotted) interactions [4].

  [92] [98]. This feature has been shown in one of the first works on the topic by Pham and coworkers (Figure1.14), who identified the attraction among particles to be responsible for an enhanced slow-down in the local displacement of the particles approaching the glass transition. This behavior is very well represented again by the variation of the mean square displacement with the time that we reproduce in Figure 1.14.

Figure 1 . 14 .

 114 Figure 1.14. The increase in the slow-down of the local dynamics as the attraction potential increases (reproduced from [53]). As the interactions strength, here indicated in terms of the well depth min U , increases, a strong slow down of the local dynamics is shown in the MSD curves by the decreasing of the slope in the intermediate region of the curves. This mechanism leads to stiffer colloidal glasses and this result has made evident also at the macro-scale by different groups [99] [100] , who observed the socalled two-step yielding of colloidal hard spheres interacting via attractive pair potentials, illustrated by the Figure 1.15.

Figure 1 .

 1 Figure 1.15. The two step yielding as observed in [100].

  Figure 1.19.
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 119 Figure 1.19. Schematic of swelling and de-swelling of LCST microgels [119]. The particles are swollen when it is in a good solvent; increasing the temperature beyond the LCST leads to a change in the polymer solvent interactions which cause the insolubility of the microgel in the medium. The particles, thus, shrink and collapse into the de-swollen (or un-swollen) state. Between these two states, the volume of the particle can change even by a factor 10 [106].
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 1 Figure 1.21 sums up these last two aspects.

Figure 1 . 22 .

 122 Figure 1.22. The rheological state diagram of polyelectrolyte microgels (reproduced from [125]). The first part of this diagram (blue curve) represents the variation of the relative viscosity with the
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 25 we show the curves obtained from the titration experiments performed on suspensions made of the four repulsive microgel available in this study.
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 25 Figure 2.5. Titration curves for repulsive microgels.

Figure 2 . 6

 26 we show the titration curves obtained for the suspensions made of the three associative microgels.
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 26 Figure 2.6. Titration curves for associative microgels.
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 211 Figure 2.11. The Guinier's approximation on our reference system made of PS spheres.

  Figure 2.13.

Figure 2 .

 2 Figure 2.15. The PDI distribution.

Figure 2 . 20 .

 220 Figure 2.20. Creep test performed on concentrated suspensions (i.e. jammed regime) of microgel. The shear rate value taken to match the shear we impose in the value around which the shear rate becomes constant. Usually, this kind of tests are used in order to sample the flow behaviour close to the yield stress, where the time-scale required to reach the equilibrium values are prohibitively long.When these tests have been used for this purpose, a pre-shear with a fixed and constant shear rate that corresponds to the yielded region, has to be applied before the test in order to put the material in a reproducible state before the measure. This is the reason why the curves shown in Figure2.20 present, at the very beginning, a decrease. For the purposes of this work, creep tests have been used also to sample the flow instabilities that are ongoing in highly-sheared associative suspensions (Chapter 4).

  Figure 2.21. modulated way. The incident light is thus a green light, so it is needed that the sample could bear cromophores that can be excited by this wavelength, and thus, the ideal candidate is Rhodamine B. For this reason, the fluorescent beads chosen to load the sample with are fluorescent polystyrene beads (radius 500nm) labeled with this chromophore (Fluoro Max Red, Thermofischer). The emission and excitation spectra of the tracer beads have been measured by a spectro-fluorometer (Shimadzu RF 5301-PC) and the results are reported in Figure 2.22.

Figure 2 . 22 .

 222 Figure 2.22. Excitation and emission Spectra for the fluorescent tracers used for rheomicroscopy. As it is known from the literature and shown by the spectra, the excitation band is centered at

Figure 2 .

 2 25 we show as an example the flow curve taken on one of our loaded microgel suspension and we compare it to the one taken on a suspension that does not contain any tracers.

Figure 2 . 25 .

 225 Figure 2.25. Flow curve for M X4 microgel (c=30mg/g): comparison between sample loaded with tracer and one without. From this experiment we can conclude that the small difference existing between the two curves fall

  Figure 2.29.

Figure 2 .

 2 Figure 2.29. The sequence of image analysis operations (schematic) done on a raw image (a): the image after histogram stretching (b) and after segmentation (c). The first action that we take in order to get rid of the out-of-focus signals, is to equalize the grey

Figure 2 .

 2 Figure 2.30. An example of the cross-correlation function of a generic couple of correlated images. The position of the peak of the cross-correlation function gives the information on the displacement of the tracers occurred by the time elapsed between the two images. A conversion here is needed to go from pixels to distances: 1pixel = 0.1537 µm (which makes each frame 480x340px an area of 73.8x52.3µm).

  Figure 2.31. 

Figure 2 .

 2 Figure 2.31. The generic velocity distribution histogram.Once we verify that the distribution is statistically reliable, i.e. it looks Gaussian-like, we determine

  Figure 2.32.

Figure 2 .

 2 Figure 2.32. The generic velocity profile (for M X1 microgel, 1.5wt% and 0.5s-1).

Figure 3 .1 for 1 XM

 31 microgel suspensions and in Figure 3.2 for 4 X M microgel suspensions, for a selected set of concentrations.

Figure 3 . 1 .

 31 Figure 3.1. Auto-correlation functions of the intensity field measured by DLS for M X1 microgels suspensions as the microgels concentrations increases.

Figure 3 . 2 .

 32 Figure 3.2. Auto-correlation functions of the intensity field measured by DLS for M X4microgels suspensions as the microgels concentrations increases. Microgel suspensions of both types show a similar trend. At low concentrations, the intensity of the autocorrelation function exhibits the characteristic shape of an exponential, while it decays to zero at long times. In Section 2.2, we showed that 2 (,) gq t can be well fitted to an exponential, allowing us to determine the characteristic time which gives access to the hydrodynamic radius of the suspended objects. As the concentration increases, the decay occurs at longer times and above a certain concentration (c=2mg/g and c=4mg/g for

4 XM

 4 , we have shown that the transition point is around ,4 5.5 / m c m g g from both DLS and rheology determinations. The two determinations obtained for 1 X M are also in agreement given the experimental uncertainty of DLS measurements. We will assume from now on that . In conclusion, we can argue that the non ergodic transition and liquid-solid transition happen simultaneously for each microgel suspension, as we expected. The nonergodicity transition is associated to the onset of solid like properties, as it has been observed

Figure 3 . 6 .

 36 Figure 3.6. The variation relative viscosity of M X1 and M X4 microgels suspensions with the microgel mass concentration; points are taken with three methods: viscosimetry (v), rheology with a cone-plane geometry (CP) and with a Couette double-gap geometry (DG). First of all, the 1 X M relative viscosity variation against the concentration allows us to compare the determination of the plateau viscosity performed by using three different measuring tools: the capillary viscosimetry (v), the cone-and plate geometry (CP) and the Couette double gap (DG) geometry. The ensemble of the experimental points is coherent disregarding the methodology adopted. By comparing the variation of the relative viscosity against the

Figure 3 . 7 .

 37 Figure 3.7. The variation relative viscosity of M X1 and M X4 microgels suspensions with the microgel mass concentration scaled by the c m of each. Upon the normalization by the mass concentrations m c that we derive 3.1, the variation relative viscosity of the two microgel suspensions that we examined in this section seem to collapse one onto the other, within a reasonable range that can be attributed to the experimental error and to uncertainties in the determination of m c . This result suggests the fact that the difference in the crosslink density of the microgel particles does not play any role

1 XM

 1 microgels, being characterized by a lower crosslinker content, are expected to show a smaller particles elasticity, compared to the one of 4 X M .

Figure 3 .

 3 Figure 3.17. Flow Curves for M X4 microgels suspensions In the case of 4 X

  .16, right). The shear stress keeps on decreasing as the shear rate becomes smaller and smaller without any sign of a well-defined yield stress plateau.At this point, it is interesting to analyze flow curves of microgel suspensions with intermediate crosslink density. In Figure3.18 we report the flow curves of

Figure 3 .

 3 22 we report the velocity profiles for three different concentrations in microgel of 1 X M type and in Figure 3.23 the velocity profiles for two different concentrations of microgel type 4 X M microgel.

Figure 3 .

 3 Figure 3.25. Flow Curves taken in slip (empty dots) and stick (full dots) border conditions for M X4 microgels suspensions and comparison with microvelocimetry results.

Figure 1 .

 1 Figure 1. Variations of the plateau modulus of microgel suspensions showing the entropic

Figure 2 .

 2 Figure 2. Variations of the position of the structure factor peak versus the polymer concentration. Measurements are performed by static light scattering (full dots) and SAXS (open dots). The equation of the continuous line is . The inset shows the variations of the intensity versus the spatial wavevector for C = 12 mg.g -1 .

Figure 3 .

 3 Figure 3. (a): photographs of glassy suspensions at increasing concentrations from left to right (in mg.g -1 ); (b) Transmission spectra for C = 5.5 mg.g -1 (red); 7 mg.g -1 (orange); 10 mg.g -1 (green); 13 mg.g -1 (blue); 25 mg.g -1 (purple); 3 mg.g -1 (inset). (c) Reflection spectra for the same concentrations as in (b). The positions of the dip in (b) and the peak maximum in (c) are signaled by full dots.

Figure 6 .

 6 Figure 6. Comparison of the transmittance measured experimentally (black) and computed from the model of section 4.3 (blue) for C = 9 mg.g -1 ( = 0.65, R = 120 nm) and C = 13 mg.g -1 ( = 0.70, R = 112 nm). The multiplicative prefactors introduced in expression (6) are equal to 0.9 and 1.25 respectively.

Figure 5 . 4 .

 54 Figure 5.4. The variation relative viscosity of M C22 microgels suspensions with the microgel mass concentration; points measured with two different experimental methods: the capillary viscosimetry (v) and the Couette double gap (DG) geometry. We report relative viscosities obtained by two different experimental methods: capillary viscosimetry (v) and rotational rheology using the Couette double gap (DG) geometry. This representation allows us to conclude that the ensemble of the experimental points is coherent
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 55 Figure 5.5. The variation of the relative low-shear viscosity of M C22 and M X1 microgel suspensions with the microgel concentration scaled by c m Upon normalization by the values of c m determined in 5.1.3 for M C22 and in 3.1.3 for 1 X M , the

Figure 5 M

 5 microgels measured at the same polymer content.

Figure 5 . 6 .

 56 Figure 5.6. The mechanical spectra of M C22 (red) and M X1 (grey) microgel suspension measured at c=8mg/g. The mechanical spectrum of the associative microgel suspension shows a richer phenomenology than the purely repulsive one. Both ' G and '' G show a strong non-monotonic behavior. The storage modulus ' G decreases from a high plateau value to a low plateau value which tends asymptotically to the value for the repulsive microgel suspension

Figure 5 . 7 ,

 57 Figure 5.7, where we plot a selection of mechanical spectra taken for suspensions covering a wide range of concentrations.

G

  ' are concerned. The variations of G'' in the vicinity of the relaxation are well reproduced but the HN description fails to describe the high and low frequency variation of the loss modulus (the two extremities of the spectrum), which contain the contribution of the high and low glassy modes that are not taken into account in the model. Nevertheless, this method provides a quantitative alternative determination of the three parameters G G ), _ G 0 G ) and The agreement between the values of A determined from the polynomial fitting protocol and the HN model is good, which validates the results. G and _ G obtained from the HN model are slightly overestimated and underestimated, respectively, with respect to the values of the storage modulus at the two minima of the loss modulus. This seems reasonable because G and 0 G are asymptotic values between which the storage modulus vary according to the HN model.

Figure 5 . 8

 58 we plot the variation of the moduli G and _ G with the 22 C M mass concentration and we compare it to the variation of the elastic modulus ( 0 G ) of repulsive 1 X M suspensions examined in section 3.1.2.

Figure 5 . 8 .

 58 Figure 5.8. Variation of the high frequency G + (full dots) and the low frequency G -(empty dots) elastic modulus of M C22 suspensions (red) and variation of G 0 for M X1 (grey), with the microgel concentration. As expected, the high frequency modulus, G , is increasingly higher than the low frequency modulus, _ G . Remarkably, the latter is almost superimposed to the value G 0 of the storage modulus for the repulsive M x1 microgels which suggest that the origin of the elasticity of associative

Figure 5 .

 5 10 shows the variation of the logarithm of the frequency of the secondary relaxation versus the inverse of the temperature (Arrhenius plot), for three different concentrations.

Figure 5 . 10 .

 510 Figure 5.10. Arrhenius plot showing the variation of the characteristic frequency A with the temperature for M C22 suspensions at three different concentrations. The data points align on a straight line, within a reasonable experimental error. This shows that the variations of the frequency A with the temperature are well described by the Arrhenius equation:

  2, we performed LAOS tests on suspensions made of 22 C M associative microgels. Unlike what we have done so far, we perform measurements imposing solicitations at different frequencies. The frequencies are chosen in order to correspond to the three different regimes identified from the SAOS spectra: (i) the sticky cage regime at high frequency; (ii) the repulsive cage regime at low frequency; (iii) the transition regime near A . In Figure 5.12 we show the results of LAOS test for a suspension of 22 C M type at c = 8 mg/g.states. The solicitation frequency defines the domains where one kind of elastic behavior prevails and dominates the elastic response.

Figure 5 .

 5 Figure 5.19 compares the local flow curves to the macroscopic rheology flow curve for the suspension sheared with a smooth bottom surface.

Figure 5 .

 5 Figure 5.19. Comparison between the flow curves determined via the flow curve protocol (circles) and the microvelocimetry (diamonds) for the same M C22 microgel suspension at c=15mg/g in the presence of slip. The macroscopic flow curve exhibits a kink around 0.3 s -1 , which we associated to the onset of strong slip. Concerning the local rheology, different situations have to be considered. For low applied shear rates corresponding to the first branch, the local rheology and the macroscopic rheology coincide (profiles in Figure 5.17a). At higher shear rates, where slip is detected, the local rheology data (relative to the profiles in Figure 5.17b) fall above the macroscopic rheology data, because the latter are underestimated due to slip effects. At shear rates corresponding to the plateau region, where shear banding takes place, we extract two different shear rates from each profile of Figure 5.17c: one is associated to the slow band and the other to the fast band. Interestingly, when plotted in correspondence of the measured shear

Fig. S. 2 .

 2 Fig. S.2. Auto-correlation functions of the intensity field measured by DLS for M C16gmicrogels suspensions as the microgels concentrations increases.

Fig. 6 . 3 .

 63 Fig. 6.3. The power law fit of the high frequency (G + ) modulus.

  shear rate. For this reason, we measured the flow curve on the blend samples containing different amount of associative microgels 22 C M . In Fig.6.4 we show the results of this experiment.

Fig. 6 . 4 .

 64 Fig. 6.4. The flow curves of blends of M C22 in M X1 microgel suspensions (total colloid mass concentration c=10mg/g) having different composition in M C22 compared to the flow curves of the pure M X1 microgel suspension at c=10mg/g (in black) the pure M C22 microgel suspension at c=10mg/g (in red).

  suspended in water and to engineer the self-responsiveness, microgel suspensions are promising ingredients for the development of new smart materials.Les colloïdes constituent une classe importante de matériaux à l'interface entre les polymères et les matériaux granulaires humides. Ils sont omniprésents dans le monde naturel et dans de nombreux produits synthétiques que nous employons dans notre vie quotidienne. Ils sont également utilisés dans des applications avancées pour concevoir des systèmes aussi diversifiés que des capteurs optiques, des micro-conteneurs pour une distribution contrôlée et des revêtements intelligents. Dans une perspective plus fondamentale, la science colloïdale est un domaine de recherche actif. Malgré d'importantes réalisations récentes, il reste des questions encore ouvertes: le grand défi étant de relier les propriétés des particules au comportement macroscopique des matériaux.Pendant longtemps, les colloïdes de type des sphères dures ont été considérés comme des archétypes dans la science colloïdale. Les particules de sphère dure n'interagissent que par des interactions de volume exclu et des interactions hydrodynamiques dues à la présence du solvant. Au cours des 30 dernières années, ils ont constitué un vaste domaine de recherche qui a été étudié sous différents angles: chimie, physique de la matière molle, physique statistique et simulations. Ils ont conduit à plusieurs concepts clés devenus référence dans le domaine.Citons simplement le modèle de la cage, la découverte des verres mésoscopiques, les notions de diffusion autonome et coopérative, de vieillissement et de dynamique lente. Cependant, ces succès ne doivent pas cacher le fait que les suspensions de sphères dures en tant que telles ont un nombre limité d'applications.Outre les suspensions de sphères dures, la science colloïdale englobe un large éventail de matériaux qui diffèrent par la forme et la déformabilité des particules, les interactions répulsives ou attractives entre elles et, enfin, la possibilité de mélanger de colloïdes avec des polymères ou des tensioactifs. Les colloïdes dits 'mous' sont des particules browniennes déformables qui désignent des matériaux très divers tels que les microgels, les gouttelettes d'émulsion, les polymères en étoile, les micelles de copolymère séquencé et les protéines. Ils présentent des diagrammes de phase très riches en fonction de la fraction volumique, de l'architecture des particules et de leur élasticité. Une caractéristique qui distingue les colloïdes mous des sphères dures est leur capacité à atteindre à des fractions volumiques élevées et à former des «verres encombrés» dans lesquels les particules sont en contact et interagissent via des répulsions faibles. Bien l'élasticité des particules soit de diférentes origines , les verres colloïdaux mous ont de nombreuses caractéristiques génériques communes. Ils se comportent comme des solides élastiques faibles au repos mais s'écoulent comme des liquides au -dessus d'une contrainte seuil. Cette caractéristique unique est exploitée pour obtenir des revêtements à haute performance, des encres solides, des pâtes céramiques, des aliments texturés et des produits de soins personnels. En plus de la déformation par encombrement stérique, les colloïdes mous peuvent gonfler et se dégonfler en fonction de l'environnement et, dans le cas des colloïdes chevelus, les particules peuvent subir une interpénétration locale à la périphérie. La physique et la chimie des colloïdes mous se sont considérablement développées au cours des 10 dernières années, impliquant de nombreux groupes à travers le monde. La présente thèse fait partie du réseau de formation initiale, ITN, «Colloids with designed response» ou Colldense, un des programmes H2020 soutenu par la Commission européenne. Nous nous concentrons sur un type particulier de colloïdes mous appelés microgels. Les microgels sont des particules déformables constituées d'un réseau polymère gonflé par un solvant. L'architecture du réseau peut être ajustée à volonté en jouant sur les paramètres moléculaires tels que la composition et la quantité d'agent de réticulation, ou en modifiant les conditions de synthèse. Par conséquent, les microgels constituent un modèle intéressant des colloïdes mous dont la déformabilité, la force, la portée des interactions et la capacité de dégonfler peuvent être modifiés à souhait. De nombreuses études sur le terrain, y compris celles de notre groupe, concernent les colloïdes mous avec des interactions purement répulsives et sur le cas où des interactions attractives entrent en jeu est très peu exploré. Cependant, il existe des preuves expérimentales que des potentiels attractifs sont responsables de plusieurs nouveaux phénomènes. De plus, les microgels attractifs sont couramment utilisés dans l'industrie, comme additifs de texture. Dans cette perspective, l'objectif principal de cette thèse est triple: (1) concevoir des microgels mous avec des attractions accordables à courte portée; (2) étudier et modéliser la rhéologie linéaire des suspensions de microgels attractifs; (3) relier les propriétés d'écoulement à l'existence et à la force des interactions. Pour mener à bien ce programme, notre choix a été de développer une nouvelle classe de microgels appelée microgels associatifs. Les microgels associatifs portent des groupes hydrophobes qui induisent de courtes interactions adhésives.

Dans le chapitre 1 ,

 1 nous discutons du contexte général de nos recherches en présentant certains concepts clés de la science colloïdale qui seront utiles tout au long du manuscrit. Le chapitre est divisé en trois sections où nous passons en revue avec succès les suspensions de sphères purement rigides, les colloïdes durs en présence d'interactions attractives et les colloïdes mous. Notre présentation met en évidence deux aspects: (i) la connexion entre les modèles physiques et systèmes expérimentaux (ii) la relation entre les propriétés à l'échelle des particules et les propriétés macroscopiques. Dans ce chapitre, nous montrons la nécessité d'une étude systématique de suspensions colloïdales souples où les particules interagissent par interactions attractives, ce qui est l'objectif de notre thèse. Dans le chapitre 2, nous présentons les matériaux et les méthodes mis en oeuvre dans cette étude. Les particules de microgel sont soigneusement décrites avec leurs principales propriétés morphologiques. Ensuite, nous présentons brièvement la diffusion de la lumière et la rhéologie, qui sont les deux principaux outils utilisés dans ce projet. Nous concluons cette section en présentant un dispositif original de micro-vélocimétrie que nous avons construit et rendu opérationnel en laboratoire. Cette configuration combine la microscopie à fluorescence et la rhéologie afin de mesurer et de caractériser les propriétés locales d'écoulement des suspensions. Le principal avantage de ce montage est la possibilité d'effectuer des mesures de vitesse locale et, donc, d'obtenir des profils de vitesse, lorsqu'un matériau est soumis à fort cisaillement. Pour cela, il suffit que les suspensions étudiées soient transparentes afin d'assurer la traçabilité optique des particules utilisées comme traceurs. Le chapitre 3 décrit la relation existante entre l'élasticité des particules et la rhéologie linéaire et non linéaire des suspensions de microgels répulsifs. L'élasticité des particules est ajustée en faisant varier la densité de réticulation. Dans la limite où la densité de réticulation est très faible, nous identifions et caractérisons une nouvelle classe de microgels que nous appelons microgels ultra-mous. Cette nouvelle classe de microgels présente une élasticité caractérisée par l'absence de contacts élastiques -ou facettes -ce qui provoque la présence d'un large spectre de relaxation et la dépendance fréquentielle à une déformation seuil. Le chapitre 4 montre que les suspensions de microgel dans le régime du verre entropique et du verre encombré présentent toutes les caractéristiques des verres photoniques. Les couleurs des suspensions sont quantifiées à l'aide de mesures de transmission et de réflexion et sont reliées au facteur de structure (mesuré par le moyen de diffusion de la lumière et des rayons X) lorsque la concentration varie. Nous proposons un modèle basé sur le formalisme de Rayleigh-Ganz-Debye qui fournit des prédictions raisonnables des spectres de transmission. Cela nous permet d'établir un lien entre la longueur de corrélation spatiale existante entre les particules en solution et la couleur de la suspension au niveau macroscopique. Ce chapitre est écrit sous la forme d'un article. Le chapitre 5 constitue le coeur de la thèse. Nous étudions la relation entre la force des interactions adhésives à courte distance induite par les interactions hydrophobes et les propriétés mécaniques des suspensions. Nous identifions des propriétés dynamiques uniques que nous interprétons en utilisant une généralisation du concept de cage, qui inclut la possibilité de 'cage collante'. Lorsque la déformation est importante, nous démontrons que les suspensions fluides présentent des bandes de cisaillement ou un glissement à la paroi en fonction de la nature de la surface de cisaillement. Ces résultats ont été obtenus grâce au montage expérimental original décrit dans le chapitre 2. Nous proposons un modèle microscopique qui explique les bandes de cisaillement en termes d'instabilité du gradient de cisaillement lorsque les temps caractéristiques associés aux associations en cage et au mouvement de cisaillement entrent en compétition. Ce modèle devrait être général et applicable à d'autres colloïdes attractifs sous fort écoulement. Enfin, nous discutons de la généralité de nos résultats lorsque l'architecture et la taille des chaînes hydrophobes sont variées. La variation de la taille des chaînes provoque un déplacement du temps caractéristique de l'association dans la cage vers temps plus courts. Les chaînes hydrophobes à architecture ramifiée sont responsables d'une adhésion plus faible et à une moindre élasticité en comparaison de l'architecture linéaire. Le chapitre 6 aborde les applications potentielles des résultats obtenus dans les chapitres précédents. Il consiste en deux projets complémentaires impliquant à la fois des microgels associatifs et répulsifs. Dans le premier projet, nous explorons la possibilité de mélanger des microgels associatifs et répulsifs pour affiner les propriétés rhéologiques. Dans le deuxième projet, nous utilisons à la fois des microgels répulsifs et attractifs comme stabilisants d'émulsion.

  

  

Table 1 .

 1 1. Classification of the main existent research works on soft attractive colloids.

	Polymer-induced	Directional

Table 1 :

 1 

		8 (M x4 ) 39.7	59.5	0.8	67	268	4.0
	M 0.6 (M x3 ) 39.9	59.5	0.6	55	254	4.6
	M 1	39.6	59.4	1.0	43	201	4.7

composition, hydrodynamic radius of collapsed (R 0 ) and swollen (R m ) microgels and swelling ration measured at very low volume fraction.
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Applications for associative microgels

The object of this chapter is to present two projects in which we have been involved during our thesis. In both of them we explore the possibility to use our microgels in order to achieve materials having interesting new properties. Thanks to the knowledge gathered on the properties of our microgel suspensions (Chapter 3-4-5), we have been able to propose two different ways to use the microgel so far presented. On one hand, we propose to blend associative and repulsive microgels in order to achieve materials whose mechanical properties can be tuned by adjusting the relative proportion between the two (6.1). On the other hand, we explore the possibility to use associative and repulsive microgel suspensions to stabilize emulsions made with oils having different polarity (6.2).

Blends of associative and repulsive microgels

In this section we present the properties and the structure of colloidal suspensions made of mixture at various proportions of repulsive and associative microgels. This project has been carried out in collaboration with Caroline Fradin's, who spent her third year internship in the laboratory.

Motivation

In chapter 3 we extensively study the elasticity of repulsive microgels beyond the nonergodicity transition; by comparing the variation of the elastic moduli of repulsive microgels characterized by different crosslink density we highlighted that the properties of weakly crosslinked 1 X M microgels substantially differ from the those of more crosslinked microgels.

We concluded that 1 X M microgels suspensions have poor elastic properties at any microgel content due to the weak particle elasticity.

In chapter 5 we study the elasticity of associative microgels beyond the non-ergodicity transition. We show that the presence of hydrophobic modifications induces two states of elasticity, one of them characterized by high values of the elastic modulus. We were able to conclude that this state corresponds to a microstructure of the suspensions where the particles not only are caged by their neighbors, but establish inter-particles bonds that lead to a connected structure and, thus, to stiffer suspensions. On the other hand, the presence of such