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RESUMÉ

Ce travail de thèse décrit l'élaboration de latex hybrides oxyde de fer (OF)/polymère par polymérisation en émulsion sans tensioactif. Des nanoparticules d'OF cationiques ont été tout d'abord synthétisées par co-précipitation de sels de fer dans l'eau. Des latex hybrides magnétiques ont été ensuite obtenus par deux voies de polymérisation. La première consiste en la synthèse de particules de latex de morphologie 'carapace' par polymérisation en émulsion Pickering du styrène et du méthacrylate de méthyle (MMA). Un comonomère auxiliaire (acide (méth)acrylique ou acide 2-acrylamido-2-méthyl-1-propane sulfonique) a été utilisé pour favoriser l'adsorption des OF à la surface des particules de polymère produites.

Les analyses par MET indiquent la présence d'OF à la surface des particules de polymère (structure carapace). L'analyse thermogravimétrique a permis de quantifier l'efficacité d'incorporation des OF, i.e. la fraction d'OF initialement introduits effectivement adsorbés à la surface des particules. L'efficacité d'incorporation augmente avec la quantité de comonomère auxiliaire, le pH et la concentration en OF et dépend de la nature du monomère hydrophobe.

Dans la deuxième voie, les OF ont été encapsulés par polymérisation radicalaire contrôlée par transfert de chaîne réversible par addition-fragmentation (RAFT) en émulsion aqueuse. La stratégie utilisée repose sur l'utilisation de macroagents RAFT amphiphiles comportant des groupements acide carboxylique connus pour interagir avec la surface des OF. L'interaction entre les macroRAFTs et les OF a été étudiée à travers le tracé de l'isotherme d'adsorption.

Des analyses SAXS et DLS indiquent la formation de clusters d'oxyde de fer. Ces derniers ont été ensuite engagés dans la polymérisation en émulsion du styrène ou d'un mélange de MMA et d'ABu (ratio massique : 90/10) pour former une écorce de polymère à leur surface. Les particules carapace et les OF encapsulés affichent un comportement superparamagnétique.

Mots clés : oxyde de fer, polymérisation en émulsion sans tensioactif, Pickering 

General Introduction

Composite or hybrid materials are the combination of organic polymers and inorganic solids such as iron oxide, silica, titania, clay, metallic particles or quantum dots. 1 The mixing of these two physically distinct matters allows the marriage between the best attributes of the inorganic part, such as stiffness, mechanical strength, chemical inertness, thermal resistance and optical properties (transparency, opacity) with the processing and handling advantages of the organic part. 2 Currently, an enormous amount of hybrid materials are produced, and outstanding research is performed due to their promising applications in coatings, paints, drug delivery, electronics, or photonic technologies. 2 Several strategies have been reported for the synthesis of such colloidal nanocomposites including layer-by-layer assembly techniques, heterocoagulation and in situ polymerization. 3,4 Among the various polymerization methods, emulsion polymerization has attracted extensive attention due to its wide industrial application for the manufacture of various products (e.g. paints, adhesives, impact modifiers) and is especially well documented.

Conventionally, emulsion polymerization requires the presence of surfactant molecules for the colloidal stability of the latex. However, surfactant molecules remain in the sample after nanoparticle synthesis and can negatively impact the quality of the final product. One attractive way to get rid of the surfactant for the synthesis of organic/inorganic hybrid materials is to make use of Pickering stabilization, which leads to the formation of armored particles. This kind of stabilization was first reported by Pickering and Ramsden, 5,6 who observed that colloidal particles located at oil/water or water/oil interface were able to stabilize emulsions (called Pickering emulsions). In Pickering emulsion polymerization, solid inorganic particles are used as a surfactant instead of conventional molecular organic surfactants. 7 After polymerization, the inorganic particles are located on the surface of the formed polymer microspheres. The "Pickering" approach for latex synthesis shows many advantages. 8 First, the synthesis is easy to perform. Second, it is a very flexible technology: the size, composition and functionality of the polymer particles can be tuned easily. Third, there are no by-products produced in the process, and no unwanted contaminants are left in the polymer.

In addition to the Pickering technique, a pertinent combination of controlled radical polymerization (CRP) techniques 9 (for the IUPAC: reversible-deactivation radical polymerization, RDRP) and aqueous emulsion polymerization has also made possible the formation in water of organic/inorganic hybrid materials without surfactant. 10 The reversible addition-fragmentation chain transfer (RAFT) polymerization technique, 11 which relies on the use of thiocarbonylthio compounds as reversible chain transfer agents (RAFT agents), is a very attractive CRP method because of its versatility and simplicity. One of the strategies developed for the synthesis of hybrid latexes by CRP employs living amphipathic random copolymers synthesized by RAFT polymerization as both coupling agents and stabilizers for the inorganic compounds.

The adsorbed random RAFT copolymers are then chain extended to form a polymer shell around the inorganic compounds. Using this strategy, organic/inorganic hybrid latexes can be obtained without the need for any molecular surfactants. To date, many inorganic compounds have been successfully encapsulated by this method such as cerium oxide, 12 titanium dioxide pigments, 13,14 carbon nanotubes 15,16 and gibbsite platelets. 17 To the best of our knowledge, there are very few studies reporting the use of iron oxide (IO) nanoparticles as stabilizer for Pickering emulsion polymerization.

Furthermore, there is no example of polymer-encapsulated IO using a RAFT approach in aqueous dispersed media.

In this work, we will explore two routes for the synthesis of iron oxide/polymer hybrid latexes. The first route consists in the synthesis of polymer latexes armored with IO via Pickering emulsion polymerization. An auxiliary comonomer (namely methacrylic acid, MAA, acrylic acid, AA or 2-acrylamido-2-methyl-1-propane sulfonic acid, AMPS) was used to promote IO particle adhesion to the surface of the generated polymer nanoparticles. In the second route, IO encapsulation was investigated via RAFT-mediated emulsion polymerization. The process utilized in this work relies on the use of water-soluble macroRAFT agents containing carboxylic acid groups, designed to interact with the surface of IO. Taking advantage of the tunable water-solubility of the macroRAFT agents synthesized, stable suspensions of macroRAFT/IO particles can be obtained. These suspensions then participate in the emulsion polymerization with the aim to form a polymer shell at the IO surface.

The manuscript is divided into five chapters.

Chapter 1 first reviews the synthesis and properties of IO particles and different strategies used to synthesize IO/polymer composite latexes in aqueous dispersed media. A brief survey of Pickering (mini)emulsion polymerization using various inorganic particles as stabilizers is then presented. Finally, a last part reports on the synthesis of composite latex particles by macroRAFT-mediated emulsion polymerization.

Chapter 2 describes the materials, characterization and experimental procedures used throughout this work.

Chapter 3 focuses on the synthesis of polymer latexes armored with IO by surfactant-free emulsion polymerizations. Colloidal dispersions of IO particles (so-called ferrofluids) were synthesized first. Then magnetic composite particles were generated through Pickering emulsion polymerization of methyl methacrylate (MMA) or styrene (St) using the IO particles as solid stabilizer, without any additional surfactant. An auxiliary comonomer (MAA or AA) was used to promote IO particle adhesion to the surface of the generated polymer particles. The effect of various parameters such as the IO content, the pH value of the suspension, and the nature of the monomer on the polymerization kinetics, the particle size and the morphology, was studied in details. Furthermore, magnetic composite microspheres were also prepared by surfactant-free emulsion polymerization using AMPS as auxiliary comonomer. The effect of AMPS content, IO content, the use of a solvent and the nature of the monomer on polymerization kinetics, particle size and morphology, was thoroughly investigated.

The Chapter 4 focuses on the synthesis of polymer particles encapsulating IO via RAFT-mediated emulsion polymerization. First, the macroRAFT agent was synthesized. Second, the macroRAFT agent was used as coupling agent and stabilizer for the IO, and the effect of various parameters such as the homogeneization step, the mixing pathways of IO and macroRAFT agent, their respective concentration, and the pH of the medium, on the morphologies and diameters of the resulting macroRAFT-coated IO clusters was investigated. Finally, polymer-encapsulated IO particles were synthesized by an aqueous emulsion polymerization process.

We finally draw some general conclusions and perspectives for future works in the last part of the manuscript. 

Introduction

Smart hybrid materials are designed to respond to external stimuli, e.g. temperature, pH, solvent composition or magnetic field. 1 Among these stimuli, magnetic field has the additional advantages of instant action and contactless control. The sensitivity to magnetic field is provided by magnetic nano-or microparticles incorporated into the polymer, and magnetoresponsive polymeric materials thus benefit from the combination of features inherent to their both components: magnetic particles and polymer. 2 Synthesis and properties of bulk magnetic hybrid materials constitute a topic of research widely studied over the last 15 years.

Among these materials, the synthesis of magnetic polymer particles is a highly investigated and exciting research field. One prominent synthesis route is based on heterophase polymerization techniques, namely (mini)emulsion, suspension, or dispersion polymerization. 3 However, most of these systems, and notably emulsion polymerization, require the presence of surfactant molecules for the colloidal stability of the latex. Solid particles stabilized emulsions, so-called Pickering emulsions, 4,5 have attracted extensive attention recently as they may advantageously replace conventional emulsions containing organic surfactants. In Pickering emulsion systems, solid particles are strongly adsorbed at liquid-liquid interfaces, and the Gibbs free energy to remove one solid particle away from the interface is significantly higher than that of surfactants in conventional emulsions. 6 Recently, a clever strategy was also developed to produce colloidal nanocomposites without surfactant in emulsion polymerization employing the RAFT technique. The process consists in the use of living hydrophilic random copolymers obtained by RAFT polymerization (hereafter referred as to macroRAFT) as both coupling agents and stabilizers during the emulsion polymerization of hydrophobic monomers in the presence of inorganic particles. If the macroRAFT is properly chosen, the orderly extension of each polymer chain may result in an even buildup of polymer in the layer surrounding the particles, leading to their encapsulation. 7 However, to the best of our knowledge, there is no study dealing with the synthesis of magnetic hybrid particles by this RAFT-mediated emulsion polymerization approach in aqueous medium. As one of the most widely used inorganic materials, maghemite has been selected as the inorganic component in this thesis.

In the following section, we will give a bibliographic review on the synthesis and properties of IO particles and on the different strategies used to synthesize IO/polymer composite latexes in aqueous dispersed media. We will next give a brief survey of Pickering (mini)emulsion polymerization using various inorganic particles as stabilizers. Finally the synthesis of composite latex particles by macroRAFT-mediated emulsion polymerization will be reviewed in a last part.

Iron oxide nanoparticles 1.1 General considerations

Iron oxides (or oxyhydroxides) are chemical compounds composed of iron and oxygen. They have been known for thousands of years. There are sixteen known iron oxides and oxyhydroxides (Table 1.1). 8 Such minerals were used originally as pigments for paints during the Paleolithic. Much later, they were used in the magnetic compass when it was invented in China. This was the first application of magnetic iron oxides, also known as lodestones, used by early navigators to locate the magnetic 'North'. During the last two decades, the formation of iron oxide (IO) nanoparticles 9 (diameters between about 1-100 nm) has been highly investigated because of their thermo-physical properties pursued for various applications. 10 Both fundamental and applied research on IO is being carried out worldwide and spans across many scientific disciplines, such as biology, mineralogy, geology, medicine and chemistry. 11 For instance, in modern mineralogy, the crystal structures, properties, and formation of IO are well characterized. In industrial chemistry, IO particles have been explored as catalysts, paint pigments, and magnetic recording media. Interestingly, due to their narrow size distribution and magnetic properties, magnetic particles are increasingly attracting attention in the biomedical field, for uses such as magnetic cell labeling, 12,13 separation 14 and tracking, 14 as well as for therapeutic purposes in hyperthermia, 15,16 drug delivery, 17 and magnetic resonance imaging (MRI). 18 Such multidisciplinary research has led to a very fruitful and much deeper understanding of IO.

Synthetic procedures for the preparation of iron oxide nanoparticles

Many physical, chemical or biological processes have been developed to prepare iron oxide nanoparticles and properly control the particle size, shape, polydispersity, crystallinity, and the magnetic properties (Figure 1.1).

As shown in Figure 1.1, the chemical approaches are the most widely studied. Indeed, they are better than other synthetic routes due to their low cost, simplicity and reproducibility. 20 In addition, among the different chemical processes available, the co-precipitation method is the most frequently studied, because it is probably the simplest and most efficient chemical pathway to obtain magnetic nanoparticles. Therefore, this part will focus on the coprecipitation method. 19,20 At the beginning of the 1980s, Massart et al. synthesized iron oxide nanoparticles via the coprecipitation of ferrous and ferric iron salts in an alkaline environment. 21,22 From the above equations, the oxidation of magnetite can occur by either oxygen or by proton transfer which depends on the pH of the suspension. Fe 2+ ions can desorb from the surface of iron oxides as hexa-aqua complexes in solution leading to the formation of -Fe 2 O 3 at acidic pH values. 25 Therefore, it should be noticed here, that iron oxides prepared by the coprecipitation method often contain mixtures of both -Fe 2 O 3 and Fe 3 O 4 . 26 The shape, size and composition of the iron oxides formed depend on the experimental parameters such as, the Fe 2+ /Fe 3+ ratio, the types of salts, the reaction temperature, the pH value and the ionic strength of the reaction medium. 27 Both nanoscale Fe 3 O 4 and -Fe 2 O 3 are ferromagnetic (this is detailed further below in section 1.4.1) and when dispersed into a solution (then called a ferrofluid), they will become strongly magnetized in the presence of an external magnetic field moving with the applied magnetic field.

Crystal structures of iron oxide nanoparticles

The structure of IO is dominated by the arrangement of the oxygen or hydroxide anions. The -Tetrahedral site (tet): Fe ion is surrounded by six oxygens.

-Octahedral site (oct): Fe ion is surrounded by four oxygens.

The tetrahedral and octahedral sites form the two magnetic sublattices. The spins on the tetrahedral sublattice are antiparallel to those on the octahedral sublattice. The two crystal sites are very different and result in complex forms of exchange interactions of the iron ions between and within the two types of sites (Figure 1.2).

- 

Properties of iron oxide nanoparticles

The magnetic, optical and thermal properties of IO have been studied for many years, because they have a large influence (and this is usually the desired feature of their usage) on their possible technical, biological or biomedical applications. 25 

Magnetic properties

In the past decade, the synthesis of iron oxide nanoparticles has been intensively developed.

One of the most important reasons is that their magnetic properties can be used in a variety of applications linked to the biomedical field, 27 where IO can be used as carrier for drug targeted delivery, as mediator in hyperthermia treatment, as solid support for separation of biomolecules, as contrast agent in imaging or biosensor. IO particles also find applications in the removal of pollutants (from water for instance) or as catalytic supports.

Magnetism is a class of physical phenomenon that is mediated by magnetic field. Electric currents and the magnetic moments of elementary particles give rise to a magnetic field, which acts on other currents and magnetic moments. There are various forms of magnetisms that arise depending on how the dipoles interact with each other. (1) Paramagnetism

Due to the magnetic field caused by unpaired electrons, atoms may behave as small magnets when an external magnetic field is applied. However, when the applied magnetic field is removed, the magnetic moment of the paramagnetic material would move randomly, which is caused by the thermal fluctuations. This effect can be described by Curie's law: [START_REF] Bon | CHAPTER 4 Pickering Suspension, Mini-Emulsion and Emulsion Polymerization[END_REF] 

=

Where M is the resulting magnetization, B is the magnetic flux density of the applied field, T is the absolute temperature, and C is a material-specific Curie constant. The expected behavior is that paramagnetic materials increase their magnetization with the applied magnetic field but decrease with the temperature. In general, paramagnetic effects are quite small: the magnetic susceptibility (a dimensionless proportionality constant that indicates the degree of magnetization of a material in response to an applied magnetic field) is of the order of 10 -3 to 10 5 for most paramagnets.

Figure 1. 4 shows the evolution of the magnetization, M, versus the applied magnetic field, H, for paramagnetic (as well as ferromagnetic and diamagnetic) materials. Saturation magnetization, M s , is the point at which all the spins are aligned with the magnetic field; the remanent magnetization, M r , is the magnetization retained by the material and the coercive field, H c , is the internal magnetic field of the material. (

2) Ferromagnetism

Ferromagnetism is only possible when atoms are arranged in a lattice and the atomic magnetic moments can interact to align parallel to each other. This effect is explained in classical theory by the presence of a molecular field within the ferromagnetic material, which was first postulated by Pierre-Ernest Weiss in 1907. 32 This field is sufficient to magnetize the material to saturation. In quantum mechanics, the Heisenberg model of ferromagnetism describes the parallel alignment of magnetic moments in terms of an exchange interaction between neighboring moments. 33

(3) Antiferromagnetism

The magnetic moments of atoms or molecules, usually related to the spins of electrons, align in a regular pattern with neighboring spins (on different sublattices) pointing in opposite directions. This is, like ferromagnetism and ferrimagnetism, a manifestation of ordered magnetism. 34

(4) Ferrimagnetism

In a ferrimagnetic compound, the single particles (atoms, ions or molecules) carry a magnetic moment and these magnetic moments align to an ordering of two oppositely directed magnetic sublattices. 35 This happens when the populations consist of different materials or irons (such as Fe 2+ and Fe 3+ ). Therefore, Fe 3 O 4 and -Fe 2 O 3 are both ferrimagnetic iron oxides. 36 Superparamagnetism is a form of magnetism, which appears in small ferromagnetic or ferrimagnetic nanoparticles. In sufficiently small nanoparticles, magnetization can randomly flip direction under the influence of temperature. The typical time between two flips is called the Néel relaxation time. In the absence of an external magnetic field, when the time used to measure the magnetization of the nanoparticles is much longer than the Néel relaxation time, their magnetization appears to be in average zero: they are said to be in the superparamagnetic state. In this state, an external magnetic field is able to magnetize the nanoparticles, similarly to a paramagnet. However, their magnetic susceptibility is much larger than that of paramagnets (10 -3 ~ 10 -5 ). 37,38 Ferrofluids are colloidal liquids made of nanoscale ferromagnetic or ferrimagnetic particles suspended in a carrier fluid (usually an organic solvent or water). A ferrofluid (portmanteau of ferromagnetic and fluid) is a liquid that becomes strongly magnetized in the presence of a magnetic field. Ferrofluid was invented in 1963 by NASA's Steve Papell as a liquid rocket fuel that could be drawn toward a pump inlet in a weightless environment by applying a magnetic field. 39 Ferrofluids usually 40 do not retain magnetization in the absence of an externally applied field and thus are often classified as "superparamagnets" rather than ferromagnets. 41

Thermal properties

IO magnetic particles have not only magnetic properties, but they also have thermal properties for therapeutic purposes. Their applications for hyperthermia treatment were first envisaged in the seminal work of Jordan et al. in 1993. 42 This study experimentally proves the high efficiency of a superparamagnetic crystal suspension to absorb the energy of an oscillating magnetic field and convert it into heat. This property can be used in vivo to increase the temperature of tumor tissues and to destroy the pathological cells by hyperthermia. Tumor cells are more sensitive to a temperature increase than healthy ones. 43,44 The more classical approach consists of submitting the patient to an electromagnetic wave of several 100 MHz frequency. The thermo ablation of a tumor can be achieved by an electromagnetic wave emitted by a electrode implanted in the pathological area. A less invasive method consists of irradiating the pathological area with an array of external resonant microwave dipolar emitters. 45 Preclinical and clinical data show that hyperthermia is feasible and effective in combination with radiation therapy. For example, a study of 112 patients with glioblastoma multiformae has shown that survival is doubled when therapy is combined with hyperthermia as compared to therapy alone. 46 In fact, the hyperthermia treatment allows an increase of perfusion in the tumor tissue and therefore a higher oxygen constant, which makes the radiation more powerful in destroying the pathological celles. 47 48 The optical properties of iron oxides are very important for designing solar radiation filters, electrochromic devices and the photoelectrochemical generation of hydrogen. [49][50][51][52] Nowadays, the development of optical power limiting has been focused on the design of novel materials having nonlinear optical phenomena upon irradiation with high energy source. 53 

Optical properties

Stabilization of iron oxide nanoparticles

The stabilization of IO nanoparticles is crucial for obtaining magnetic ferrofluids stable against aggregation in a magnetic field. The chemical surface properties of magnetic nanoparticles are very important for stability. 54 The surface Fe atoms act as Lewis acids and coordinate with molecules that donate lone pair electrons. So, in aqueous solution, the Fe atoms coordinate with water, which dissociates readily to leave the iron oxide surface hydroxyl functionalized. These hydroxyl groups are amphoteric and may react with acids or bases. 55 Therefore, the presence of hydroxyl groups, such as Fe-OH, on the IO surface provides a versatile synthetic handle allowing attachment of different functionalities (Figure 1.5). Stabilization of IO can be achieved by electrostatic or steric repulsion, or by modifying the isoelectric point with for instance a citrate or silica coating. 54 After a brief section dealing with the stability of colloidal particles in general, some illustrative examples of IO surface modification will be presented in the following paragraph. 

Stability of (nano)particles in a dispersed medium

Colloidal particles collide with each other due to the Brownian motion, convection, gravity and other forces. If a colloidal particle is brought to a short distance to another particle, they are attracted to each other by the van der Waals forces. If there is no counteracting force, the particles will aggregate and the colloidal system will be destabilized. Colloidal stability is achieved due to repulsion forces balancing the attraction forces.

Since the 1940s, the DLVO theory [57][58][59][60][61] has been used to explain phenomena found in colloidal science, adsorption and many other fields. The theory explains the aggregation of aqueous dispersions quantitatively and describes the forces between charged surfaces interacting through a liquid medium. It combines the effects of the van der Waals attraction and the electrostatic repulsion due to the so-called double layer of counterions (Figure 1

.6).

A surface in a liquid may be charged by dissociation of surface groups (e.g. silanol groups for glass or silica surfaces 62 ) or by adsorption of charged molecules such as polyelectrolytes from the surrounding solution. This results in the development of a wall surface potential which will attract counterions from the surrounding solution and repel co-ions. In equilibrium, the surface charge is balanced by oppositely charged counterions in solution. The region near the surface of enhanced counterions concentration is called the electrical double layer (EDL). The 

Electrostatic stabilization

Electrostatic stabilization of IO is the mechanism in which the attractive van der Waals forces are counterbalanced by the repulsive Coulomb forces acting between charged colloidal particles. 54 For example, tetramethylammonium hydroxide (TMAOH) has been frequently and commercially used for the stabilization of IO. Indeed, at pH values above the isoelectric point (i.e. pH = 7), the surface is negatively charged and ions of TMAOH stabilize magnetite.

When the solution is at a pH below the isoelectric point, the particles can be stabilized with anions such as the ClO 4 -ions of perchloric acid, or NO 3 -ions of nitric acid.

(Electro)Steric stabilization

Fatty acids

The steric stabilization of the IO can be tailored for dispersibility into various media. Fatty acids and in particular oleic acid are very often used as steric stabilizers for IO dispersions in hydrocarbon solvents. [64][65][66] This method consists in the formation of IO by aqueous coprecipitation of the iron salts in the presence of oleic acid (C 18 ) dissolved in a non-polar solvent. The adsorption occurs via interface mechanisms and extracts the particles into the non-polar carrier fluid. 54 Water-based IO dispersions can be created by the formation of a bilayer surfactant system on the IO surface. For example, Shen et al. showed a sequential process to synthesize aqueous magnetic fluids (Figure 1.7). 67 First, the chemical coprecipitation of Fe(II) and Fe(III) salts was carried out with ammonium hydroxide (NH 4 OH) in the presence of decanoic acid, which extracted IO into a non-polar carrier fluid. Then, the carrier fluid was removed and another amphiphilic surfactant (n-alkanoic acids with 9-13 carbons) was added. Finally, the mixture was redispersed in water. They demonstrated that the destabilization of magnetic nanoparticle dispersions due to desorption of the secondary surfactant can be prevented by the covalent cross-linking of this surfactant to the primary surfactant layer. 

Polymeric stabilizers

A polymer coating provides colloidal stability in water through (electro)steric stabilization, and can provide surface functionality allowing the possibility of designing hybrid particles.

Two strategies can be envisioned: the formation of the polymer chains from the IO surface (grafting "from") and the anchoring of preformed polymers (grafting "onto").

Grafting "from" approach

In the case of a grafting "from" approach, a molecule able to participate to the (controlled) radical polymerization (e.g. an initiator) is fixed to the surface of the IO and the polymer is grown from the surface. For example, Hatton et al. 68 Step 5: grafting of end-functionalized PEG chains onto the nanoparticle surface using amidation chemistry. 68 The oleic groups initially present on the nanoparticle surfaces were replaced via ligand exchange reactions with various capping agents bearing reactive hydroxyl moieties. These hydroxyl groups were esterified by acylation to permit the addition of alkyl halide moieties to transform the nanoparticle surface into macroinitiators for ATRP. By appropriate selection of the ligand properties, the nanoparticle surface can be polymerized in various solvents, providing an opportunity for the growth of a wide variety of water-soluble polymers and polyelectrolyte brushes (both cationic and anionic) from the nanoparticles surface. Similarly, the IO surface was modified to allow initiation of ring opening polymerization (ROP) of Llactic acid from the nanoparticle surface or grafting of polyethylene glycol (PEG) chains via amidation chemistry. Ring-opening polymerization (ROP) has also been employed to obtain

IONPs coated with linear biodegradable poly(esters) 69 or hyper-branched polymers. 70

Grafting "onto" approach

In the case of grafting "onto", a functional, pre-formed polymer is grafted onto IO surface.

This method allows control of polymer architecture and functionality, and is therefore more versatile than the grafting "from" approach. Alternatively, the polymer can also be simply physically adsorbed at the particle surface. For example, Fresnais et al. 71 took advantage of the carboxylic acid groups from poly(acrylic acid) (PAA) chains to modify IO surface. At low pH, the bare iron oxide particles are positively charged, with nitrate counterions adsorbed on their surface. The presence of carboxylic acid allows the anchoring of the polymers by electrostatic coupling. When the IO suspension was mixed with PAA, the solution underwent an instantaneous and macroscopic precipitation. When the pH of the mixture was increased above the pKa (6.73 0.15) of the carboxylic acid group, the particles were negatively charged ensuring their electrosteric stabilization.

In addition to PAA, many polymers were adopted for their ability to interact with IO surfaces whilst simultaneously conferring stability. Their structures are shown in Figure 1.9.

Figure 1.9 Polymers used for the stabilization of iron oxide. 56

Iron oxide/polymer composite latexes by emulsion polymerization

Magnetic hybrid materials are a special class of composite system composed of organic and magnetic components distributed on the nanoscale. Over the last two decades, the synthesis of magnetic hybrid nanocomposite latexes has been studied extensively. Generally, three main approaches are reported in the literature. 72 The first is direct mixing or blending of a polymer latex and IO. The second is the synthesis of IO in the presence of preformed polymer particles.

The third is in situ polymerization of monomers in dispersed media (so-called heterophase polymerization) in the presence of IO. This last approach has attracted considerable attention over the last years, particularly routes based on emulsion polymerization. Therefore, the bibliographic review of this part will focus on the polymerization of monomers in the presence of IO through emulsion polymerization.

General concepts on free radical polymerization and emulsion polymerization

Heterophase polymerizations are best defined in a very general way as processes resulting in polymer dispersions known as latexes 73 (IUPAC definition: Colloidal dispersions of polymer particles in a liquid). Heterophase means the coexistence of different phases and in a qualitative feature. Nowadays, various kinds of heterophase polymerization techniques are used for the preparation of polymer dispersions, including gas-phase, precipitation, suspension, microsuspension, dispersion, emulsion, miniemulsion and microemulsion polymerizations. In most cases, the polymerization proceeds via a free radical process which is briefly described in the next section. The general concepts of emulsion and miniemulsion polymerizations will then be presented.

Free radical polymerization

Free radical polymerization is the most widely practiced method of polymerization by which a polymer forms by the successive addition of free radical building blocks. Easy to handle, this technique is quite versatile allowing the polymerization of a broad range of monomers in various conditions (temperature, solvents, etc…) and is tolerant to many impurities.

Mechanism of free radical polymerization

Free radical polymerization is a type of chain growth polymerization. It can be divided into four stages (Scheme 1.1).

(

1) Initiation

This first stage of the reaction relates to the creation of the active center, from which a polymer chain is generated. This stage takes place in two steps: (i) the free radicals are formed from the initiator molecules, and (ii) one free radical is added to a molecule of monomer.

Free radicals can be formed via two principal ways: (i) homolytic scission (i.e. homolysis) of a single bond, and (ii) single electron transfer to or from another molecule (e.g. redox reactions). 74 In the first case, the homolytic bond cleavage of the initiator (I) is producing two radicals (R • ). Those initiators often possess peroxide (-O-O-) or azo (-N=N-) groups, which allows their thermal activation. 75 Homolysis can also result from the action of radiation (usually ultraviolet), in which case it is termed photolysis. Radiation cleaves a bond homolytically, producing two radicals. The ultraviolet method is often used with metal iodides, metal alkyles, and azo compounds. 75 In the second case, redox reactions are often used especially when the polymerization needs to be conducted at low temperatures. In general, Cr 2+ , V 2+ , Ti 3+ , Co 2+ , Cu + and Fe 2+ can be employed for reduction of hydrogen peroxide or an alkyl hydrogen peroxide.

(2) Propagation

During polymerization, the polymer chains grow by rapid sequential addition of molecules of monomer to the active center. Propagation with growth of the chain to higher molecular weight polymers takes place very rapidly. Once a chain has been initiated, there are two possible modes of propagation: (i) head-to-tail addition, and (ii) head-to-head addition. The chain propagates until there is no more monomer or until termination occurs.

(3) Termination

In this stage, growth of the polymer chains is terminated. The two common termination reactions are combination and disproportionation. In combination, a single polymer macromolecule is formed from coupling together two growing chains. In disproportionation, a hydrogen atom from one growing chain end is abstracted to another, resulting in the formation of a polymer with a terminal saturated group and a polymer with a terminal unsaturated group.

(4) Chain transfer

In addition to combination and disproportionation, chain transfer reactions can also terminate the growth of a chain radical. In chain transfer reactions, one radical disappears, but another one is formed (A • , Scheme 1.1). The newly created radical is capable of further propagation.

The mechanisms of chain transfer are similar to disproportionation, involving the abstraction of a hydrogen atom. Depending on the polymerization conditions, a hydrogen atom can be abstracted from the solvent, the monomer, the polymer or from an added molecule (chain transfer agent).

Scheme 1.1

The four steps of free radical polymerization.

Kinetics of free radical polymerization

On the basis of Scheme 1.1, the reaction rates in a typical chain-growth polymerization for initiation (R i ), propagation (R p ) and termination (R t ) can be described as follows:

= [ ] = [ ] = [ ] = [ ][ ] = [ ] = [ ] 2
Where f is the efficiency of the initiator and k d , k p , and k t are the rate constants for initiator dissociation, chain propagation and termination, respectively. [I], [R • ], [M] and [M • ] are the concentrations of the initiator, the primary radicals, the monomer and the active growing chains, respectively.

The concentration of active chains can be derived and expressed in terms of the other known species in the system:

[ ] = ( [ ] ) /
In this case, the rate of chain propagation can be further described as a function of the initiator and monomer concentrations:

= ( ) / [ ] / [ ]
The kinetic chain length v is a measure of the average number of monomer units reacting with an active center during its lifetime and is related to the molar mass through the mechanism of the termination. Without chain transfer, the kinetic chain length is only a function of the propagation and initiation rates.
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There are four principal processes to conduct free radical polymerization: bulk polymerization, solution polymerization, suspension polymerization and emulsion polymerization. Compared to other three techniques, emulsion polymerization is widely used for the industrial production of synthetic latexes. The principles of emulsion polymerization are reported in the following section.

Principles of emulsion polymerization

Emulsion polymerization has developed into a widely used process for the production of synthetic latexes since its first introduction on an industrial scale in the mid-1930s. During World War II, major emulsion polymerizations have been developed due to war demands for manufacturing synthetic rubber. Today, emulsion polymerization is a most commonly used synthetic method for commodity polymers in a wide variety of applications, such as: highimpact polymers, latex foams, synthetic rubbers, latex paints, paper coatings, carpet backing, adhesives, binders and coating additives. It also finds applications in higher value-added fields such as biotechnologies.

Emulsion polymerization is a type of free radical polymerization that usually starts with an emulsion incorporating water, hydrophobic monomer, initiator and surfactant. The monomer is coarsely emulsified in the presence of an aqueous solution of a surfactant in a suitable container. The monomer is thus present almost entirely as emulsion droplets dispersed in water but also in the core of the surfactant micelles (if present). More importantly, a few molecules are also dissolved in water, allowing the polymerization to begin as the initiator is water soluble. When the polymerization is complete, a stable colloidal dispersion of polymer particles, a latex, is obtained.

Emulsion polymerization has many advantages: (1) high molecular weight polymers can be made at fast polymerization rates; (2) water is a chief ingredient in emulsion polymerization (indeed, the continuous aqueous phase is an excellent conductor of heat, enabling fast polymerization rates without loss of temperature control); (3) the viscosity of the reaction medium remains close to that of water and is not dependent on molecular weight, and (4) the final product can be used as is and does not necessarily need to be altered or processed.

Mechanism of emulsion polymerization

The first successful theory to explain the distinct features of emulsion polymerization was developed by Smith and Ewart, 76 Before polymerization, the system contains the emulsified monomer droplets (ca. 1diameter, 10 12 L -1 in concentration) coarsely dispersed in the continuous phase with the aid of a surfactant. Monomer-swollen micelles (5-10 nm in diameter, ca. 10 20 L -1 in concentration) are also present in the system provided that the concentration of the surfactant in the aqueous phase is above its Critical Micelle Concentration (CMC).

After adding initiator to the system, the free radicals are generated in the aqueous phase and after the addition of a few monomer units, the formed oligoradicals are hydrophobic enough to enter into monomer-swollen micelles, nucleating the first particles. These micelles are the principal locus for the formation of polymer particles and the nucleation is coined "micellar nucleation". Along this initial phase, polymerization rate is increasing owing to the formation of new particles (i.e. new polymerization loci).

Different types of nucleation processes can take place if the concentration of surfactant is below its CMC or even absent from the medium, or if a monomer with higher solubility in water is used (e.g. MMA). "Homogeneous nucleation" occurs by the collision of two precipitated oligoradicals, which have also reached a certain length for which they lose solubility in water. This type of nucleation occurs mainly when a large concentration of monomer is found in water or in the absence of micelles. 79 "Coagulative nucleation" can be considered as an extension of homogeneous nucleation. The very small nuclei formed by one of the precedent mechanisms agglomerate to form a new larger particle, due to their poor colloidal stability or difficulty on swelling with monomer. 80,81 "Monomer droplets nucleation" has typically been neglected in emulsion polymerization. Indeed, the large diameter (1 -10 μm) and small number (~ 10 13 versus 10 21 micelles) of droplets in macroemulsions usually makes their consideration of no importance. 82 (2) The particle growth stage (Interval II)

Once the particle nucleation is completed, polymerization proceeds in the monomer-swollen particles. The monomer concentration is maintained at a constant concentration by the diffusion from the monomer droplets. During this stage, the rate of polymerization, the number of particles and the monomer/polymer molar ratio are constant. The particle size increases as the monomer conversion increases. When the monomer droplets totally disappear in the polymerization system (around 50-80% conversion), the particle growth stage ends.

During this stage, the polymerization rate can be generally expressed as:

R p = k p [M] p (ñ N p / N A )
Where k p is the propagation rate constant of monomer in the particles, ñ is the average number of free radicals per particle, N A is the Avogadro's number and N p is the number of particles per unit volume of emulsion.

(3) The completion stage (Interval III) This is the last stage of the reaction. In this stage, the polymerization continues within the monomer-swollen polymer particles. However, the monomer concentration is decreasing as there are no more monomer droplets. The reaction rate decreases toward the end of polymerization due to this gradual decrease of monomer concentration. The system finally comprises a dispersion of small polymer particles stabilized by surfactant molecules or by the ionic fragment coming from the initiator molecular in case of surfactant-free emulsion polymerization.

Emulsion polymerization processes

There are three types of processes commonly used in emulsion polymerization: batch, semicontinuous (or semi-batch) and continuous.

(1) In a batch polymerization, all reagents are present at the beginning of the polymerization.

The drawbacks of this process are: (i) little control of thermal exchange, (ii) low productivity because of charging, discharging and cleaning time, and (iii) less control over the reproducibility of the particle number.

(2) In the semi-continuous process, some of the reagents are added continuously or in increments. The various methods of addition of the reagents lead to different profiles of nucleation and growth of particles. The emulsion polymerization can be rigorously controlled by this process, notably the rate of polymerization, the particle number, colloidal stability, coagulum formation, copolymer composition and particle morphology.

Therefore, this technique is nowadays widely used in industry.

(3) In the continuous process, the reagents are fed continuously into a stirred tank, or more than one stirred tank reactors connected in series, while the latex product is simultaneously removed at the same rate. The advantages of this process are a high production rate, a steady heat removal and a uniform quality of the latexes. The drawbacks of this process are the difficulty to finely control the morphology and the granulometry of the particles. 76 

Polymer encapsulation of IO through emulsion polymerization

In the last few years, many efforts have been devoted to the preparation of magnetic latexes in dispersed media using precipitation, suspension, dispersion and emulsion polymerizations.

Among them, emulsion polymerization is very likely the most widespread method to perform encapsulation of magnetic nanoparticles with a polymer shell. Therefore, we will give some examples in the following section.

Admicellar polymerization

Using a bilayer of surfactant(s) in emulsion polymerization can enhance the interfacial affinity between the nanoparticles and the monomer, which allows magnetic nanoparticles to be efficiently encapsulated. Figure 1.11 shows this admicellar polymerization mechanism. 83 The nanoparticles are stabilized in nonpolar solvents by a primary surfactant. After removing the excess primary surfactant, the nanoparticles are coated with a secondary surfactant, resulting in a stable IO suspension in water phase. Then, the polymerization is taking place close to/at the vicinity of the surface of the nanoparticles in the monomer swollen surfactant bilayers (called admicelles). 83 Using a bilayer of sodium dodecyl sulfate (SDS), Meguro and co-workers first reported the encapsulation of iron oxide ( -Fe 2 O 3 ) and titanium dioxide particles with polystyrene. 84 Later, Yanase et al. 85,86 prepared magnetic PSt and PMMA particles using sodium oleate and sodium dodecyl benzenesulfonate (SDBS) to form the bilayer. Although 20 wt% of Fe 3 O 4

were encapsulated in the resulting PSt latexes, the distribution of the magnetite particles within the composite microspheres was not homogeneous. Using the same concept, highly charged and monodisperse superparamagnetic P(St-co-MMA-co-sodium styrene sulfonate (NaSS)) latex particles were prepared by Xu et al. 87 The -Fe 2 O 3 surface was coated by oleic acid and SDBS to form the bilayer. Then, superparamagnetic monodisperse copolymer particles containing nanoscale iron oxide nanoparticles were synthesized through emulsion polymerization. These were assembled into colloidal crystals, which were suitable for the creation of unique magnetically induced photonic bandgap materials. 87,88 Figure 1.12 TEM image of superparamagnetic monodisperse P(St-co-MMA-co-NaSS) particles containing nanoscale iron oxide nanoparticles synthesized through admicellar emulsion polymerization. 87 In particular, magnetic PMMA particles were prepared by surfactant-free seeded emulsion polymerization in the presence of Fe 3 O 4 nanoparticles coated with a bilayer of lauric acid. 96 An extensive coagulation of magnetite particles occurred when the initial amount of MMA was too high. Indeed, the bilayer structure was destroyed by the excess monomer leading to the formation of a crop of particles generated by secondary nucleation in addition to polymer encapsulated magnetic particles (Figure 1.13). of the magnetic particles obtained. 96 A variety of magnetic polymer particles with encapsulated morphologies have been synthesized using this admicellar approach such as PMMA, P(MMA-co-divinyl benzene (DVB)), P(St-co-DVB-co-glycidyl methacrylate (GMA)), P(St-co-MAA-co-acrylamide (AM)), P(St-co-butyl acrylate (BA)-co-MAA) and P(St-co-acetoacetoxyethyl methacrylate (AAEM)) particles. [89][90][91][92][93][94][95][96] For specific applications, functional magnetic particles were also prepared using this admicellar approach. Carboxyl-and amide-functionalized magnetic polymer particles for protein immobilization, 97 and carboxyl-and thermally sensitive functionalized particles for antibody purification, 98 bioprocesses 99 and controlled release. 100 For example, Liu et al. 95 prepared GMA-functionalized magnetic P(MMA-co-DVB-coglycidyl methacrylate (GMA)) microspheres in the presence of iron oxide nanoparticles coated with oleic acid by surfactant-free seeded emulsion polymerization. Amino groups were introduced by modification of the PGMA shell with ethylene glycol dimethacrylate (EGDMA), which can react with the organic dye fluorescein isothiocyanate. The resulting magnetic microspheres have excellent photoluminescence, superparamagnetic, and pHsensitive properties.

Oil-encapsulated IO used as seeds

Magnetic polymer microspheres can also be prepared by a three step-seeded emulsion polymerization using IO-loaded organic droplets as seeds. This three-step procedure, first reported by Montagne et al. 101 for the preparation of -Fe 2 O 3 magnetic latexes, includes 1) the preparation of a magnetic oil-in-water emulsion by the dispersion of oleic acid-stabilized -Fe 2 O 3 nanoparticles in octane droplets, themselves dispersed in water with aid of a surfactant, 2) the swelling of these IO/octane droplets with styrene and a crosslinking agent (DVB), and 3) the seeded emulsion polymerization. The resulting particles had submicronic diameters, high magnetic content (>60 wt%) and showed different types of morphologies.

However, only when a water-soluble initiator (potassium persulfate, KPS) was used together with DVB, could a core-shell morphology be reached. This system was further studied by and KPS) and surfactant nature (Triton X 405, SDS and amphiphilic polymers). The use of high amount of DVB in the presence of KPS initiator led to a well-defined magnetic core and polymer shell structure. The magnetic latex particles obtained were submicronic in diameter with narrow size distributions (Figure 1.14). Their superparamagnetic behavior and high magnetic content (superior to 60 wt%) allowed them to be easily separated using an external magnet. 

Surface modification of iron oxide nanoparticles

The surface functionalization of IO is another way that has been developed to favor polymerization at the surface of IO particles. Recently, Kniajanski et al. 103 incorporated superparamagnetic iron oxide (SPIO) particles in polystyrene beads by emulsion polymerization in the presence of functionalized SPIO. OA, SDS, citric acid (CA), gallic acid, styrene sulfonic acid (SSA) and AAEM were used to functionalize the surface of SPIO.

Among them, a unique combination of OA and AAEM as surface ligands for SPIO was used to attain the best magnetic beads with uniform size distributions (~170 nm) and high magnetic contents (~40%).

Many magnetic polymer particles were also prepared in the presence of iron oxide nanoparticles stabilized by (macro)molecules, such as PAA, 104, 105 PMMA, 106 chitosan, 107 poly(ethylene glycol) (PEG) 108 or dextran derivatives. 109,110 In the case of PAA, the Fe 3 O 4 particles were first surface treated by PAA oligomers to form a stable ferrofluid in water. 105 The second stage for the synthesis of magnetic composite latex PEG was also used to modify the surface of iron oxide. For example, fluorescent magnetite colloid particles (FMCPs) were obtained by dispersing a mixture of magnetite powder and europium phthalate complex in a PEG solution. Then, FMCP/poly(styrene-co-maleic anhydride) (SMA) core-shell composite particles formed by copolymerization of styrene and maleic anhydride in the presence of the FMCP seeds. Finally, heparin was conjugated with the surface anhydrides to form FMCPs/SMA heparin glycoconjugate core-shell composite particles. 108 

Pickering stabilization of latex particles

The preparation of nanoparticles in a soap-free system is highly attractive, as surfactants may influence and negatively impact subsequent applications of the latex (either as a dispersion or as a film). As mentioned in the introduction, one elegant way to get rid of the molecular surfactant is to replace it with inorganic particles. Indeed, the assembly of solid particles at droplets (or particles)/liquid interface is well-known as Pickering-type stabilization. This approach brings the additional advantage of leading to hybrid nanocomposites. In this bibliographic survey, we focused on the basic theory of Pickering emulsions. In addition, the use of various inorganic particles as stabilizers in (mini)emulsion polymerization will be briefly summarized.

General considerations on Pickering emulsions

Studies on particle-stabilized drops and bubbles first appeared in the scientific literature in the early 20 th century. 111 Ramsden 5 (1903) and Pickering 4 (1907) were the first to describe the phenomenon that solid particles could stabilize the interface between two immiscible phases. 

Stabilization mechanism of Pickering emulsions

In 1923, Finkle et al. described the correlation between the wettability of particles and their ability to stabilize emulsions. 113 Stabilization of emulsion droplets by particles is possible due to their partial dual wettability, leading to the spontaneous accumulation of particles at the oil-water interface. Particles can stabilize both oil-in-water (o/w) and water-in-oil (w/o) emulsions. 114 When the contact angle at the oil-water-solid interface is slightly less than 90°, o/w emulsions are stabilized by the solid particles. When the contact angle at the oil-watersolid interface is slightly larger than 90 °, w/o emulsions are formed; and when the contact angle reached 90 °, the system has an optimal stabilization (Figure 1.17). 115 The droplet stability in Pickering emulsion is generally related to the adsorption energy.

Adsorption of solid particles at the oil-water interface requires the partial wetting of the solid by water and oil. This is a matter of interfacial energies of the three interfaces: solid-water, solid-oil, and oil-water, respectively s-w , s-o , and o-w. 112 The conditions of partial wetting of the solid by water inside an oil medium are that the adhesion energy of water, E Adh (w/o), is positive and the spreading coefficient of water, S(w/o), is negative:

( ) = + > 0 (1) 
( ) = < 0 (2) 
On the contrary, the conditions of partial wetting of the solid by oil inside water are that the adhesion energy of oil, E Adh (o/w), is positive and the spreading coefficient of oil, S(o/w), is negative:

( ) = ( ) = + > 0 (3) 
( ) = ( ) = < 0 (4) 
There are two cases where solid particles do not adsorb at the water-oil interface. In the first one, the solid particles have a very hydrophilic surface and hence, the particles are totally wet by water. In the second case, solid particles have a very hydrophobic surface and are totally wet by the oil. Under partial wetting conditions, the contact angles in water, , and in oil, are given by the Young's equation ( = ):

( ) = ( ) = (5) 
The free energy of detachment of a particle adsorbed at the oil-water interface can be used to describe how strongly particles adsorb to the oil-water interface. 116 The free energy of particle attachment is related to the interfacial tension and the size of the solid particles. For spherical particles of radius R, it is:

= ( ( )) for < 90°(6) = ( + ( )) for > 90°(7)
For colloidal sized particles with smooth chemically homogeneous surfaces, the stabilization energy of particle is = . From equations ( 6) and ( 7), when the contact angle is approximately 90°, the adsorption is the strongest which indeed corresponds to a maximum stability of emulsions in most instances. 117 The stabilization energy is proportional to the square of the particle radius. It increases with increasing particle size resulting in highly stable emulsion droplets. However, the dependence of stabilization energy on the particles size is only applicable for particles in between 0.5 nm to a few microns. When the size is below 0.5 nm, the particle is not effective as stabilizer. When the size is above the upper limit, the effect of gravity on the particle is significant.

For stabilizing Pickering type emulsions, there is another key parameter: the particle concentration. Closely-packed particles can provide strong protection against droplet coalescence while droplets with loose packing or low droplets surface coverage tend to coalesce due to particle displacement from the interface. Therefore, a minimum solid particle concentration is required in order to achieve kinetic stability. 118 For example, Frelichowska et al. reported the effect of hydrophobic silica particles concentration on the stability of o/w emulsions. 119 The emulsion was unstable at low silica concentrations. The stability of the emulsion increased and the droplets size decreased with increasing the silica particles concentration. When the concentration was above an optimum concentration, the droplets size remained similar and independent of the particle concentration. Similar results were reported by several authors using different solid particles. [120][121][122] Nevertheless, loose-packed Pickering emulsions with good coalescence stability have also been reported. 123,124 Midmore reported that o/w emulsions were stabilized by colloidal silica particles against droplet coalescence even at low packing density (around 29%). 124 The suspension stability was attributed to the formation of a two-dimensional gel structure in the continuous phase.

An interesting feature of Pickering emulsions is the occurrence of arrested coalescence where the droplet coalescence is halted owing to the jamming of particles at the interface. 125 Unlike total coalescence, arrested coalescence has been an important feature in Pickering emulsions particularly for the food industry. Moreover, arrested coalescence was used to fabricate a wide range of armored structures such as ellipsoid, dumbbell and other patchy colloidal clusters. 125 The type of oil present in the system also affects the stability of Pickering emulsions. Binks and Lumsdon 126 studied the effect of oils with wide ranges of polarity on the stability of emulsions using particles with intermediate hydrophobicity (contact angle around 90°). The adhesion of the solid particles to water increases with increasing the polarity of the oil. Then, fewer particles were located at the interface owing to decreasing of the particle surface activity. When non-polar oils were used, the formation of o/w emulsion was observed. On the other hand, when polar oils were used, the formation of w/o emulsion was observed.

In addition to the previously mentioned factors, parameters such as initial location of particles, 126, 127 ionic strength, 128-130 particles shape 131,132 and oil-water composition 126 in the mixture are substantially important and were shown to influence the stability of Pickering emulsions.

The most important developments in the direct implementation of the concept of Pickering stabilization 4,5 in emulsion polymerization were achieved during the late 1990s. 133,134 In the earlier studies, inorganic particles were first used to stabilize monomer droplets in a preemulsification step. Employing an oil-soluble initiator, the polymerization then takes place predominantly in the formed droplets, giving rise to armored polymer particles (a process referred to as Pickering miniemulsion polymerization). In later studies, the need for the preemulsification step was overcome by conducting the polymerization in a traditional emulsion polymerization system (a process referred to as Pickering emulsion polymerization). Here, the inorganic particles are added to an emulsion polymerization system containing a watersoluble initiator. After starting the polymerization, the growing waterborne oligomers interact with the inorganic particles to form instable primary hybrid particles, which further coagulate into stable armored polymer particles. Both methods (Pickering miniemulsion polymerization and Pickering emulsion polymerization) are currently used to synthesize novel colloidal materials, such as microcapsules 135 and particles responsive to various stimuli, including magnetic fields, 136 pH value, 137 and heat. 138 Pickering polymerization constitutes a very active field of research, studied in a large number of academic groups, e.g. those of Bourgeat-Lami, [139][140][141][142] Armes, 143, 144 Bon, 145, 146 van Herk, 147 Binks 148 and their co-workers.

The following part presents a short review about inorganic-armored hybrid particles prepared by both miniemulsion polymerization and emulsion polymerization using various inorganic particles as stabilizers.

Pickering miniemulsion polymerization

The main difference between emulsion and miniemulsion polymerization is the initial state of the system. In miniemulsion polymerization, high shear is initially applied to the suspension of monomer in a dispersing phase to produce small uniform monomer droplets. Stability is maintained by the presence of a surfactant and also by the use of a solvophobic species that suppresses molecular diffusion between droplets. These droplets then accept radicals produced in the initiation step and polymerize to form the final latex particles. In an ideal miniemulsion polymerization, every droplet is nucleated to produce a one to one particle copy.

When performed in water, miniemulsion polymerization combines the features of an emulsion polymerization with the possibility to disperse a hydrophobic species inside the monomer droplets. By avoiding the often complicated nucleation step observed in emulsion polymerization, miniemulsion polymerization is a powerful tool to encapsulate compatible components, including inert liquids and inorganic particles, into the latexes. nm) was added to the miniemulsion before starting polymerization. In the absence of surfactant, optimal results were obtained from experiments carried out at pH 10 with 16.7% of 4-VP. The influence of the particle morphology upon addition of small amounts of anionic (sodium dodecyl sulfate, SDS)) and non-ionic (Lutensol, a poly(ethylene oxide)-hexadecyl ether with an EO block length of about 50 units) surfactants was also reported, When CTMA-Cl was used at amounts that fully covered the silica nanoparticles, a raspberry morphology rather than armored supracolloidal structures were obtained, with the nanoparticles embedded and dispersed throughout the latex particle. The use of auxiliary comonomers to promote silica adhesion to the monomer droplets and/or latex particles has also been reported by Anika et al. 158 

Laponite clay

Laponite clay is an ideal candidate for the synthesis of hybrid particles due to its outstanding properties such as an increased thermal and mechanical stability, reduced flammability, and improved gas barrier. Bon and Colver 145 prepared clay-armored PSt latexes using Pickering miniemulsion polymerization (Figure 1.20). Laponite RD was first dispersed in aqueous solution of sodium chloride (NaCl) using sonication. The pH of the resulting colloidal system was around 10. Then, hexadecane (hydrophobe) and V-601 (oil-soluble radical initiator) were dissolved in styrene, and this mixture was subsequently introduced in the clay dispersion.

Stable miniemulsion droplets armored with the Laponite platelets was then generated via sonication. The system was degassed by purging with nitrogen for 20 min and was subsequently polymerized at 65 °C overnight. TEM result showed the formation of PSt latex particles with an approximate average diameter of 145 nm, armored with Laponite RD clay particles. 

Cerium oxide

Cerium oxide (CeO 2 ) nanoparticles are used in various applications such as polishing agents, UV-absorbing compounds, and in the biomedical sector (antioxidative properties). 161 Zgheib et al. 162 were the first to report the synthesis of PMMA latex particles armored with CeO 2 by soap-free Pickering miniemulsion polymerization (Figure 1.21). In order to improve the interaction between the monomer droplets and CeO 2 , MAA was used as auxiliary comonomer.

The monomer(s) were first mixed with the costabilizer (octadecyl acrylate, ODA). This organic phase was then added to the aqueous solution containing CeO 2 nanoparticles under vigorous stirring. After 5 min, the resulting mixture was ultrasonicated (750 W Vibracell 75042, amplitude 67%) for 5 min. After AIBA addition, the obtained miniemulsion was polymerized at 70 °C. TEM image showed that the resulting particles were mostly spherical with a size ranging from 100 to 400 nm. The particle surface was homogeneously covered with CeO 2 . Stable monomer emulsions were also obtained using BA alone or in combination with MMA. The polymerization was, however, slightly slower in those cases. The authors found that the hydrophobic/hydrophilic nature of the monomer or of the mixture of monomers not only affects the rate of polymerization as it is typically observed in miniemulsion polymerization, but also the stabilizing capability of the CeO 2 clusters. The monomer (St) and the initiator were firstly mixed with 10 mL of deionized water and then added to a ZnO aqueous dispersion. The mixture was then emulsified either by mechanical stirring (300 rpm) or ultrasonication at 0 °C for 10 min. After emulsification, the miniemulsion was heated to 75 °C to start the polymerization. Two types of initiators were used: AIBN and KPS. When AIBN was used, ZnO-armored PSt particles were formed by nucleation of the oil droplets. By using the more hydrophilic KPS initiator, the nucleation locus was shifted from the monomer droplets to the water phase and both composite particles and pure PS particles were obtained. Therefore, three kinds of particles coexisted: ZnOarmored PSt latexes (via droplet nucleation), bare PSt (via homogeneous nucleation), and also ZnO embedded PSt nanoparticles resulting from the limited coagulation of bare and ZnOarmored latex particles.

Titania

Titania is a highly stable, low-cost semiconducting material. Zhao et al. 164 used sodium oleate (NaOA) or oleic acid (OA)-modified titania hydrosols to stabilize oil droplets and generate PSt microspheres with different structures (hollow and solid). The oil phase containing St, DVB as crosslinker and hexadecane was emulsified. The influence of the surface chemistry of the solid stabilizers on the stability, structure, and morphology of the hybrid nanoparticles was investigated. By using hydrophilic non-functionalized titania, poor stabilization and partial coalescence of the oil droplets occurred with HD comprised in the upper layer of the final emulsion. By using NaOA-modified titania, electrostatic interactions between titania and NaOA induced slight flocculation which improved the capacity of the titania particles to act as a solid stabilizer due to their increased hydrophobicity, which therefore led to armored nanocapsules. By using OA-modified titania, carboxyl groups of OA can interact with titanium centers via coordination. The authors argued that the contact area of the insoluble OA with titania in the aqueous phase was limited and therefore non-uniform titania aggregates were formed, leading to different stabilization patterns (Figure 1.23). Hence, when titania particles was sufficiently modified, the armored nanocapsules with hexadecane being trapped inside was formed, whereas solid structures were formed when titania particles was insufficiently modified. 

Graphene oxide

Although graphene is not inorganic, it offers excellent electronic conductivity, large specific surface area and good mechanical properties, and has been used to form armored latexes. For instance, Sun et al. 165 prepared graphene oxide (GO)-armored polyaniline nanoparticles via Pickering miniemulsion polymerization (Figure 1.24). The oil phase containing AIBN, aniline and toluene was dispersed in distilled water by ultrasonication for 10 min. Then an aqueous GO suspension and hydrazine were introduced into the above organic solution. After sonication for a further 30 min, a Pickering w/o emulsion stabilized by GO sheets was obtained. Compared with pure polyaniline, the GO-armored polyaniline nanoparticles showed a higher initial specific capacitance and a better cycling stability. 

Pickering emulsion polymerization

Pickering miniemulsion polymerization requires pre-emulsification of the monomer in the presence of inorganic particles and uses droplet nucleation as the main polymerization locus.

In comparison, in Pickering emulsion polymerization no sophisticated equipment is needed and the synthesis can be performed in one-step. The following sections present a brief survey of the various inorganic particles, which have been used as stabilizers in emulsion polymerization, except from iron oxide, which will be discussed in Chapter 3.

Silica

Silica nanoparticles are the most popular candidates employed for Pickering emulsion polymerization. With the purpose of effectively binding the silica particles to the polymeric core and obtaining stable, narrowly size distributed composite latexes, many methods have been reported such as adding an auxiliary (co)monomer, tuning the solvent properties or using different kinds of initiators.

(1) Use of auxiliary comonomers 4-VP was used as (co)monomer to produce P(MMA-co-St)/silica hybrid nanoparticles at approximately pH 10 with "currant bun" morphology in a surfactant-free system by Percy et al. (Figure 1.25 b). 166 There was a good interaction between the nitrogen atoms of 4-VP and hydroxyl groups of silica. In addition, they also reported that colloidal dispersions of P4-VP/silica nanocomposite particles were synthesized in high yield by 1-vinylimidazole (1-VID) is another comonomer which has been used to prepare (co)polymer-silica hybrid nanoparticles. Similarly to 4-VP, there is a strong acid-base interaction between the nitrogen atoms of 1-VID and hydroxyl groups of the silica surface.

Chen et al. 168 introduced for the first time 1-VID to produce PMMA/silica hybrid nanoparticles. These authors were the first ones who proposed the method of using electrostatic interaction of acid/base for the preparation of hybrid nanoparticles. By increasing the silica concentration, the average particle size decreased from 350 to 120 nm. Similarly to 4-VP, the pH value should be adjusted to basic conditions (optimum: pH 8) and a minimum of 10 mol% of 1-VID was necessary to get stable latexes. By increasing the reaction temperature the authors found that the silica content in the nanocomposites decreased with a slight increase in average particle size. They claimed that this is due to the higher solubility of 1-VID in water at elevated temperature leading to that less 1-VID participated in the adsorption process and hence decreased the silica content in the nanocomposite particles.

2-(methacryloyl)ethyltrimethyl ammonium chloride (MTC) is a cheap, commercially available cationic (co)monomer that has been used for preparing PMMA/silica hybrid particles by Chen et al. 169 Narrowly size distributed hybrid particles were formed via strong electrostatic interaction between negatively charged silica and positively charged MTC. When the initial silica concentration was fixed, stable latex suspensions could only be obtained by using 10 or 20 nm silica particles. The system was however unstable when 6 or 40 nm silica particles were used. In contrast to the 4-VP or 1-VID system, the authors showed that stable latexes were obtained with lower amounts of cationic comonomer (2 wt% of MTC for 20 nm silica, 3 wt% of MTC for 10 nm silica) than with 4-VP or 1-VID comonomers ( 10 wt%).

(

2) Polymerization in alcohol/water mixtures

Percy et al. 170 were the first ones who reported on the successful formation of stable PMMA/silica particles without the use of any auxiliary comonomer. For that, an aqueous alcoholic silica sol was used. When they attempted to synthesize nanocomposite particles using the aqueous Nyacol silica sol in the presence of isopropyl alcohol (IPA) as cosolvent, the experiment was unsuccessful and led to macroscopic precipitation. However, when the alcoholic silica sol (Highlink OG 502.31) was used, stable nanocomposite latexes were successfully obtained. They suggested that the surface chemistry of this commercially available alcoholic silica sol is probably subtly different to that of the aqueous silica sols, rather than the use of an alcoholic cosolvent per se, which promotes the successful formation of nanocomposite particles in the absence of any auxiliary comonomer or added surfactant.

Acrylonitrile (AN) was used as (co)monomer for preparing P(AN-co-St)/silica particles in IPA/water at ambient temperature by Zhang et al. 171 However, from TEM results, there was a large amount of excess silica before purification, indicating only weak interaction between the polymer and silica.

( In order to promote polymer/clay association, a methyl ether acrylate-terminated PEG macromonomer was used. The polymerization kinetics was strongly dependent on the clay concentration in water. The resulting nanostructured films showed high optical transparency and significant mechanical reinforcement properties. The same group then reported the kinetics and mechanism of soap-free emulsion polymerization of styrene using Laponite as stabilizers. 177

Titania

Song et al. 178 prepared PSt microspheres using a transparent anatase titania hydrosol both as a photocatalyst and stabilizer by photocatalytic emulsion polymerization (Figure 1.27). They found that the addition of a cross-linking agent, ethylene glycol dimethacrylate (EGDMA), could significantly improve the polymer particles distribution. Functional monomer AA induced a strong interfacial interaction between the organic and inorganic phases, which resulted in the formation of small polymer particles of about 100 nm, with a high titania content (17.6 wt %) in the final composites, and an enhanced glass-transition temperature (from 88 to 97 °C) for PSt. In the presence of self-made titania hydrosol modified by an anionic monomer, sodium styrene sulfonate (NaSS), they also prepared PSt nanocomposite particles with high titania content (20 wt %) by photocatalytic Pickering emulsion polymerization. 179 The interaction between the sulfonic groups and the positive titania nanoparticles was beneficial for the anchoring of titania particles at the surfaces of the prepared PSt latices. 

Synthesis of composite latex particles by reversible additionfragmentation chain transfer (RAFT)-mediated emulsion polymerization

Recently, a clever strategy was developed to produce colloidal nanocomposites without surfactant in emulsion polymerization employing the Reversible Addition-Fragmentation chain Transfer (RAFT) technique. As mentioned in the introduction, this strategy relies on the use of living amphipathic random copolymers synthesized by RAFT polymerization as both coupling agents and stabilizers for the inorganic compounds. The adsorbed random RAFT copolymers are then chain extended to form a polymer shell around the inorganic particles.

Using this strategy, organic/inorganic hybrid latexes can be obtained without the need for any molecular surfactants. After the description of the principles of the RAFT technique and its transposition to emulsion polymerization, different examples involving macroRAFT adsorption for the encapsulation of inorganic particles will be presented.

Principles of the RAFT technique

The RAFT process, one of the main controlled radical polymerization (CRP) techniques (IUPAC recommendation: reversible-deactivated radical polymerization, RDRP), besides nitroxide mediated polymerization (NMP) 180 and atom transfer radical polymerization (ATRP), 181 was developed at CSIRO in the mid-1990s and has proved to be a robust and versatile process that is applicable to the majority of monomers subject to radical polymerization. [182][183][184][185][186][187] It makes use of a chain transfer agent in the form of a thiocarbonylthio compound (from here on referred to as a RAFT agent) to afford control over the molar mass and dispersity of the polymer chains generated during a free radical polymerization. Chain transfer reactions to the initial RAFT agent and to the formed macromolecular ones add up to the initiation, propagation and termination steps involved in a conventional free radical process (Figure 1.

28).

The reaction is started by a free-radical source, which may be a decomposing radical initiator.

The initiator decomposes to form two fragments (I • ) which react with monomer molecules to yield propagating radical chains. These polymeric radicals react with the RAFT agent to form a RAFT adduct radical. This may undergo a fragmentation reaction in either direction, to yield either the starting species (i.e. the initial RAFT agent) or a radical (R • ) and a polymeric RAFT agent (S=C(Z)S-P m ). This is a reversible step in which the intermediate RAFT adduct radical is capable of losing either the R group (R • ) or the polymeric species (P m

•

). Then the leaving group radical (R • ) reacts with another monomer species, starting another active polymer chain.

The main RAFT equilibrium step is the most important one in the RAFT process, in which, by a process of rapid interchange, the present radicals are "shared" among all species that have not yet undergone termination. Ideally the radicals are shared equally, causing chains to have equal opportunities for growth and a narrow molar mass dispersity. To minimize termination, high [RAFT]/[initiator] ratio are usually employed (typically higher than 3). [193][194][195] have developed switchable RAFT agents, able to handle the controlled polymerization of both types of monomers. When it is in neutral form, polymerization of LAM can be controlled; whereas in the protonated form, polymerization of MAM can be effectively controlled.

RAFT in emulsion polymerization

The implementation of the RAFT process in emulsion polymerization was originally unsuccessful due to the difficulties encountered to restrict the location of the RAFT agent to the site of polymerization (first in water and then in the particles). 196 The control of the molar masses was consequently rather poor when not inexistent, and many stability issues were associated with these systems. These problems could partly be solved by miniemulsion or seeded emulsion polymerization, 197 which could be however more difficult to implement industrially.

A very appealing strategy was developed more recently to overcome the issues mentioned above by exploiting the ability of CRP to produce amphiphilic block copolymers, which could then assume the function of the surfactant which is typically employed in a conventional emulsion polymerization system. 198 The idea was to grow a hydrophilic living polymer chain in a first step and further chain-extend it in water with a hydrophobic monomer slowly fed into the reactor to avoid the formation of monomer droplets. The resulting amphiphilic block copolymer would then be able to self-assemble into nanosized self-stabilized particles. 199 Successful realization of this aim constituted the first example of surfactant-free emulsion polymerization based on self-assembled amphiphilic block copolymers formed in situ, which was later coined Polymerization-Induced Self-Assembly (PISA). 200,201 This approach also proved to be effective for NMP. 202 The pioneering work on RAFT polymerization mentioned above was performed by Ferguson RAFT emulsion polymerization using macroRAFT agents has made significant progress in recent years. This technology can not only produce block copolymers with a narrow molar mass distribution, but it also allows to directly fabricate polymeric assemblies including spherical micelles, vesicles, rod-like micelles, nanotubes and other aggregates with various complex morphologies on a large scale. The most recent achievements in this field of PISA have been detailed in a recent review. 206

Organic/inorganic hybrid latexes via RAFT in aqueous dispersed media

In the last two decades, CRP techniques have been extensively used to generate a large variety of organic/inorganic hybrid morphologies like Janus, core-corona, core-shell and several types of anisotropic particles using grafting from, grafting to or self-assembly techniques. [207][208][209][210][211][212] Quite recently, CRP has also been employed to form composite particles in aqueous dispersed media using a strategy inspired by the PISA process. Indeed, most of the hydrophilic polymer precursors used in the PISA process are also capable of interacting with inorganic compounds. They have therefore been used as both coupling agents and stabilizers to encapsulate a variety of inorganic particles and/or organic pigments. This method, pioneered almost simultaneously by Nguyen et al. 213 and Daigle and Claverie, 215 utilizes living (co)polymers adsorbed on the inorganic particles to encourage the emulsion polymerization to occur at the particle surface, thereby encapsulating the inorganic particles.

These (co)polymers (referred to as macroRAFT agents) are synthesized by RAFT polymerization and thus possess a RAFT functionality on one extremity that can facilitate rapid transfer of hydrophobic polymer growth between the chains allowing the formation of an homogeneous polymer shell surrounding the entire particle surface. In addition, their relative hydrophilicity provides stability to the formed objects in water dispersion. The overall process involves two steps as schematically illustrated in Figure 1.32 for the case of titanium dioxide encapsulation: (1) macroRAFT agent adsorption on the inorganic particles in aqueous suspension and (2) emulsion polymerization of hydrophobic monomers under batch or starvefeed conditions, where the macroRAFT-functionalized particles act as seeds for the nucleation process. A variety of inorganic particles including metal oxides, titanium dioxide, cerium oxide, pigments, carbon nanotubes and gibbsite platelets have been encapsulated using this method as reviewed in the following paragraphs.

Nguyen et al. first applied this strategy to encapsulate both hydrophilic (zirconia-and alumina-coated titanium dioxide) and hydrophobic (phthalocyanine blue) pigments with P(MMA-co-BA). The particulate materials were first mixed with short-chain random copolymers composed of AA and BA (M n lower than 2 000 g mol -1 ), which readily adsorbed on their surface. Encapsulation polymerization was then performed at 70 °C by slowly feeding the dispersed system with the hydrophobic monomers using ACPA as a water-soluble initiator. The pH value and the copolymer composition were optimized to promote macroRAFT adsorption: the higher the hydrophobicity of the macroRAFT agent and the lower the pH value, the better the interaction with the particle surface. At the same time, the BA units were incorporated into the polymer chains to increase the affinity of the hydrophobic monomer molecules for the particle environment, which was a key requirement for efficient encapsulation. Lastly, the random nature of the copolymer prevented the macroRAFT (co)polymers from self-assembling into micelles, which would have inevitably led to the unwanted formation of new particles via micellar nucleation. As illustrated for titanium dioxide in In the same period, Daigle et al. 215 reported a similar approach for the encapsulation of a variety of metal oxides, including alumina, rutile, anatase, barium titanate, zirconia, copper oxide, and metals (Mo and Zn) using however SDS as an additional surfactant. Unlike

Nguyen and coworkers, the authors used a macroRAFT agent composed purely of AA units (Figure 1.33). Although, as stated above, low hydrophobicity of the macroRAFT agent is unfavorable according to Nguyen et al., TEM analysis showed the successful formation of a thin polymer shell around the inorganic particles, with an absence of aggregation.

Concurrently, polymer particles devoid of inorganic cores were also formed. This new population of particles probably originated from the self-assembly of block copolymers formed in the water phase via chain extension of the free macroRAFT agent and secondary nucleation. The RAFT-mediated encapsulating emulsion polymerization strategy was further extrapolated to the encapsulation of cadmium sulfide (CdS) 217 and lead sulfide (PbS) 218 quantum dots, still in the presence of SDS. The CdS particles were first dispersed in an aqueous solution of PAA or P(AA-co-BA) macroRAFT agents with the help of ultrasounds at pH 6, and mixed with styrene and surfactant. The polymerization was further conducted by slowly feeding a solution of initiator at 80 °C over 4 hours and stirring for an additional 2 hours. In agreement with the earlier work of Nguyen et al., successful encapsulation was only achieved when using the random macroRAFT copolymer. However, in this case, the composite particles contained a large number of "aggregated" quantum dots instead of a single particle core (Figure 1.34). As the CdS particles did not aggregate upon macroRAFT adsorption, this was attributed to the small particle size and the large number of encapsulated quantum dots formed in the early stages of polymerization. These core-shell particles would be unstable in the colloidal sense and would agglomerate into larger particles to maintain colloidal stability. (P(VBPDA-co-St)). They showed by 31 P NMR and UV visible measurements that only 47% of the CeO 2 active sites were covered with the macroRAFT agent, some citrates remaining adsorbed on the cerium oxide surface. Therefore, ceria nanoparticles remain highly hydrophilic, leading to their partial engulfment by the latex polymer phase. In addition, the P(VBPDA 12 -co-St 5 ) macroRAFT agent promoted the affinity of the polymer latex towards the metal oxide surface.

The above examples show that many parameters should to be taken into account for successful encapsulation using the RAFT process. The most important prerequisites are described in the following.

First, macroRAFT should be designed suitably. A random distribution of the hydrophilic and hydrophobic units along the chain is required to prevent the macroRAFT (co)polymers from self-assembling into micelles which would inevitably lead to the formation of new particles via micellar nucleation. In addition, the random copolymers should display strong interactions with the inorganic surface to limit the amount of free macroRAFT, which can be compensated for by increasing the amount of inorganic particles. However, it appears that a certain quantity of free macroRAFT is necessary to adsorb on the growing surface during encapsulation and maintain colloidal stability of the formed object, provided that the macroRAFT oligomers do not have sufficient surfactant-like properties to support the growth of new polymer particles.

Second, the molar mass is also of paramount importance. For efficient encapsulation, the RAFT copolymer should be small enough to give a high number of RAFT per particle.

However, the chains must not be too short to provide sufficient colloidal stability to the encapsulated particles. Third, the overall process (i.e. either batch or starved feed) has also been shown to strongly influence the overall mechanism of encapsulation and the final particles morphology. Starved-feed is usually preferred to prevent macroRAFT partitioning between the monomer and aqueous phases and promote kinetically trapped morphologies. 213 It also enables the formation of an even polymer coating while batch may result in uneven growth of polymer chains into localized phase separated domains. Fourth, the hydrophobicity and the glass transition temperature (Tg) of the copolymer shell are also key parameters. High hydrophobicity results in a high interfacial tension, minimizing the surface area and driving the inorganic particles to the polymer/water interface, which may also be facilitated by a low Tg copolymer.

Conclusions

Magnetic latex particle is an important class of material both in research and for applications in chemistry, colloidal science, biochemistry and environmental science. Every year, new aspects of magnetic latexes are being developed due to the strong demand for new materials in areas such as separation techniques, drug delivery, cancer therapy, MRI contrast agents, inks, paints, or cosmetic industries.

In the last few years, many methods have been developed to prepare magnetic latexes in dispersed media using precipitation, suspension, dispersion, emulsion, miniemulsion and microemulsion polymerizations. In this chapter, the synthesis of magnetic latex particles in aqueous phase has been reviewed. However, there is still room for improvement and development of new strategies for preparing magnetic latexes.

In this work, we will explore the synthesis of polymer/maghemite hybrid latexes by two methods, both of them being conducted in the absence of molecular surfactant. In a first part, -Fe 2 O 3 armored polymer latexes will be synthesized using iron oxide nanoparticles as solid stabilizer during a surfactant-free emulsion polymerization process. The use of auxiliary comonomers (namely methacrylic acid, MAA, acrylic acid, AA or 2-acrylamido-2-methyl-1propane sulfonic acid, AMPS) will be explored in order to promote IO particles adhesion on the polymer surface. In a second part, IO particles will be encapsulated into polymer latex particles via RAFT-mediated emulsion polymerization. The process will rely on the use of water-soluble macroRAFT agents containing carboxylic acid groups, designed to interact with the surface of IO. Taking advantage of the tunable water-solubility of the macroRAFT agents synthesized, stable suspensions of macroRAFT/IO particles can be obtained. These suspensions will then be used as seed in emulsion polymerization with the aim to form a polymer shell at the IO surface.

Chapter 2 Experimental techniques

Chapter 2. dissolved in deionized water (32 mL) was then warmed to 80 °C and poured into the beaker containing iron oxide. The black precipitate was introduced into the four-necked round-bottom flask and stirred at 80 °C and 500 rpm for 30 min. The resulting orange precipitate was poured back into the beaker, which was put in an ice water bath and collected with the aid of a magnet.

Experimental techniques

The supernatant was removed, and the resulting orange precipitate was peptized by adding 10.4 mL HNO 3 (70 wt%) and 80 mL of deionized water. The color of the suspension turned from orange to orange-brown. The mixture was stirred manually with a teflon spatula and the nanoparticles were again isolated from the solution with the help of a magnet. Finally, the residue was washed several times first with acetone and then with diethyl ether, and finally dispersed in 40 mL of deionized water. Any remaining diethyl ether was removed by evaporation under the fume hood.

Pickering emulsion polymerizations

Materials

The ionic or ionogenic auxiliary comonomers: 

Preparation of magnetic composite microspheres via Pickering emulsion polymerization using MAA or AA as auxiliary comonomers

Emulsion (co)polymerizations were performed in a glass-jacketed reactor equipped with a condenser and a nitrogen inlet. As a representative example, the IO suspension (16.13 g, which is equivalent to 2.0 g dry IO) was diluted with water (75.87 g). The mixture was placed in the reactor, followed by the addition of MAA (0.13 g) dissolved in water (5 g). This suspension was deoxygenated by purging with nitrogen for 30 min. Then, MMA (20 g) was deoxygenated for 30 min and added to the IO suspension under vigorous stirring while the temperature was raised to 70 °C. The ADIBA initiator (0.2 g, 1.0 wt % based on monomer) was dissolved in 5 g of degassed water and added to the reactor. This was considered to be the zero time of the polymerization. The polymerization was conducted for 2 hours under mechanical stirring at 350 rpm. Samples were taken during polymerization to follow the evolution of conversion as a function of time and of particle size with conversion.

Preparation of magnetic composite microspheres using AMPS as auxiliary comonomer

Emulsion (co)polymerizations were performed in a glass-jacketed reactor equipped with a condenser and a nitrogen inlet. As a representative example, the IO suspension (16.13 g, which is equivalent to 2.0 g dry IO) was diluted with water (75.87 g) and ethanol (11.84 g, 15 vol% based on total water). The mixture was placed in the reactor, followed by the addition of AMPS (0.13 g) dissolved in water (5 g). This suspension was deoxygenated by purging with nitrogen for 30 min. Then, MMA (20 g) was deoxygenated for 30 min and added to the IO suspension under vigorous stirring while the temperature was raised to 70 °C. The ADIBA initiator (0.2 g, 1.0 wt % based on monomer) was dissolved in 5 g of degassed water and added to the reactor to start the polymerization. The polymerization was conducted for 2 hours under mechanical stirring at 350 rpm. Samples were taken during polymerization to follow the evolution of conversion as a function of time and of particle size with conversion. 

RAFT-mediated emulsion polymerizations

Synthesis

The CTPPA RAFT agent was synthesized following a methodology described elsewhere, 2,3 and detailed in 

Synthesis

Hydrophilic living polymers of poly(acrylic acid-co-butyl acrylate) (P(AA 10 -co-BA 10 ))

(hereafter referred to as macroRAFT) containing a trithiocarbonate chain end were synthesized as follows. In a typical run, 0.2 mmol of RAFT agent (CTPPA) was introduced in a round-bottom glass flask and 0.078 mmol of 1,3,5-trioxane, 6 mmol of AA, 6 mmol of BA and 0.02 mmol of ACPA were added. The mixture was dissolved in 4 mL of 1,4-dioxane and the flask was purged with nitrogen for 30 minutes and sealed. The glass flask was then heated to 80 °C to start the polymerization. The reaction was conducted for 5h. Samples were taken during polymerization to determine conversion as a function of time and molar mass evolution with conversion.

Preparation of IO clusters

Various methods have been investigated to form stable dispersion of macroRAFT/IO clusters.

The P(AA 10 -co-BA 10 ) macroRAFT agent (number-average molar mass M n = 2000 g mol -1 , and =1.4) was synthesized as described above. Then, two stock solutions of IO (20 g L -1 in water, pH = 2.2) and P(AA 10 -co-BA 10 ) (20 g L -1 dissolved in water at pH around 6) were prepared. The pH of the macroRAFT stock solution was adjusted with 0.1 M NaOH. 5 g of P(AA 10 -co-BA 10 ) stock solution was then added 'in one portion' or 'drop by drop' to 5 g of iron oxide mother solution in 10 min under stirring. After stirring at room temperature for 1 h, the mixture was subjected to different post-processing methods: Sample X-1: the mixture was sonicated for 3 minutes using a Vibracell tip sonicator (micro-tip, at 60% amplitude). Sample X-2: 0.1 M NaOH was then added to Sample X-1 until pH around 8. Sample X-3: 0.1 M NaOH was added to the original mixture until pH around 8. Sample X-4: the Sample X-3 (pH around 8) was then sonicated for 3 min. DLS and pH analyses were performed on all the final dispersions obtained.

Emulsion polymerization in the presence of macroRAFT agents and iron oxide

Materials

Methyl methacrylate (MMA, 99%, Aldrich), styrene (St, 99%, Aldrich), 4,4'-azobis(4-cyanopentanoic acid) (ACPA) (Fluka, 98 %) ethyl acetate (Aldrich, anhydrous 99.8 %), butyl acrylate (BA, 99%, Acros Organics) and 1,3,5-trioxane (Acros, 99.5 %) were used as received. Water was deionized before use (Purelab Classic UV, Elga LabWater).

Synthesis

Batch emulsion polymerization reactions were performed in a 50 mL three-necked round bottom flask equipped with a condenser. As a representative example, 10 mL dispersion of IO (10 g L -1 ) coated with P(AA 10 -co-BA 10 ) (10 g L -1 ) was placed in the flask and 0.0042 g of ACPA ([RAFT]/[ACPA] = 3) was added, followed by the addition of 1.6 g of St. This suspension was deoxygenated by purging with nitrogen for 30 min. Then, the flask was immersed in an oil bath and heated to 80 °C to start the polymerization.

The same procedure as that described above was used for semi-batch experiments except for the monomer addition. 1.6 g of a deoxygenated mixture of MMA and BA (80/20, wt/wt) were fed in at a rate of 0.4 g h -1 using a Dosimat autotitrator. The reaction was left 6 hours in course, 4 hours under monomer feed and 2 additional hours to complete the polymerization.

Adsorption studies 2.1 Adsorption of MAA onto the iron oxide surface in water at pH = 2.5

Two stock solutions of IO (40 g L -1 in water, pH = 2.5) and MAA (20 g L -1 in water) were firstly prepared. Then, a series of 10 suspensions (20 mL) was prepared in which the IO concentration of all samples was fixed at 20 g L -1 and the MAA concentration increased from 1 g L -1 to 10 g L -1 . To produce this series, the MAA stock solution was first diluted with water to prepare 10 MAA solutions with concentrations ranging from 2.0 g L -1 to 20.0 g L -1 . Each MAA solution (10 mL) was introduced into each IO suspension (10 mL) and the mixtures stirred for 30 min. It is noteworthy to mention that a MAA concentration of 10 g L -1 in a 20 g L -1 IO suspension is equivalent to 35 μmol m -2 relative to IO surface given a specific surface area, S spec , of 166 m 2 g -1 as determined by BET (M n MAA = 86.06 g mol -1 ).

After stirring, the IO/MAA particles were removed using high-speed centrifugation (80 000 rpm, 120 min), and the amount of MAA in each supernatant was determined by UV analysis using a pre-established calibration curve ( max = 400 nm) (Annex 1). The adsorption of MAA on the IO surface was calculated by difference between the initial and equilibrium concentrations according to:

( ) = ( ) × 1000 (1) 
where C 0 (g L -1 ) is the initial MAA concentration, C e (g L -1 ) designates the MAA equilibrium concentration in the supernatant, V (L) is the volume of solution and m (g) is the mass of iron oxide.

Adsorption of AMPS onto iron oxide in water/ethanol solutions at pH = 2.5

The same procedure as that described above for MAA was used except that AMPS was dissolved in water/ethanol (17:3 v/v) instead of pure water. Indeed, in the emulsion polymerizations, it was necessary to add ethanol (15 vol % based on water) to ensure stability.

Therefore, the same was done here for consistency. As before for MAA, the AMPS concentration in the IO suspension was varied from 1 to 10 g L -1 while keeping a constant IO concentration of 20 g L -1 , knowing that an AMPS concentration of 10 g L -1 in a 20 g L -1 IO suspension is equivalent to 14.5 μmol m -2 relative to IO surface (with S spec . = 166 m 2 g -1 and

M n AMPS = 207.25 g mol -1 ). We took advantage of the specific absorption of the C=C bond of AMPS around 200 nm to determine the concentration of AMPS remaining in the aqueous phase by UV analysis, and estimate the mass of AMPS adsorbed per gram of IO in a similar way as explained above for MAA.

Adsorption of P(AA 10 -co-BA 10 ) macroRAFT agent onto iron oxide in water at pH = 6.0

The same procedure as that described above for MAA was used. Two stock solutions of IO (20 g L -1 in water, pH = 2.5) and P(AA 10 -co-BA 10 ) (20 g L -1 in water, pH = 6.0) were firstly prepared. Then, the P(AA 10 -co-BA 10 ) concentration in the IO suspension was varied from 1 to 10 g L -1 while keeping a constant IO concentration of 10 g L -1 . To characterize quantitatively the adsorption of P(AA 10 -co-BA 10 ), the dispersions were ultracentrifuged at 80 000 rpm for 2 h to isolate the supernatant and plot the corresponding adsorption isotherms via UV-visible spectrometric measurements performed on the serum. We took advantage of the specific absorption of the C=S bond of trithiocarbonate functions between 265 and 365 nm (with a maximum at 308 nm) to determine the concentration of the macroRAFT agent remaining in the aqueous phase and, by means of a mass balance, estimate the mass of RAFT copolymer adsorbed per gram of IO.

Characterization techniques

Dynamic Light Scattering (DLS)

The particle size (hydrodynamic diameter, D h ) and the polydispersity of the samples (poly, the higher this value, the broader the size distribution) were measured by dynamic light scattering (DLS) using the Zetasizer NanoZS instrument from Malvern. The scattered light signal is collected at 173°(back angle) scattering angle. The data were collected using the fully automatic mode of the Zetasizer system, and depending on the size distribution, either the monomodal cumulant analysis or the CONTIN analysis was performed. The number of particles per liter of latex emulsion (N p (L -1 )) was calculated using the hydrodynamic diameter determined by DLS according to the following equation:

N p (L -1 ) = 6*C*10 21 / D h 3 (2)
where C (g L -1 ) is the polymer concentration taking into account the conversion and (g cm -3 ) is the density of the polymer.

Zeta potential measurements

Zeta potential measurements were performed with the Zetasizer Nano ZS instrument from Malvern. Three kinds of particles were analyzed: (1) pristine IO, (2) IO nanoparticles after MAA, AMPS or macroRAFT adsorption, and (3) pure polymer or composite latex particles.

All measurements were performed by adding a few drop of the suspension to an aqueous solution of 10 3 mol L -1 KNO 3 . In the case of pristine IO, a stock suspension of the IO nanoparticles in deionized water was first homogenized by ultrasonication for 15 min and the pH of the measuring solution was adjusted within the range of pH = 3 to pH = 10 by using 10 3 mol L -1 aqueous solutions of HNO 3 or KOH, respectively.

Transmission Electron Microscopy (TEM)

TEM analyses were carried out at the platform of the Université Claude Bernard Lyon 1, Villeurbanne, France. A drop of the diluted IO or latex suspension was deposited on a carbon/Formvar-coated copper grid and the solvent was allowed to evaporate. The analysis was carried out at room temperature with a Philips CM120 microscope operating at an accelerating voltage of 80 kV. The number-average and weight-average particle diameters (D n and D w , respectively) and the polydispersity index (PDI = D w /D n ) of IO or latex particles were calculated using

D n i D i i and D w i D i 4 / i D i 3
, where n i is the number of particles with diameter D i .

Cryo-Transmission Electron Microscopy (Cryo-TEM)

Cryo-TEM observations were carried out to prevent deformation/degradation of the soft latex particles due to drying and/or radiation damage at room temperature. Thin liquid films of the suspensions were formed on lacy carbon films and quench-frozen in liquid ethane. The specimens were observed at low temperature (-180 °C) with a Philips CM120 'Cryo' microscope operating at 80 kV, under low dose conditions (Centre Technologique des Microstructures (CTμ), platform of the Université Claude Bernard Lyon 1, Villeurbanne, France).

pH measurements

pH values were measured on a Mettler Toledo SevenEasy pH meter with an InLab Routine Pro combination electrode, calibrated with 4, 7, and 10 pH buffer solutions.

Fourier Transform Infrared Spectroscopy (FTIR)

FTIR spectroscopy measurements were performed to examine the chemical structures of pristine IO, and to characterize IO/MAA, IO/AMPS and IO/macroRAFT adsorption. FTIR spectra were recorded from KBr pellets at room temperature using a Nicolet Avatar FTIR spectrometer.

Raman Spectroscopy

The Raman spectrum of pristine IO was recorded on a XY ©DILOR Raman microspectrometer equipped with a CCD detector. The spectrometer was used in backscattering geometry mode. The laser beam (514.5 nm exciting lines of a Spectra Physics® Ar + laser) was focused through microscope objectives (×50) down to a 2 micrometer spot on the sample and the backscattered light was collected through the same objective.

Ultracentrifugation

Centrifugation was performed using an Allegra TM 64R centrifuge at room temperature. To separate free IO particles from IO-armored latex particles, a total of 25 mL dispersion was centrifuged one time at 7500 rpm for 15 min at room temperature. This rotational speed was carefully selected to enable selective sedimentation of the latex particles while retaining the free IO in solution. As mentioned above, ultracentrifugation (80 000 rpm, 120 min) was also used during adsorption studies to separate the modified IO from free MAA, AMPS or macroRAFT molecules.

IO incorporation efficiency and latex surface coverage by IO

IO incorporation efficiency (IE)

IO incorporation efficiencies were estimated by comparing the IO content of the IO-armored particles after removal of the free IO by centrifugation, with the original IO content (m IO ) used in the corresponding polymerization experiments. The IO content of the purified particles was determined by TGA on a TA instruments Q5000 IR. Typically, 10 mg of the dried sample was accurately weighed and heated from 25 to 800 °C at a rate of 10 °C min -1 under an oxygen atmosphere. The remaining incombustible residue of both pure IO and pure polymer was used to correct unburned hybrid latex residues. Then, IO incorporation efficiency (IE, %) was calculated as follows:

(%) = × ( ) × ( ) × 100 (3) 
where IO TGA (%) is the IO content of the purified composite particles and IO theo (%) is the theoretical IO content before centrifugation determined from the amount of IO initially introduced and monomer conversion.

(%) = ( × )

× 100

(4)
With m IO is the total mass of original IO and m monomer is the total mass of monomer.

Latex surface coverage by IO

The surface coverage of the latex particles by IO (Cov. %) was calculated based on the IE value assuming that the surface area occupied by one IO nanoparticle at the polymer particle surface is equal to the cross-sectional area of a plane bisecting that nanoparticle. The surface coverage can then be expressed as:

(%) = ( × × )( )( ) × 100 (5) 
where m IO is the amount of IO nanoparticles introduced, IO their apparent density and D IO their diameter determined by TEM, m monomer the amount of monomer, polymer the density of polymer particles and D h the polymer diameter determined by DLS.

Magnetic separation of the polymer-encapsulated IO nanoparticles

Magnetic separation experiments were performed on the polymer-encapsulated IO particles to determine the fraction of particles that could be effectively captured by a magnet. The procedure is shown in Figure 2.2. Typically, a strong magnet (ferrite) was applied to the outside wall of a vial containing 1 mL of the composite latex suspension for 1 min. The biggest composite magnetic particles were attracted to the inner wall living the free IO, the pure polymer and the small magnetic composite particles in suspension. The magnet was then held in position and the liquid was poured out of the vial. The magnet was then removed, and the residual solid weighed after evaporation of water at 100 °C in an oven. The fraction of separated composite particles (hereafter referred to as the magnetic fraction, MF, %) is then given by:

(%) = × 100 (6)
Where m A is the total mass of solid in the latex and m B is the mass of separated magnetic particles.

The IO content of the magnetic fraction (IO MF , %) was then determined by TGA, and used to calculate the fraction of separated IO (S IO , %) as follows:

(%) = × 100 (7)
Where m IO is the total mass of original IO and m IO separated is the mass of IO in the separated magnetic particles (m IO separated = MF IO MF m latex ). 

Determination of IO specific surface area

The specific surface area of pristine IO was determined on a Micromeritics ASAP2010 apparatus using the BET (Brunauer, Emmet and Teller) method. 4 Prior to analysis, the IO sample was purged under vacuum at 100 °C to remove surface water.

Magnetic measurements

A vibrating sample magnetometer (VSM, BHV-55) was used to investigate the magnetic properties of IO nanoparticles by measuring the magnetization (r) as a function of magnetic field intensity (H) at room temperature. Magnetization of both IO nanoparticles and magnetic particles was measured using the Weiss extraction method, 5 decreasing the magnetic field from 21 to 0 kOe. This dynamic method makes use of the variation of flux induced in a coil when moving the sample in the field. Measurements were performed on dried samples.

Specific magnetization (M in emu g -1 ) of a given sample was defined as:

= × × (8) 
where 4300 was the apparatus constant, m the mass of the sample (g), the raw electric signal value (a.u.), and the correction of the magnetic image for strong magnetic fields. M S , the specific saturation magnetization was obtained by extrapolation of M for strong magnetic fields (1/H 0).

X-ray diffractometry (XRD)

XRD investigations were performed on a PANalyticalX'Pert Pro diffractometer equipped with a 1 2 ). The instrument was used in the theta/theta reflection mode, fitted with a nickel filter, 0.04 radian Soller slits, 10 mm mask, 1/2 °fixed divergence slit, and 1° fixed antiscatter slit. The diffracted beam was detected (detector active length = 2.122° and a counting time of 350 s/step.

UV-Visible Spectroscopy

UV-vis absorption measurements were carried out with a PerkinElmer LAMBDA 1050 UV/Vis/NIR Spectrophotometer using 1 cm quartz cuvettes. All spectral measurements were performed at room temperature. The measurements were carried out on the serum solutions, diluted in order to fit the range of absorbance of the calibration curves (Annex 1). From these curves, the concentrations of MAA, AMPS or free macroRAFT agent present in the serum after IO sedimentation by centrifugation could then be calculated.

1 H NMR

1 H NMR spectroscopy for kinetics analysis was performed in 5 mm diameter tubes in DMSO-d 6 at room temperature (Bruker DRX 300). The individual molar conversions of MAA and BA during the macroRAFT agents synthesis were determined by measuring the vinylic proton integrals of the monomers using 1,3,5-trioxane as an internal reference. To do so, 1,3,5-trioxane was added in a molar ratio of 1/12 related to monomers.

Size Exclusion Chromatography (SEC)

Molar masses were determined by Size Exclusion Chromatography in THF (THF-SEC). SEC measurements were carried out at 40 °C with a flow rate of 1 mL min -1 using toluene as a flow rate marker. Before analyses, carboxylic acid groups of the polymers were methylated in a THF/H 2 O (90/10 v/v%) mixture using tri(methylsilyl)diazomethane as methylation agent, 6 to prevent interactions between acid groups and the stationary phase. Samples were filtered on a m pore size membrane and analyzed at 3 mg mL -1 . Separation was carried out on three columns from Malvern Instruments [T6000 M General Mixed Org (300 × 8 mm)]. The device (Viscotek TDA305) was equipped with a refractive index (RI) detector ( = 670 nm).

The number-average molar mass (M n ) and dispersity ( = M w /M n , with M w : weight-average molar mass) were derived from the RI signal by a calibration curve based on polystyrene or poly(methyl methacrylate) standards (PS and PMMA from Polymer Laboratories).

In this work, the [RAFT]/[initiator] molar ratio was fixed at 10. Under these conditions, most of the polymer chains carried the R group from the RAFT agent, and the number of chains originating from the initiator could be thus neglected. In addition, it was shown that individual conversions of AA and BA were identical. Hence, the theoretical number-average molar mass and number-average degree of polymerization (M n,th and DP n,th , respectively) were determined using the following equations:

, = × [ ] [ ] (9) 
, = × [ ] [ ] × + (10) 
With,

X: Monomer conversion (%)

[M] 0 : Initial monomer(s) concentration (mol L -1 )

[RAFT] 0 : Initial RAFT agent concentration (mol L -1 )

M monomer : Monomer molar mass (g mol -1 )

M RAFT : RAFT agent molar mass (g mol -1 )

Chapter 3. ] unlike other submicronic latexes, can be handled by an external magnetic field, which has been extensively studied for a range of biomedical applications including magnetic resonance imaging (MRI) and drug delivery. [1][2][3][4][5][6][7][8] Quite recently, polymer/magnetic nanocomposites elaborated by emulsion, miniemulsion, inverse emulsion and microemulsion polymerizations have attracted significant interest. [9][10][11][12][13][14][15][16][17] In most applications, the magnetic composite microspheres are required to possess non-toxicity, high concentration of magnetite, good stability, functional groups and controlled morphology. 18 However, the survey of the scientific literature shows rare success in the production of such ideal particles.

Preparation of -Fe

Moreover, most successful syntheses generally involve complicated multistep processes. 18 In addition, most of these approaches require the use of surfactant to stabilize the formed particles. However, in general, it is desirable to minimize/eliminate the use of surfactants when conducting radical polymerization in dispersed systems. Indeed, the presence of free surfactant in the latex is known to adversely affect film formation and film properties. 19,20 The amount of adsorbed surfactant varies with polymerization and application conditions, and therefore its presence may result in variable properties of the polymers. In addition, removal of the surfactant, either directly or by desorption, can cause coagulation or flocculation of the destabilized particles. In attempts to avoid these problems, the employment of surfactant-free emulsion polymerization, in which no surfactant is added to the reaction, is often considered to be an alternative to conventional emulsion polymerization approaches. A recent and promising alternative consists in the substitution of organic surfactants for inorganic particle stabilizers, which are often referred to as "Pickering emulsions". 21 22 As already mentioned, armored structures have been recently attained via the polymerization of Pickering stabilized miniemulsion droplets 23,24 following the discovery of Ramsden 21 and

Pickering 22 that finely-divided insoluble solid particles can efficiently stabilize emulsions.

Based on this concept, polymer microspheres armored with clay 25, 26, 27 titania 28 or silica 29 nanoparticles have been successfully prepared by several authors. In these examples, the solid inorganic particles are used to stabilize monomer droplets instead of conventional molecular organic surfactants. A Pickering emulsion or miniemulsion is first formed using high shear emulsification, and subsequently polymerized. As an alternative to the polymerization of Pickering (mini)emulsions, inorganic particles can also be directly self-assembled on the surface of latex particles formed by conventional emulsion polymerization in the absence of surfactant without the need for pre-emulsification. [START_REF] Bon | CHAPTER 4 Pickering Suspension, Mini-Emulsion and Emulsion Polymerization[END_REF] In both cases, the inorganic particles are located on the surface of the formed polymer microspheres at the end of the polymerization.

There are many advantages of the "Pickering" technology for latex synthesis. First, the synthesis is easy to perform. Second, it is a very flexible technology: the size, composition and functionality of the polymer particles can be tuned easily. Third, the fact that the emulsion system does not contain toxic solvents or surfactants enhances the biocompatibility.

Fourth, there are also no by-products produced in the process, and no unwanted contaminants are left in the polymer.

Interest in the synthesis of polymer latexes stabilized by magnetic nanoparticles has recently been spurred. [31][32][33] As we shall see below in section 1, in most cases iron oxide (IO) particles are adsorbed onto the surface of oil droplets before emulsion, suspension or miniemulsion polymerization. These stabilized emulsion droplets then act as nanocontainers in which the polymerization takes place. 34 There has been comparatively little work on the synthesis of IOarmored polymer latexes by conventional emulsion polymerization. In this chapter, we were particularly interested in preparing hybrid magnetic latexes by "Pickering" emulsion polymerization under batch conditions. Many studies have shown that the use of an auxiliary comonomer can promote the adhesion of inorganic particles on the latex surface during

Pickering emulsion polymerization of hydrophobic monomers. [35][36][37] Based on this previous literature, three different auxiliary comonomers have been used in this thesis to enhance the interaction between IO and the polymer particles. The effect of type and concentration of auxiliary comonomer, suspension pH, IO content and monomer nature on the formation of the hybrid latexes was studied.

Before dealing with the experimental results, a brief literature survey on the Pickering stabilization of latex particles with iron oxide via heterophase polymerization is presented.

This will introduce the experimental work that is divided into three parts.

In the first part, the synthesis of colloidal dispersions of IO particles (so-called ferrofluids) will be explained. IO were prepared by the coprecipitation of ferrous and ferric salts with NH 4 OH, and then oxidized and peptized by nitric acid. The particles morphology, particles size, crystal structure, surface chemical group and magnetic properties were studied.

In the second part, magnetic composite microspheres were prepared by Pickering emulsion polymerization using methacrylic acid (MAA) or acrylic acid (AA) as auxiliary comonomers.

The effect of the nature and concentration of the auxiliary comonomer, the IO content, the pH value of the suspension and the nature of the monomer on the polymerization kinetics, the particles size and morphology was studied in detail.

In a third part, magnetic composite microspheres were prepared by surfactant-free emulsion polymerization using 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS) as auxiliary comonomer. The influence of various synthesis parameters such as the initial IO and AMPS concentrations and the nature of the monomer have been investigated. The resulting nanocomposite particles have been characterized with regard to their particle size, IO incorporation efficiency and morphology.

Finally, the magnetic properties of some IO-armored particles were investigated.

Bibliographic review on Pickering stabilization of latex particles with IO

Magnetic hybrid materials synthesis is a highly investigated and exciting research area, as the final products can reveal remarkable properties, which open up a wide range of possible applications. Among the most commonly used techniques for the synthesis of magnetic hybrid materials, Pickering-type systems prepared by heterophase polymerization processes have attracted increasing interest in recent years. As mentioned above, there are two distinct approaches: i) the polymerization of Pickering emulsion or miniemulsion droplets and ii) in situ formation of armored latexes by heterophase polymerization (emulsion or dispersion polymerization) performed in the presence of the inorganic particles. In the first case, the solid particles are irreversibly located at the monomer-water interface and develop strong lateral interactions providing colloidal stability to the monomer droplets, 21,22 which are subsequently transformed into polymer particles through droplet nucleation. In the second method, the growing polymer chains adhere to the surface of the inorganic particles (providing that wetting of the nanoparticles with the polymer chains is favorable) resulting in the formation of hybrid primary particles which undergo limited coagulation into stable mature particles with an armored morphology. [START_REF] Bon | CHAPTER 4 Pickering Suspension, Mini-Emulsion and Emulsion Polymerization[END_REF] The following sections are structured by polymerization types and are split in two parts corresponding to the two approaches introduced above.

Polymerization of Pickering emulsion or miniemulsion droplets

Suspension polymerization

Suspension polymerization is essentially a bulk polymerization in which the reaction mixture is suspended as droplets in an aqueous continuous phase. 38,39 Therefore, the initiator, monomer and polymer must be insoluble in water. The suspension mixture is prepared by addition of a monomer solution containing dissolved initiator into the pre-heated aqueous suspension medium. Droplets of the organic phase are formed and maintained in suspension by the use of vigorous agitation throughout the reaction. They are generally stabilized against coalescence by water-soluble polymeric stabilizers (often referred to as protective colloids) or colloidal inorganic powders used as Pickering dispersants. Each droplet acts as a small bulk polymerization reactor in which the normal kinetics applies. Polymer is produced in the form of beads whose average diameters are close to those of the initial monomer droplets (0.01 to 2 mm) even if inadvertent droplet breaking and coalescence widen the bead size distribution.

Hasell et al. 32 structure was successfully formed. SEM showed that the nanocomposites were spherical with a wide particle size distribution. The microsphere surface was very rough due to the presence of entrapped magnetic nanoparticles.

Recently, Pickering suspension polymerization was also used to generate thermo-sensitive magnetic microcapsules. 33 The capsules in diameter) were obtained by radical The same group further extended the method to the synthesis of magnetic hydrogels with supracolloidal structures using acrylamide (Am) and/or NIPAm as monomers. 41 When Am was homopolymerized, magnetic core-shell microcapsules with PAm hydrogel cores and -Fe 2 O 3 nanoparticle shells were obtained. When NIPAm and Am were copolymerized, magnetic hydrogel microcapsules with two kinds of supracolloidal structures were obtained depending on the NIPAm/Am ratio. When pure NIPAm or NIPAm/Am (mass ratio: 5/1) was polymerized, hollow microcapsules with hybrid shells were formed. When pure Am or NIPAm/Am (mass ratio: 1/1) was polymerized, hydrogel beads with nanoshells were formed.

Optical microscope images of samples dispersed in ethanol and dried samples are shown in 

Miniemulsion polymerization

Miniemulsion polymerization is conceptually similar to a suspension polymerization, but employs much smaller monomer droplets which leads to polymer particles in the submicron size range. 42 Ideally, every monomer droplet is directly converted into a polymer particle, with negligible exchange of species between particles. Due to the small droplet size, the initiator can be either oil-or water-soluble. In a first step, miniemulsion droplets of 50-300 nm are formed by applying high shear (via a high pressure homogenizer or ultrasound) to a system containing the dispersed phase, the continuous phase, a surfactant, and a hydrophobe.

The hydrophobe acts as an osmotic pressure agent for preventing the interdroplet mass transfer phenomenon known as Ostwald ripening. Polymer particles are obtained by direct conversion of monomer droplets, with their final size tunable by controlling the shearing conditions and therefore the initial droplet size. One of the main advantages of miniemulsion polymerization is its versatility; it is for example applicable to non-radical polymerizations, and the encapsulation of resins, liquids and a multitude of preformed particles. A few examples of this strategy are reported below.

Faridi-Majidi et al. 43 prepared magnetic crosslinked poly(styrene-co-chloromethylstyrene) latex particles (100-250 nm) via Pickering miniemulsion polymerization using AIBA as initiator and oleic acid-functionalized Fe 3 O 4 as stabilizer. First, cetyl alcohol (CA) as costabilizer was dissolved in St. Oleic acid-coated magnetite nanoparticles were then directly dispersed in the mixture and this mixture was sonicated for 30 s to obtain an homogeneous suspension. Chloromethylstyrene (CMS) and divinylbenzene (DVB) were added to this mixture. Then the resultant stable oil-based dispersion was added to 100 mL of water containing AIBA as an initiator. The mixture was sonicated and polymerized at 70 °C for 10 h under stirring at 320 rpm. TEM showed that the particles were almost uniform in size, but the distribution of the Fe 3 O 4 was quite heterogeneous: some of the particles contained iron oxide while some did not. In addition, the surface coverage was very low and uneven, the magnetic nanoparticles being visible as dark spots located on one side of the spherical polymer particles.

Some of them also seem to be embedded within the particles.

Shortly afterwards, Wen et al. 44 prepared magnetic P(St-co-AA) nanoparticles by miniemulsion polymerization with a relatively high Fe 3 O 4 content (28.3 wt%) (Figure 3.

3).

Sodium dodecyl benzenesulfonate (SDBS) was however used as surfactant in the system in order to prevent particles aggregation. Fe 3 O 4 was treated with a silane coupling agent 3-(trimethoxysilyl)propyl methacrylate (TPM) to promote interaction with the growing polymer while AA was used as an auxiliary comonomer to improve the anchoring of the magnetic particles onto the polymer surface. First, 3.8 g of St, 0.8 mL of AA, 0.18 mL of cyclohexane (hydrophobe), 0.05 g of AIBN and 1 g of TPM-modified magnetite were mixed and sonicated at 0 °C for 2 min. Then deionized water containing SDBS was added to the mixture. The mixture was stirred rapidly for 30 min, followed by another ultrasonication process for 2 min at 0 °C. This mixture was then polymerized at 70 °C for 10 h. The authors argued that the modified magnetite could act as a protective colloid by partly substituting the surfactant. The size of the hybrid microspheres could be adjusted by changing the amount of surfactant within a certain range. In the absence of surfactant, Yin et al. 45 The magnetic PSt microspheres had high encapsulation efficiency of magnetic particles (82 %), which enabled the microsphere to be magnetically responsive. When AIBN was used as initiator, TEM (only one particle in the TEM image) showed that -Fe 2 O 3 were not uniformly distributed on the surface of the polymer particle, and had a strong tendency to aggregate. Limited monomer conversions were observed when AIBA was used as initiator. The authors argued that the high concentration of -Fe 2 O 3 particles at the droplets surface prevented the monomer from diffusing in the water phase where the polymerization is presumed to take place, thus resulting in low conversion. This interpretation seems a little farfetched, as if there is a consensus in the literature that inorganic particles may effectively retard oil diffusion in Pickering emulsions, they would not be able to suppress it.

Emulsion polymerization

The most frequently applied heterophase polymerization process in the preparation of hybrid nanoparticles is emulsion polymerization. Compared with miniemulsion or suspension polymerizations, there is no need for high-energy input. However, in principle emulsion droplets formed by gentle agitation are not small enough to be polymerized, and droplet nucleation in conventional emulsion polymerization can usually be neglected. Recently, Sacanna et al. 47 showed the spontaneous emulsification of TPM in the presence of magnetite, cobalt ferrite or silica colloids leading to thermodynamically-stable nanometric oil droplets in the range of 30-150 nm (Figure 3.5a). The inset shows two unpolymerized TMP droplets indicating that the polymerization process did not change the droplet size and morphology. 49 Cryo-TEM was used to visualize the unpolymerized TPM droplets clearly showing the presence of self-assembled magnetic particles at the TPM/water interface (Figure 3.5 b). 48 The Fe 3 O 4 -stabilized emulsion droplets were subsequently polymerized at 70 °C using potassium persulfate (KPS) as initiator to generate fairly monodisperse composite magnetite-TPM particles (Figure 3.5 c) whose size and morphology were similar to those of the original droplets.

Formation of IO-armored latexes by conventional dispersion or emulsion polymerizations

Dispersion polymerization

In dispersion polymerization, the reaction mixture is initially homogeneous like in solution polymerization, but is a poor solvent for the resulting polymer. 50 The initially formed macromolecules therefore collapse and coagulate to create particle nuclei. The polymerization then continues within these individual particles like in emulsion polymerization. Two main criteria must be thus considered in dispersion polymerization: i) the insolubility of the polymer formed in the continuous phase and ii) the solubility of the monomer and the initiator in the continuous phase initially. To ensure particle stability, macromolecular stabilizers have to be used. The diameters of the polymer particles are in the 0.5generally much larger than in emulsion polymerization, although smaller polymer particles (100-500 nm) can be obtained by employing reactive stabilizers or block copolymers. 51 Dispersion polymerization is usually conducted in hydrocarbons or in polar media composed of mixtures of alcohol and water.

There is to our knowledge only one example of IO Pickering dispersion polymerization. 52 In this example, Fe 

Emulsion polymerization

Emulsion polymerization is a type of radical polymerization that usually starts with an emulsion incorporating water, monomer, surfactant and a water-soluble initiator. The mechanism of emulsion polymerization has been described in details in Chapter 1 and will not be reminded here. Quite recently, it has been shown that inorganic solids can be advantageously exploited to replace surfactants usually employed in conventional emulsion polymerization, leading to the formation of inorganic-armored latexes. This solids-stabilized emulsion polymerization process has been successfully implemented to a large variety of inorganic particles such as silica, 35,[53][54][55][56][57][58] clays, [59][60][61][62] or titanium dioxide. [63][64][65] However, there is comparatively only few works reporting the use of iron oxide as solid stabilizers of polymer latexes synthesized by emulsion polymerization. 66,67 Xu et al. 66 prepared raspberry-like magnetic polystyrene microspheres (200-600 nm) using V-50 as cationic initiator. The initiator was adsorbed on the surface of PMAA-functionalized 66 Kim et al. 67 fabricated core-shell structured magnetic PSt/inorganic particles by Pickering emulsion polymerization using nanosized (< 50 nm) -Fe 2 O 3 particles as a solid stabilizer.

Styrene monomer was first added to the -Fe 2 O 3 dispersion and agitated vigorously in a homogenizer until the styrene layer was well dispersed in the aqueous phase as emulsified droplets. An aqueous AIBA solution was then added, and the system was heated to 65 °C for 12 h. SEM and TEM images showed PSt/ -Fe 2 O 3 composite particles (150 300 nm) with an uneven surface (Figure 3.8). According to the authors, styrene droplets were stabilized by -Fe 2 O 3 nanoparticles positioned at the water/droplets interface and droplet polymerization occurred immediately after addition of AIBA. Although, the TEM and SEM images of the final samples (without prior magnetic separation to remove free IO nanoparticles) seem to indicate the presence of IO at the particle surface, the exact mechanism of particle formation is questionable. Indeed, the authors did not give any indication on droplet size and stability.

Besides, the final particles were quite small (150-300 nm) which is not in agreement with a droplet nucleation mechanism as emulsion droplets obtained by simple agitation (even if vigorous) are usually relatively large (even in Pickering emulsions). Finally, there is no information about the IO particles surface chemistry, surface charge or suspension pH, making it difficult to understand what is the driving force for IO adsorption to the monomer/water interface. 

Conclusions

In conclusion, there is only a limited number of works describing the use of IO as Pickering stabilizer in heterophase polymerization processes. In most of them, IO is used to stabilize miniemulsion or emulsion droplets, which are subsequently polymerized. However, these two processes require pre-emulsification of the monomer using high-shear devices, which may lead to coagulation of the Pickering stabilizer and highly complicate scaling-up of the process in view of industrial applications. Emulsion polymerization thus appears to be an alternative process to alleviate these issues.

However, even in the most convincing and successful examples, there are two major shortcomings: i) the lack of in-depth characterization of the hybrid latexes in terms of IO incorporation efficiency, IO content and particle morphology, and ii) a lack of understanding of the mechanism of polymer particles formation. Besides, previous reports in the literature have indicated that the use of an auxiliary comonomer can promote inorganic particles adhesion to the latex surface. Nevertheless, their use has not been reported until now for iron oxide.

Based on these literature studies, the formation of IO-armored polymer particles using -Fe 2 O 3 as stabilizer and MAA, AA or AMPS as auxiliary comonomers will be investigated in the following sections. The emphasis will be placed on understanding the mechanism of the Pickering emulsion polymerization process by studying the effect of the physicochemical parameters (suspension pH, IO content, type of monomer) on the evolution of particle morphology, IO incorporation efficiency and polymerization kinetics. The magnetic properties of the resulting hybrid latexes will also be briefly examined in a last part. But before that, the synthesis and characterization of the IO particles are reported in the following paragraphs.

Synthesis and characterization of iron oxide particles

Ultrasmall superparamagnetic iron oxide (IO) particles dispersed in water also called ferrofluid were synthesized by coprecipitation of metallic salts according to the method of Massart et al., 68,69 which is probably the simplest and most efficient chemical pathway to obtain magnetic nanoparticles. The recipe relies on the synthesis of Fe 3 O 4 (magnetite)

particles by the coprecipitation of ferrous and ferric iron salts in an alkaline environment, followed by oxidation of magnetite into maghemite ( -Fe 2 O 3 ) using Fe(NO 3 ) 3 /HNO 3 . The Several batches of IO suspensions were synthesized (see Table 3.1 for details). The experiment was repeated seven times (IO 01 -IO 07 ) to be sure that the synthesis was reproducible. Dispersed in water, the average hydrodynamic diameter of IO for this series of experiments determined by dynamic light scattering (DLS) was 30.1 nm (Poly = 0.26), and the average solids content was 12.1%. These IO suspensions were stable when stored at room temperature for more than 2 months. Then, in order to get a sufficient amount of IO, the synthesis was scaled up (IO 10 -IO 13 in Table 3.1) leading to very similar results. These four batches were combined together to get a large scale IO suspension that will be used for all further polymerization experiments (named IO). The average particle size of this large-scale sample was 28.6 nm (Poly = 0.25), and the average solids content was 12.7%. This batch is fully characterized in the paragraphs below.

The zeta potentials of the IO particles were measured in 10 3 M KCl aqueous solutions at pH In general, the coprecipitation technique is a rather complex approach, not only because complicated hydrolysis equilibria of ferric ions and ferrous ions are involved, but also because the shape, size and size distribution of the resultant nanoparticles are strongly influenced by a large number of synthetic parameters such as pH, concentrations of iron salts, ratio of Fe 2+ /Fe 3+ , type of counter ions, reaction temperature or ionic strength. Moreover, the types of precipitating agent for inhibiting the growth of the crystal nuclei also have strong impacts on the shape, size and size distributions. Consequently, magnetic nanoparticles prepared via the coprecipitation method are typically characterized by broad size distributions. The coefficient of variation is greater than 50%. When comparing the data in Table 3.1 and the images of Figure 3.11, it appears that the average diameter obtained by DLS is larger than the particle size determined by TEM as expected. Indeed, the value for the particle diameter obtained from electron microscopy is that of the particle core, whereas the size detected using DLS refers to a hydrodynamic diameter of (possibly agglomerated) particles which takes into account the hydrated shell. 73 The specific surface area, S spec , determined by BET was 166 m 2 g -1 . Assuming that the particles are perfect spheres, the specific surface area is estimated to be 204 m 2 g -1 using the following equation:

. = 6 .
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where the density, , is taken as 5.24 g cm -3 and D n is the number-average particle diameter determined by TEM. BET measurements and the theoretical calculation are in reasonable agreement. The difference between the two measurements may be due to the non-spherical shape of the particles and the large particle size distribution, which makes it difficult to precisely determine the average particle size by TEM. Therefore, the BET value will be used in the rest of the study. The size of the nanocrystallite can be estimated from the XRD data using the Debye-Scherrer equation 75 ( ) = 0.9

where D is the crystallite size (Å), is the wavelength of X-rays (Cu K : = 1.5418 Å), is the diffraction angle, and is the full width at half-maximum (in radians). The crystallite sizes (6.9 nm) obtained from the above equation is in good agreement with the TEM measurements suggesting that the particles are monocrystalline.

However, using XRD alone, it is not possible to distinguish between maghemite ( -Fe 2 O 3 )

and magnetite (Fe 3 O 4 ). Therefore, the particles were also characterized by Raman spectroscopy. Indeed, recent studies demonstrated that Raman spectroscopy is an effective method to distinguish iron oxides with different structural phases. 76 For Fe 3 O 4 nanocrystals, the spectrum has a main band centered at 668 cm -1 , while the spectrum for -Fe 2 O 3 nanocrystals shows several bands around 700, 500, and 350 cm -1 . 77 Figure 3. 13 shows the Raman spectrum of as-synthesized IO conducted in air and using 280 microW of laser power at 514.5 nm. Maghemite bands were found at 350, 512 and 700 cm -1 . The bands coincide with those measured by Jacintho et al. 78 The Raman spectrum also has two peaks centered at the wavelengths of around 1430 and 1580 cm -1 , which might be caused by burnt organic matter. 79,80 Therefore, Raman analysis confirmed that the HNO 3 /Fe(NO 3 ) treatment of the IO nanoparticles described above has led to the total oxidation of magnetite to maghemite. 3 ) appear at 634 and 579 cm 1 and can clearly be identified here 74,[81][82][83] whereas the vibration of Fe-O in magnetite (Fe 3 O 4 ) appears at around 570 cm 1 (only one peak). 74 FTIR thus confirms that magnetite was successfully transformed into maghemite during the oxidation process. and overlap. 74 Magnetic measurements of our iron oxide nanoparticles indicate that the particles are superparamagnetic at room temperature. The coercivity of the "IO" sample is zero implying the superparamagnetic behavior as in other studies. 84,85 Their specific saturation magnetization (M s ) is 60 emu g -1 . As expected, this value is in agreement with the saturation magnetization of maghemite and is smaller than that of the bulk material or of magnetite. exposed to a strong external magnetic field. In the absence of magnetic field, the IO suspension is brown and homogeneous (left). When an external magnetic field is applied, the particles separate and redisperse when the magnet is removed (right), which macroscopically reveals superparamagnetism behavior.

Synthesis of IO-armored latexes by Pickering emulsion polymerization using MMA or AA as auxiliary comonomers

In this part, magnetic composite microspheres were prepared by surfactant-free emulsion polymerization of MMA, n-butyl acrylate (BA) or St in the presence of IO. Several authors have shown that the surface chemistry of the inorganic particles plays a significant role in Pickering emulsion polymerization. Indeed, inorganic colloids are too hydrophilic for the oligomers formed in water to adhere irreversibly to their surface, which most often results in binary blends of inorganic and polymer particles. This wettability issue can be overcome by the use of small amounts of hydrophilic comonomers (so-called auxiliary comonomers). The role of the auxiliary comonomer is to create favorable interactions between the growing polymer chains and the inorganic surface. [START_REF] Bon | CHAPTER 4 Pickering Suspension, Mini-Emulsion and Emulsion Polymerization[END_REF]35,86 Relying on the well-known affinity of carboxylic acids towards iron oxide, MAA and AA have been selected as auxiliary comonomers in this section. The effect of auxiliary comonomer concentration, IO content, suspension pH and type of hydrophobic monomer on the polymerization kinetics, the particles size and the morphology was studied in detail. But beforehand, the role of carboxylic acid monomers in surfactant-free emulsion polymerization and their effect on latex properties and polymerization kinetics are briefly reviewed.

Surfactant-free emulsion polymerization using carboxylated monomers

The polymerization of carboxylic acid monomers (namely MAA and AA) is of industrial interest as the product is widely used, most often as comonomer for polymers applied, e.g., in hygiene and cosmetics. These polymers are produced by free radical polymerization in aqueous phase. In addition to solution polymerization, emulsion polymerizations are performed in which carboxylic acid monomers may act as in-situ stabilizers. It is well known that emulsifier-free emulsion polymerization is widely used to prepare submicrometer polymer microspheres with various functional groups. Generally, functional water-soluble monomers employed in emulsifier-free emulsion polymerization will be on the surface of the microsphere. Among these functional monomers, MAA and AA have been extensively exploited to produce carboxylated polymer microspheres. 87 As early as 1970s, Ceska studied the effect of carboxyl monomers on the particle formation and stabilization in soap-free emulsion polymerization. 88,89 Subsequently, Shoaf and Poehlein investigated the partitioning of carboxyl monomers between styrene and the aqueous phase and the kinetic behavior of emulsion copolymerization with carboxyl monomers. [90][91][92] Moreover, the influences of carboxyl content and its distribution on particle morphology were also studied. 93,94 However, in practice, it is often difficult to place these carboxyl monomers on the surface of the latex particle and thereby fully utilize their stabilizing capacity. If the carboxyl monomer is buried inside the latex particle or if it homopolymerizes in the aqueous phase, it stabilization capacity may be virtually destroyed. Whether the carboxyl monomer eventually resides inside a particle, on the particle surface, or in the aqueous phase is dependent on a combination of its reactivity and partitioning between water, monomer, and polymer.

In the following, we will explore the use of MAA and AA as auxiliary comonomers to promote the adhesion of IO on the polymer particles surface. Their effect on particle morphology, particle size and polymerization kinetics was studied for different pH values and IO contents, and the results were compared to the ones obtained under the same conditions in the absence of IO.

MAA as auxiliary comonomer for the synthesis of IO-armored latexes

Role of MAA

In a first series of experiments, control experiments were performed to assess the role of both IO and MAA in the surfactant-free emulsion polymerization of MMA (Table 3.2). The polymerization conducted in the absence of both IO and MAA at pH = 5.9 gave stable PMMA latex particles with diameters of around 420 nm (latex 1). From the TEM results, the particles are spherical and uniform in size (Annex A, Figure A1). Such a narrow particle size distribution is characteristic of surfactant-free emulsion polymerization. Unexpectedly, the polymerization performed in the presence of MAA resulted in bigger particles (D h = 473 nm, latex 2). This can be explained by the low pH of the reaction. Indeed, more oligoradicals are formed initially in the presence of MAA due to the increased monomer solubility resulting in a large number of primary particles. However, as MAA is non-ionized at pH = 2.5, it is mainly buried inside the particles and cannot provide efficient colloidal stability. The primary particles thus aggregate into larger entities. As the rate of particle aggregation scales with the square of the particle concentration, the higher the number of primary particles, the larger the final particle size. Moreover, decreasing the suspension pH to 2.2 by adding HNO 3 to reach a pH close to that of the IO suspension resulted in even larger particles around 620 nm in diameter (latex 3). This is likely due to the concomitant increase of ionic strength upon decreasing pH. Surfactant-free polymer latexes are indeed particularly sensitive to ionic strength. 95 The polymerization performed at pH = 2.2 in the serum of the IO suspension also resulted in the formation of large particles (D h = 586 nm, latex 4). Interestingly, the particle size was not significantly influenced by the presence of IO in the absence of MAA (D h = 451 nm, latex 5, versus latex 1) indicating that pristine IO was not capable to act as a Pickering stabilizer as confirmed by the cryo-TEM image of Figure 3.17 a. It was only when IO and MAA were used together that significantly smaller polymer latex particles (D h = 260 nm, latex 6) could be successfully obtained. The cryo-TEM image of Figure 3.17 b shows however that only a small fraction of IO nanoparticles was located at the polymer surface at the end of the reaction. Indeed, a few IO clusters can be occasionally seen around the particles but the majority of the magnetic particles are remaining free in the water phase. This is also reflected in the low IO incorporation efficiency (IE) and the latex surface coverage by IO, as only approximately 20 wt% of the IO particles were actually adsorbed on the PMMA latex particles as calculated from thermogravimetric measurements which corresponds to approximately 5 % coverage (Table 3.2 and section 3.9 in Chapter 2). It is thus surprising that such a small amount of IO, unevenly distributed on the particle surface, contributes to a significant decrease of the particle size as observed experimentally. We will come back to this point later on in the discussion. increases the polymerization rate. According to this, the polymerization rate was significantly higher when the polymerization was performed in the presence of MAA than when no MAA was introduced in the solution. The reaction rate also appears to be influenced by the presence of IO and decreases in both cases although it is still higher in the presence of MAA.

The evolution of the particle number with conversion is also strongly influenced by the presence of IO suggesting a different nucleation mechanism (Figure 3.18 (c)). In the absence of IO, the particle number was fixed very early and did not significantly evolve during polymerization. In the presence of IO, the nucleation stage is characterized on the contrary by a limited flocculation (i.e. the particle number decreases). The flocculation rate is more important in the presence of MAA, which is likely due to the fact that a greater number of particles have been formed initially. The final number of latex particles (1.7 × 10 17 ) remains however higher than in the absence of MAA (3.6 × 10 15 ).

In summary, the feasibility of MAA-functionalized -Fe 2 O 3 nanoparticles to act as a Pickering stabilizer using 5 μmol m -2 MAA and MMA as hydrophobic monomer was demonstrated in these preliminary experiments. However, the low IO incorporation efficiency and the apparently poor affinity of the IO nanoparticles for the PMMA surface shed doubt on the mechanism of particles formation. Therefore, the adsorption properties of MAA onto IO were investigated in the following section to better understand the role of MAA in the system.

Adsorption of MAA onto IO in aqueous phase

MAA adsorption was investigated in aqueous dispersion at 25 °C using the depletion method.

Briefly, equivolumes of the magnetic suspension and MAA solutions were mixed to cover a range of MAA concentrations between 1 and 10 g L -1 (equivalent to 3.5-35 mol m -2 ) while maintaining a fixed IO content of 20 g L -1 . The mixture was left stirring for 30 min to reach the adsorption equilibrium, and ultracentrifuged to determine the equilibrium (residual) MAA concentration in water, C eq , by UV spectrometry. The adsorbed amount was then calculated by difference between the total amount initially introduced and the amount in the supernatant, and plotted against C eq .

The adsorption isotherms of MAA on IO particles at pH 2.5 and 4.5 are shown in Figure 3.19.

pH adjustment to 4.5 was carried out by dialyzing the IO suspension against deionized water in 6~8000 Daltons dialysis tubes. Indeed, direct addition of NaOH to the IO suspension led to particles aggregation. In both cases, MAA adsorption steadily increased with increasing solution concentration until a plateau was reached for an equilibrium concentration of around 12 g L -1 . The plateau adsorption at pH = 4.5 (5 mg g -1 or 0.35 mol m -2 ) is almost two times higher than that at pH 2.5 (3 mg g -1 or 0.23 mol m -2 ). Hwang et al. 97,98 studied the adsorption of a series of C4-dicarboxylic acids (maleic, fumaric and succinic acids) at the hematite ( -Fe 2 O 3 )/water interface and showed that the adsorption was pH-dependent. The adsorption increased with increasing pH up to the pKa of the acid and then decreased approaching zero at pH values above the point of zero charge, where both the charge of the hematite surface and of the organic acid were negative. Based on this result, the authors concluded that electrostatic interaction was the major contribution to the adsorption of organic acids on hematite. Considering that the pKa of MAA is 4.7, a similar conclusion can be drawn in the present work. However, the plateau adsorption (0.25-0.35 mol m -2 ) is in both cases (pH = 2.5 and 4.5) much lower than the lower maxima measured by Hwang et al.
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135 for aliphatic acids (1.5-1.7 mol m -2 ). Consequently, a significant amount of MAA remains in solution (around 99 wt% at the plateau at pH = 4.5) even at low initial concentrations. Such a low MAA adsorption is surprising as carboxylic acids have been reported to strongly adsorb on transition metal oxides, including iron oxides. 99,100,97 A possible explanation is that the MAA molecules were not able to efficiently displace the adsorbed nitrate ions, which are present in large concentration in the suspension medium. DLS analysis was used to confirm this assumption (Figure 3.20).

Figure 3.20 shows that MAA adsorption had no influence on particle size and zeta potential that remained constant over the full range of MAA concentrations for both pH values. These results are consistent with the adsorption isotherms, and show that the MAA molecules, which are adsorbed in only small quantities, do not affect the IO surface charge and colloidal stability. The FTIR spectrum of MAA is dominated by an intense band at 1699 cm -1 assigned to (C=O) of the carboxylic acid group 101 and a peak at 1638 cm -1 corresponding to the C=C double bond. The bands at 1456 and 1429 cm -1 are assigned to C-H bending and OH deformation, respectively while the peaks in the 2600-3000 cm -1 region can be attributed to C-H stretching. 101 Examination of the FTIR spectra of the MAA-functionalized nanoparticles reveals that the intense peak in the spectrum of the pure MAA at 1699 cm -1 is no longer present and that two peaks at 1417 cm -1 and 1510 cm -1 have appeared. These bands correspond to the symmetric and asymmetric vibrations of the COO-group, which indicates bidentate bonding of the carbonyl groups to the surface Fe atoms as previously reported in the literature, 102,103-107 and schematically represented in 

Effect of MAA concentration

The above adsorption experiments showed unexpectedly weak interaction between MAA and IO, which can account for the low IO incorporation efficiency and the low amount of IO on the latex surface. However, based on the DLS results, MAA obviously plays a key role in particle nucleation in the presence of IO by decreasing the particle size and influencing the polymerization kinetics. As the large majority of MAA is initially located in water, one must consider the oligomers they form in water. Such copolymer entities can adsorb on the IO surface more strongly than the corresponding monomers due the multiplicity of anchoring groups in the whole polymer chains even if the affinity of each individual segment for the particle surface is low. 109 Therefore in this part, the amount of MAA will be increased gradually with the aim to increase the incorporation efficiency and improve IO adhesion to the particles surface.

In order to properly assess the role of MAA, we first performed blank experiments in the absence of IO under otherwise exactly the same experimental conditions as in the presence of IO (latex 7-10 in Table 3.3). The MAA concentration was varied from 1.4 to 8.4 g L -1 (which is equivalent to 5-30 mol m -2 in the IO experiments) while the pH was fixed to around 2.5.

The DLS results of Table 3.3 show that the particle size increased from approximately 470 to 720 nm with increasing MAA concentration from 1.4 to 8.4 g L -1 . A further increase in carboxylic acid monomer concentration (11.2 g L -1 , latex 10) led to latex destabilization. oligomers, and hence the nucleation rate. This resulted in the formation of a large number of unstable primary particles which aggregated to form stable mature particles. The higher the number of primary particles, the higher the probability of collision and consequently the larger the final particle size. The particle size therefore increased with increasing MAA concentration while the reaction rate was not really affected due to the two opposing effects (initial increase in rate due to enhanced particle nucleation and further decrease in rate due to the limited flocculation). Significantly different results were obtained when the polymerization was performed in the presence of IO (latex 6 and 11-13 in Table 3.4). Contrary to the blank experiments where we observed an increased in particle size and a constant polymerization rate, the particle size decreased from 267 to 191 nm with increasing MAA concentration from 1.4 to 8.4 g L -1 and the reaction rate consequently increased as there were more nucleated particles (Figure 3.24 a). The latex was again destabilized for a too high MAA concentration (latex 13) indicating that the IO particles were not capable to stabilize a too large surface area. Using the equations reported in section 3.9 of Chapter 2, the IO incorporation efficiency was estimated to be close to 72 wt% for 30 mol m -2 MAA while the surface coverage was found to increase from around 5 to 14%. 

Effect of IO concentration

As shown in the previous section, stable PMMA latexes could be prepared in the presence of IO as sole stabilizer. With the aim to improve IO incorporation efficiency, we varied the IO concentration from 10 to 40 g L -1 while maintaining a constant MAA surface concentration of 5 mol m -2 (Table 3.4). Note that the total MAA concentration also increases with increasing IO content, which can favor the formation of MAA-rich copolymer chains, and promote consequently IO incorporation into the polymer latex particles. 3.4). When the IO concentration increased to 40 g L -1 , the latex was unstable after 10 minutes of polymerization (latex 16). In these 4 experiments, the MAA concentration increased with increasing IO concentration from 0.7 to 2.4 g L -1 while concurrently the particle size decreased from 280 to 223 nm (Table 3.4).

This suggests that the incorporation of more MAA in the oligomers promotes IO adhesion to the particles surface and increases consequently latex stability. The increase in the reaction rate with increasing IO content can therefore be mainly attributed to the increase in the number of particles. F Figur e 3.27 shows TEM images of the PMMA particles stabilized by 10 to 30 g L -1 of IO (latex 14, 6, 15). Only a few IO nanoparticles are located on the polymer surface, while most of them remain in the continuous phase. TGA indicates that IE was close to 20 wt% for 10 and 20 g L -1 of IO, increasing to 31.4 when IO concentration was 30 g L -1 . 

Effect of suspension pH

In this section, we studied the effect of the suspension pH with the objective of getting better MAA/IO interactions, and hence increase the particle surface coverage and the incorporation efficiency. The IO suspension was dialyzed until pH 3.3 or 4.5 and the IO content was fixed to 20 g L -1 in order to compare these experiments with the preliminary ones. The experiments performed using 5 mol m -2 of MAA resulted in the formation of stable latexes for all pH values. With increasing pH from 2.2 to 4.5, the particle size decreased from 267 nm to 218 nm (Table 3. The IO particles still appear to be unevenly distributed around the PMMA particles in all cases (Figure 3.29). In addition, TEM analysis also suggests that the amount of free IO is less important in the experiment performed at pH 4.5 (latex 18) than in those carried out at lower pH (i.e. pH 2.2, latex 6 and pH 3.3, latex 17). This was confirmed quantitatively: IE increased with increasing the suspension pH, reaching 50 wt% at pH 4.5 while the surface coverage increased by a factor two. This result is in good agreement with the adsorption isotherms, which show stronger interaction between MAA and IO at pH 4.5 than at pH 2.2. Therefore, the next series of experiments was performed at pH = 4.5. 3.6). Indeed the previous series of experiments performed under similar conditions at pH = 2.2 showed that increasing IO (and thus MAA) content allowed increasing the IO incorporation efficiency and the surface coverage. However, the effect was limited due to latex destabilization for IO contents higher (i.e. the number of nucleated particles increased by a factor 2, Table 3.6). The reaction rate was however so fast that not enough samples could be withdrawn in this short reaction time to estimate the initial reaction rate. The TEM images of Figure 3.31 show that, again, the IO nanoparticles are organized in nanoclusters not uniformly distributed on the latex surface. As before at pH = 2.2 (see Table 3.5), there was no significant influence of IO (and thus MAA) content on the incorporation efficiency which increased by only approximately 10% with increasing the IO concentration from 20 to 60 g L -1 . However, working at a higher pH enabled to maintain colloidal stability for higher initial IO contents (up to 60 g L -1 at pH = 4.5 versus 30 g L -1 at pH = 2.2), which consequently enabled to achieve a higher surface coverage (36% for latex 20, Table 3 

Effect of the monomer

Many kinds of monomers were used in Pickering emulsion polymerization to obtain polymer latexes armored with inorganic particles. For example, Teixeira et al. 86 In all cases, the obtained latexes showed no sign of destabilization. From Figure 3.32, it can be seen that the emulsion polymerization of both MMA and BA in the presence of IO resulted in less IO on the polymer surface than for St, although the surface coverage looked very low in all cases. The final conversion was higher for MMA (99 %) than for BA (97 %) or St (94 %). In addition, the particles size was bigger for BA (442 nm) than for MMA (267 nm) or St (235 nm) (Figure 3.33). The reaction rate was, however, much lower when St was used, despite a higher particle number (related to a better incorporation of IO leading to smaller particle size). This is likely related to the lower k p for styrene (Kp Styr = 480 l mol -1 s -1 and Kp MMA = 1035 l mol -1 s -1 at 70°C). 113 These preliminary experiments suggest that despite the use of the same comonomer (MAA), IO adhesion to the polymer particle surface is mainly governed by the monomer nature The auxiliary comonomer is an important actor that will not only participate in the Pickering emulsion polymerization, but also affect the consumption of the main hydrophobic monomer.

This combined reactivity is reflected in the reactivity ratio values, given in In the MAA/BA system, BA will again polymerize faster than MAA. So, almost all primary particles are created by the collapse of BA-rich polymer chains. However, BA being more hydrophobic than MMA, particle nucleation likely occurs for shorter chains and before enough IO nanoparticles can adhere to the latex particle surface. This assumption is supported by the large particle size, close to 440 nm for 5 mol m -2 of MAA, and a IE value lower than 6 wt% (Table 3.8).

When r 1 and r 2 are both < 1, like in the MAA/St system, the propagating macroradicals terminated with monomer 1 or monomer 2 unit will prefer to add to the monomer 2 and 1, respectively, resulting in a statistical distribution. In the case of MAA/St, the primary particles are thus created by the collapse of growing P(MAA-co-St) polymer chains, which favors a more efficient capture of IO nanoparticles leading to more efficient stabilization even if particle nucleation is slower (Figure 3.33). TEM analysis undoubtedly shows the desired IO armored morphology and small particle size, close to 235 nm for 5 mol m -2 with a higher IE than for MMA (close to 31 wt%, Table 3.8).

AA as auxiliary comonomer

In the previous experiments, it has been shown that reactivity ratios are key parameters in the efficiency of IO adsorption on latex particles. Another factor of paramount importance is of course the solubility of the monomers in water. MAA is effectively water soluble (9% (25 o C))

but using a more hydrophilic monomer such as acrylic acid (miscible with water) may favor a more efficient incorporation of carboxylic units in the polymer chains, despite the reactivity ratios indicated in Table 3 For MMA emulsion polymerization, when AA concentration was increased from 5 to 20 μmol m -2 , the polymerization rate increased only slightly (Figure 3.36). It would be expected that increasing AA concentration, an increase in Np would be observed given that more free radicals and hence more particles are generated, which should have resulted in a higher reaction rate as reported by Polpanich and coworkers 117 for surfactant-free emulsion copolymerization of styrene and AA. The particle size of latex 29 (353 nm) was however bigger than that of latex 28 (253 nm) which can explain that the rate was not influenced by the AA content. More interestingly, the particle size increased suddenly at the end of polymerization in both cases (Figure 3.36 b). When MMA copolymerized with AA (r 1 = 1.5 and r 2 = 0.25), the growing polymer radical for both monomers tends to react with MMA, thus forming a copolymer consisting mostly of MMA leading to poor adhesion to IO nanoparticles in a similar way as discussed above for MAA. However AA oligomers are more water-soluble and can therefore stay in water for a longer time, which would promote bridging flocculation. Therefore, the particle size increased immediately following polymerization of vast AA. When AA concentration increased to 30 mol m -2 , the latex 30 was unstable due to too many "bridges". ) 

Conversion (%) (a) (b) (c) 

Conclusions

In this part, IO armored polymer latexes have then been synthesized through Pickering emulsion polymerization of MMA and other hydrophobic monomers (namely BA and St) using the IO particles as solid stabilizer, in the absence of surfactant. An auxiliary comonomer (MAA or AA) was used to promote IO particle adhesion to the surface of the generated polymer nanoparticles. MAA was first introduced in water and the interaction between MAA and the IO surface was investigated by the study of the adsorption isotherms for two pH values (2.5 and 4.5). The adsorption isotherm at pH 4.5 indicated that a significant amount of MAA remained in solution, even at low initial concentrations. MAA molecules were likely not able to efficiently displace the adsorbed nitrate ions, present in large concentration in the

suspension medium. DLS and FTIR analysis confirmed this assumption. In order to reach a high IE and the targeted armored structure, the influence of MAA concentration, IO concentration, the pH value of the suspension, and the monomer nature, on the polymerization kinetics, the particle size and the morphology, was studied in details. The particle size decreased with increasing MAA concentration while the reaction rate increased. The IE was estimated to 72 % for 30 mol m -2 of MAA but the surface coverage was only 14%. Increase of IO concentration was another way to improve IE. The reaction rate increased with increasing IO contents while concurrently the particle size decreased. Because total MAA concentration also increased with increasing IO content, the incorporation of more MAA in the oligomers likely promoted IO adhesion to the particles surface and consequently increased latex stability. IE was close to 31 % when IO concentration was 30 g L -1 . pH was shown to play a key role in increasing IE, which increased with increasing the suspension pH, reaching 50 % at pH 4.5. This result was in good agreement with the adsorption isotherms, which show stronger interaction between MAA and IO at pH 4.5 than at pH 2.2. Increasing the IO concentration from 20 to 60 g L -1 at pH = 4.5, also resulted in a higher IE. At this pH, the latex colloidal stability was maintained up to 60 g L -1 IO, which enabled to achieve a higher surface coverage (36%). Monomer nature was also an important parameter to be studied. The highest IE (77.5 %) was obtained for the St system with 20 μmol m -2 of MAA and 20 g L -1 of IO. Then, two groups of experiments were designed using in both cases AA as comonomer in the Pickering emulsion polymerization of either MMA or St. The IO-stabilized PSt latex with the highest IE (89%) was obtained using AA as comonomer. The IO nanoparticles were more homogeneously distributed on the latex surface for PSt than for PMMA, which can be due to the fact that in the case of St, AA is preferentially incorporated into the copolymer chains (based on reactivity ratios), which soon form primary particles with adsorbed IO on their surface. The IO nanoparticles have thus no time to aggregate in water contrary to the systems based on MMA where AA stays for a longer time in water and thus forms PAA oligomers which can contribute to IO aggregation and can also account for the presence of free IO.

Synthesis of IO-armored latexes by Pickering emulsion polymerization using AMPS as auxiliary comonomer

In the previous part, IO-armored polymer particles were successfully prepared by Pickering emulsion polymerization using MMA or AA as auxiliary comonomers. The IO incorporation efficiency was however limited to ca. 77% indicating only poor adhesion of the IO nanoparticles on the polymer surface. In addition, the IO nanoparticles were not uniformly distributed around the polymer latex particles, which were only partly covered by IO (the surface coverage did not exceed 36%). In this part, magnetic composite microspheres will be prepared by surfactant-free emulsion polymerization using 2-acrylamido-2-methyl-1propanesulfonic acid (AMPS) as auxiliary comonomer with the aim to increase the affinity between IO and the growing polymer chains. AMPS is a reactive, hydrophilic, sulfonic acid acrylic monomer with a pKa of around 2. 118 Therefore AMPS is ionized over a large range of pH and is expected to favorably interact with IO through electrostatic interactions above pH 2.

This should render the IO particles more hydrophobic, which should promote their adhesion to the growing latex particles. Besides, the reactive group of AMPS should ensure strong and irreversible interactions.

Role of AMPS

To study the influence of AMPS on the emulsion polymerization of MMA in the absence of surfactant, a series of experiments with different AMPS concentrations were performed in the absence and presence of IO (Table 3.10). As already reported above in section 3, the experiment performed in the absence of IO, surfactant and AMPS gave stable PMMA latex particles with a diameter of around 420 nm (latex 1). When a small amount of AMPS was introduced in the recipe ([AMPS] = 0.06 g L -1 , latex 2), the particle size increased to 524 nm while a further increase in AMPS concentration led to unstable latexes (latex 3, 4, 5). These preliminary experiments show that the latex stability is affected by the presence of AMPS. This is likely due to the formation of hydrosoluble chains. Indeed, although the conversion of monomer to polymer in conventional emulsion polymerization systems is believed to take place primarily in the monomer swollen polymer particles, the oligomeric radicals formed in the aqueous phase can play a major role in particle nucleation and stabilization, and in the characteristics of the final latex products. Many studies on emulsion polymerization of styrene with ionic monomers such as sodium styrene sulfonate, 119 sodium 2-sulfoethyl methacrylate, 1,2-dimethyl 5-vinylpyridinium methyl sulfate, 120 potassium 3-sulfopropylmethacrylate (SPM) 121 or AMPS 122,123,124,125 showed that these functional monomers are usually highly solubilized in water and, when using a batch process, result in the formation of a large amount of hydrosoluble chains. 126 Furthermore, the surface yield of the functional group is often low, varying with the nature of the monomer and reaction conditions. This was recently confirmed in the case of surfactant-free emulsion copolymerization of styrene and butyl acrylate in the presence SPM, a surface yield of 35% being obtained. 121 Indeed, in those cases the main polymerization locus of this type of functional monomer is expected to be water and not the core or the surface of the particles. Hence, the incorporation of the functional monomer on the particle surface is controlled by the capture of oligoradicals growing in the aqueous phase. If the oligoradicals undergo termination in water before being captured by a particle, an hydrosoluble chain is created. These chains, in addition to representing a waste of functional monomer, may act as flocculating agents depending on their composition, molecular weight and concentration. The present results thus suggest the formation of hydrosoluble polymer chains in water whose proportion increases with increasing AMPS concentration, which would favor the formation of unstable latexes. Despite the formation of unstable latexes in the absence of IO, a series of experiments were performed in the presence of 20 g L -1 IO to probe the potential of AMPS in the formation of IO-armored PMMA latexes. The sole presence of IO (without AMPS) led to a stable latex with a diameter of around 470 nm (latex 6 in Table 3.10 identical to latex 5 in section 3).
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Cryo-TEM showed the formation of spherical PMMA latex particles with almost no IO attached to their surface (Figure 3.17 a, section 3). When AMPS (0.1 μmol m -2 ) was added together with IO, significantly smaller particles with a diameter of about 290 nm were successfully obtained (latex 7, Table 3.10). TEM showed however that only a minor amount of IO was attached on the particles surface, with a lot of IO remaining free in the continuous phase (Figure 3.40). This experiment thus suggests that AMPS was effective in decreasing the size of the nucleated PMMA particles in the presence of IO. However, the AMPS concentration was too low to ensure efficient formation of IO-armored particles. As we presumed that there were not enough AMPS units in the water-soluble oligomers to attract IO on the particles surface, the AMPS concentration was progressively increased from 0.5 to 2 μmol m -2 while keeping a constant IO concentration of 20 g L -1 (latex 8, 9, 10 in Table 3.

10).

As before in the absence of IO, the latexes became unstable after 30 minutes whatever the AMPS concentration. TEM showed however that, as expected, the amount of free IO decreased with increasing the AMPS concentration. Although the particles were strongly aggregated, the IO incorporation efficiency and IO surface coverage appeared to be significantly high for 2 μmol m -2 AMPS (Figure 3.40). 

Polymerizations performed in the presence of 15 vol% of ethanol

In the purely aqueous systems described above, the latexes became unstable when the AMPS concentration was higher than 0.3 g L -1 , which indicates that polymerized AMPS affected the stability of the latex. The presence of ionized AMPS units in the polymer chains has likely caused electrostatic repulsions between the chains, which increased the viscosity of the suspension medium due to molecular chains stretching, and favored latex destabilization.

Although soap-free emulsion polymerization is usually conducted in pure water, interesting results have been reported when alcohol was added to water. 127,128,129 For example, in a soapfree emulsion polymerization of styrene with sodium vinylbenzyl sulfonate, the presence of methanol significantly enhanced the monodispersity of the latex particles. The addition of methanol increased styrene incorporation in the water-soluble oligomeric radicals, due to increased styrene solubility in the continuous phase, which partially prevented polyelectrolyte formation and improved stability. In most studies, however, the concentration of alcohol was limited to the amount maintaining the heterogeneous state of the medium. Therefore, in order to improve the stability of the latex suspensions in the present system, ethanol (15 vol%/water) was introduced in the recipe (latex 11, 12, 13 in Table 3.11). All latexes became stable after the addition of ethanol. For polymerizations performed in the absence of IO, the particle size increased however from 537 to 609 nm with increasing AMPS concentration from 0.33 g L -1 to 1.33 g L -1 . This suggests that a too high amount of AMPS may still favor particles aggregation. When the same experiment was performed in the presence of IO (latex 14 in Table 3.11), stable PMMA particles with a hydrodynamic diameter close to 400 nm (poly = 0.09) were successfully produced.

TEM showed the formation of spherical particles with a distinctive rough surface clearly indicating the presence of IO nanoparticles (Figure 3.41). Only a minor amount of IO could be identified in the continuous phase, which was also reflected in the high IO incorporation efficiency (93%). 

Influence of iron oxide concentration

Having identified reaction conditions that gave colloidally stable IO-armored PMMA particles, the initial IO concentration was then systematically varied in order to improve the IO incorporation efficiency and increase the latex surface coverage. In this series of experiments (latex 14 -17 in Table 3.12), the initial suspensions were prepared with IO concentrations ranging from 10 to 40 g L -1 while keeping constant the AMPS content based on IO (2 mol m -2 ). The system was unstable when the IO concentration was increased to 40 g L -1 (latex 17), therefore the following discussion will focus on comparing only the 10, 20 and 30 g L -1 experiments (latex 14, 15, and 16, respectively). Figure 3.42 shows the evolution of conversion with time and of the particle diameter with conversion, for these three experiments. 

Firstly, the plots of conversion versus time show similar profiles and in all cases, the conversion was complete after 45 min (Figure 3.42 a). The reaction rate decreased however with increasing IO concentration, which is likely due to the concomitant increase in particle size as shown in Figure 3.42). Indeed, for the highest initial IO content (30 g L -1 , latex 16), the final particle size by DLS was around 1000 nm, two times higher than for 20 g L -1 (latex 14) and 10 g L -1 (latex 15).

The TEM images of Figure 3.43 show spherical particles of uniform diameter. When the IO concentration was low (10 g L -1 ), the majority of IO particles remained in the aqueous phase and was not attached to the PMMA surface. The contrast in the TEM images at the particle periphery tends to increase with increasing initial IO content, showing that the surface coverage is also increasing. This is due to the fact that the AMPS concentration increased from 0.66 g L -1 for 10 g L -1 IO to 1.99 g L -1 for 30 g L -1 IO, which increased the concentration of sulfonic acid groups in the copolymer chains and promoted IO/polymer interactions. For IO concentrations higher than 20 g L -1 , all particles were homogeneously covered with IO. When comparing the data in Table 3.12 and the TEM images of Figure 3.43, it appears that the TEM diameter differs from the size obtained by DLS. For the lowest IO concentrations (10 and 20 g L -1 , latex 15 and 14 in Table 3.12), the particle diameter determined by TEM (around 300 nm, Figure 3.43) was slightly smaller than the DLS particle size (400 nm). This is likely due to the fact that the TEM samples are dried before analysis, whereas the size determined by DLS refers to a hydrodynamic diameter. 130 When TEM samples are prepared, the AMPS-rich polymer chains may undergo some shrinking during the drying process leading to smaller particles size. When the IO concentration was increased to 30 g L -1 , the discrepancy between the particle size measured by TEM and DLS increased: around 500 nm by TEM (Figure 3.43) compared to 1000 nm by DLS. This is likely due to the formation of AMPS-rich polymer chains that could act as flocculating agent causing the poor stability of the system. 131,132 TGA was used to determine the amount of IO attached to the polymer surface. In agreement with the TEM images, the quantity of IO on the polymer surface increased with increasing IO content. The nanocomposite particles synthesized using 10 g L -1 of IO incorporated only 10%

of the initial amount of IO (Table 3.12), whereas the incorporation efficiency raised to 93% and 96% for the latex prepared with 20 g L -1 and 30 g L -1 of IO (latex 14 and 16, respectively).

In order to check whether the IO nanoparticles were located on the surface of the polymer particles or rather distributed inside, latex 16 was embedded in an epoxy resin after drying, and analyzed by TEM. A typical TEM image of an ultrathin section of this sample is shown in 

Study of AMPS/IO interactions in water/ethanol (85:15 v/v) mixtures

In order to shed light on the mechanism of particles formation, AMPS adsorption onto IO was investigated in water/ethanol (85/15 v/v) at 25 °C and pH = 2.2 over the concentration range of 1 to 14 g L -1 (i.e. from 1.5 to 20 mol m -2 ) using the depletion method detailed in Chapter 2. According to UV analysis of the supernatant solutions collected after centrifugation of the IO suspensions, AMPS did not adsorb at all onto IO in the full range of concentrations investigated. DLS confirmed that the IO particle diameter and surface charge were not influenced by the presence of AMPS and remained constant whatever the AMPS concentration (Figure A3 in Annex A). FTIR further confirmed the absence of adsorption.

The FTIR spectra of the collected solids after centrifugation were indeed identical to that of pristine IO even for the highest AMPS concentration (Figure A4 in Annex A).

Mechanistic study of the AMPS/MMA system

The previous adsorption experiments revealed the absence of interaction between AMPS and IO. This thus raises the question of how exactly the IO-armored latex particle are formed in the present system. In an effort to clarify the mechanism of particle formation, we performed a kinetic study. Figure 3. 45 shows the particle growth progression for latex 14 synthesized in the presence of 20 g L -1 IO and 1.33 g L -1 AMPS (ca. 2 mol m -2 ). For reaction times lower than 30 min (i.e., conversions lower than ca. 30%), the latex particle size increased gradually with time while the particle number slightly decreased (see Figure 3.45 b). However, most of the IO nanoparticles were present in the aqueous phase and not attached to the latex particles during this period. From 30 min to 120 min (ca. from 30 to 100%), there was a significant change in the TEM images. The IO gradually shifted from the aqueous phase to the PMMA particles surface, and polymer particles homogeneously covered with IO nanoparticles were finally obtained at the end of the reaction. IO and 1.33 g L -1 AMPS (2 mol m -2 ) for increasing conversions (a: 5%, b: 13%, c: 15%, d:

19%, e: 27%, f: 63%, g: 95%, h: 99% and i: 100%). The experiment was carried out at 70 °C with MMA: 20 wt %/water, ADIBA: 1 wt %/monomer and ethanol: 15 vol%/water. Based on previous work in the literature and the experimental results observed in this study, the formation of the IO-armored PMMA particles can be explained as follows.

(i) At the very beginning of the reaction no particles exist. Thus, the polymerization exclusively takes place in the aqueous phase, where growing chains and dead polymers mostly containing AMPS and MMA are formed. The composition of these copolymer species depends on the relative concentration and reactivity ratios of the two monomers. The oligomers formed in the aqueous phase are initially hydrophilic, and can either adsorb on the IO particles through their sulfonic acid groups or grow until they collapse to give primary particles according to the mechanism proposed by Goodwin et al. 133 for surfactant-free emulsion polymerization of styrene. Alternatively, they can also adhere to the IO surface and grow until a hybrid primary particle is formed.

(ii) Once particles are generated (by homogeneous nucleation) and swollen by the monomer, the subsequent polymerization of MMA in these new loci causes their surface to increase leading to a decreasing surface charge density and particle unstability. To counterbalance this effect, the growing particles have to gain new stabilizing charges by adsorbing oligoradicals and dead hydrosoluble chains. During this growth period, the particle surface are thus covered by an increasing amount of hydrophilic groups originating from the initiator fragments and the AMPS comonomer. With the progress of polymerization, the particles thus incorporate a greater proportion of sulfonic acid groups on their surface which favors IO adsorption.

(iii) During the final stage of polymerization, the polymerization rate within the particles decreases. Furthermore, the oligoradicals become richer in functional monomer since the monomer droplets have disappeared causing MMA concentration in water to decrease.

Consequently, the oligoradicals may contain more functional monomer units and their termination rate as well as their propagation rate (both involving contact between two charged species) may decrease since they are more strongly repelling each other because of their higher electrical charge. Furthermore, the overall termination rate in the water phase may decrease because of the initiator depletion occurring as a function of the polymerization time.

Thus, at the end of polymerization, less radicals are formed than at the beginning for a constant particle number, which may cause the relative importance of capture to be enhanced compared to termination. During this period, the particle surface is enriched in AMPS and the remaining free IO nanoparticles are gradually adsorbed on the polymer surface until there is no more IO in water.

In order to verify the above assumptions, we have followed the evolution of the surface charge of the latex particles during polymerization by zeta potential measurements. The analysis was performed for the polymerization performed in the absence of IO with 1.33 g L -1 of AMPS (latex 13, Table 3.11) and for the same reaction conducted in the presence of 20 g L -1 IO (latex 14, Table 3.12). Figure 3. 46 shows the results for the blank latex without IO (latex 13). The zeta potential first increased to a maximum (76 mV) and then decreased gradually to around 20 mV. The first part of the curve would thus correspond to the nucleation period mentioned above during which small primary particles coagulate until enough charged groups have been formed at their surface to give the particle an adequate electrostatic surface potential (i.e, the zeta potential increases). The fact that the surface charge is positive at the beginning of the reaction would indicate that the oligomers are initially more rich in MMA than in AMPS. The decrease in zeta potential at higher conversions suggests progressive incorporation of sulfonic acid groups at the particles surface indicating that AMPS-rich oligomers are gradually adsorbed on the latex particles in agreement with the above assumptions. 3.12). The evolution of the zeta potential of the latex particles synthesized under the same conditions in the presence of IO is shown in Figure 3.47. The overall trend of the curve is very similar.

The zeta potential increased from 65 mV to 90 mV with increasing conversion to 18 %, and then decreased to 72 mV at full conversion. The zeta potential at high conversions is however higher than for the blank latex as more and more IO particles are adsorbed on the latex surface, which again supports the above scenario that the IO particles are progressively captured by the sulfonic acid-functionalized latex particles. The experiment was carried out at 70 °C with MMA: 20 wt %/water, ADIBA: 1 wt %/MMA and ethanol = 15 vol%/water (latex 14 in Table 3.13).

The amount of oligomer formed during the synthesis of latex 13 (in the absence of IO) was quantified by centrifuging the latex and weighing the residue contained in the supernatant. This amount was compared to the total amount of polymer synthesized at a given reaction time (i.e. a given conversion). The curve of Figure 3.48 shows the initial formation of a high amount of oligomers whose proportion decreases with increasing conversion. This again supports the hypothesis that the water-soluble oligomers are gradually captured by the latex particles and do not accumulate in water. 3.12).

Influence of the nature of the monomer

In the previous experiments, MMA was used to demonstrate that IO was able to play the role of solid stabilizer in the presence of AMPS. However, previous literature studies on Pickering emulsion polymerization have shown that the hydrophobic/hydrophilic nature of the monomer is an important parameter that requires attention. Therefore, in order to establish whether the approach could be extended to more hydrophobic monomers, we performed a set of experiments using St instead of MMA. Blank experiments performed in pure water again resulted in unstable latexes (data not shown) while stable latexes were obtained after the addition of 15 vol% of ethanol (latex 22, 23, 24, 25 in Table 3.13). 2). e Determined by TEM. f IO incorporation efficiency determined using equation ( 3) in Chapter 2. g Latex surface coverage by IO determined using equation ( 5) in Chapter 2.

The conversion was however lower than 20% in all cases (after 6 h of polymerization), and the particle size slightly increased with the AMPS content (from 325 to 340 nm) which is likely related to the formation of a higher amount of hydrosoluble chains which would favor latex destabilization. In the presence of IO nanoparticles (20 g L -1 ), the monomer conversion was still limited with a plateau being reached after around 6 hours, as illustrated by Figure 3.49 a. The overall rate of polymerization increased however with the AMPS content and the final conversion increased from 26 to 45% with increasing the AMPS concentration from 1.2 to 2.4 g L -1 .

The concentration of AMPS also had a strong impact on the particle size and stability of the final latex. The particle size was slightly bigger for the lowest AMPS concentration (D h = 340 nm for 1.2 g L -1 , latex 26). A low fraction of IO was located on the polymer particle surface, a lot of IO remaining free in the continuous phase (Figure 3.50 a). In contrast, with increasing AMPS concentration, more IO was adsorbed on the particle surface leading to stable latex of smaller particles (Figure 3.50 b-d). Indeed, the hydrodynamic diameter was 273 nm for 1.8 g L -1 AMPS (3 mol m -2 , latex 27), and 250 nm for 2.1 g L -1 (3.5 mol m -2 , latex 28). Almost all polymer particles seem to be covered with IO nanoparticles in the latter case. The surface coverage steadily increased with AMPS concentration for these three latexes (up to 40% for latex 28, IE reaching 93% in that case). ). At the beginning of the polymerization, a lot of free IO is clearly visible (conversion less than 13%). For conversions higher than 25%, the iron oxide gradually shifted from the water phase to the PSt surface. It means that the interaction between the growing polymer particles and IO increased as AMPS was polymerized. It can be thus concluded that St and MMA follow a similar mechanism. 3.13).

In order to increase the conversion, different amounts of MMA were added in St. All details are in 

Conclusions

In this section, AMPS was evaluated as auxiliary comonomer. Although, adsorption studies showed no affinity of AMPS for the IO surface, colloidally stable IO-based nanocomposite While the experiments performed in pure water almost systematically led to a complete loss of stability after a few minutes of polymerization, the substitution of a fraction of water for EtOH (15%vol) led to the expected armored morphology. The IE appeared to be significantly high for 1.2 g L -1 of AMPS (ca. 2 μmol m -2 ) (93%) for an IO concentration of 20 g L -1 . In MMA system, the reaction rate decreased with increasing IO concentration which was likely due to the concomitant increase in particle size. The highest IO incorporation efficiency (96 %) was observed when IO concentration was 30 g L -1 . TEM performed throughout the polymerization of MMA showed that IO attachment to the PMMA surface increased gradually. Zeta potential measurements on pure PMMA and PMMA/IO latexes were used to study the mechanism. At the very beginning of the polymerization, the medium mostly contained oligomers, composed of AMPS and MMA. During the early stage, the latex was positively charged and grew by adsorption of negatively charged oligomers. Therefore, IO was attracted to the polymer surface due to that multiplicity of sulfonic acid groups in the whole polymer chain provided a strong adsorption during this process. Using the more hydrophobic monomer St, IO-armored stable latexes were obtained but with limiting conversions ( With increasing AMPS concentration, higher amounts of IO were adsorbed on the polymer particle surface, providing stable latexes with smaller particles size.

The IE increased from 33% to 95% with increasing AMPS concentration from 1.2 to 2.4 g L -1 .

TEM performed throughout the polymerization of St also showed that IO attachment to the PSt surface increased gradually. In order to increase St conversion, MMA was copolymerized with St (5, 20 or 30 wt% of the monomer mixture). The reaction rate effectively increased with increasing MMA fraction. The conversion also increased, attaining 89% when 30 wt% of MMA was used.

Magnetic properties of IO-armored latexes

The magnetic properties of some selected IO-armored latexes were measured at room temperature and the results are shown in Figure 3.54. The saturation magnetizations of latex AMPS) are 4.3, 5.3, 6.0 and 11.5 emu g -1 , respectively. Table 3. 15 shows that the theoretical value (based on the IE determined by TGA) and the actual one are almost the same. This result indicates that the polymerization process did not affect the magnetism. Obviously, latex 28 has the highest magnetization value. Therefore, the magnetic properties of latex 28 were further investigated.
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Polymer-encapsulated -Fe 2 O 3 nanoparticles prepared via RAFT-mediated emulsion polymerization Introduction

Polymer-encapsulated magnetic nanoparticles, owing to their superparamagnetic properties, have been extensively used for applications in materials science, biology and medecine. [1][2][3] Polymer encapsulation of IO have previously been attempted by free radical emulsion 4 and miniemulsion polymerizations. 5,6 However, these methods are often complicated, achieving low efficiency of the encapsulation with large particle size distribution and inhomogeneous distribution of IO among the particles.

Recently, Nguyen et al. 7 developed a RAFT-based approach for the direct encapsulation of inorganic particles in water. The strategy employs living amphipathic random copolymers of acrylic acid (AA) and n-butyl acrylate (BA) adsorbed on pigments to encourage the emulsion polymerization to occur at the particle surface. Ali et al. 8 confirmed the versatility of Nguyen's strategy by extending it to the encapsulation of gibbsite using similar P(AA-co-BA) macroRAFT agents. Following a similar approach, Zgheib et al. 9 reported successful encapsulation of cerium oxide (CeO 2 ) nanoparticles still using P(AA-co-BA) macroRAFT agents. Adsorption of the macroRAFT copolymers on the CeO 2 nanoparticles surface at pH = 6 provoked their agglomeration into finitely sized clusters which were redispersed at higher pH using ultrasounds. As a result, the final hybrid latexes contained polymer-encapsulated large aggregates of cerium oxide particles. The macroRAFT-mediated emulsion polymerization strategy offers a high degree of versatility with respect to the hydrophobic/hydrophilic composition and chemical nature of the macroRAFT agent, and was recently extended to the encapsulation of many kinds of inorganic particles or fillers such as carbon nanotubes, 10,11 metal oxides, 12 and quantum dots. 13,14 These examples are detailed in Chapter 1.

In this chapter, iron oxide nanoparticles were encapsulated via RAFT-mediated emulsion 

Synthesis of CTPPA RAFT agent

The RAFT agent used in this study, 4-cyano-4-thiothiopropylsulfanylpentanoic acid (CTPPA), is commonly used in our group and has proven its efficiency to control the copolymerization of AA and BA. Its synthesis is detailed in Chapter 2 (section 1. In summary, two macroRAFT agents, P(AA 26 -co-BA 26 ) (M n = 5300 g mol -1 , 1.2) and P(AA 10 -co-BA 10 ) (M n = 2040 g mol -1 , 1.2) were successfully synthesized in this part, and used as both coupling agents and stabilizers for the IO clusters in the next section.

Synthesis of macroRAFT agents

Preparation of macroRAFT/IO clusters

The characterization of -Fe 2 O 3 in Chapter 3 showed that the IO surface is positively charged with an isoelectric point of 7.4. The original IO suspension is stable for pH below 4.5. When a solution of the macroRAFT agent P(AA 10 -co-BA 10 ) (M n = 2040 g mol -1 , pH = 6.0) was added to the IO suspension (pH = 2.2), IO precipitation occurred due to the multisite adsorption of carboxylic acid groups onto the IO surface, either leading to screening of the charges originally ensuring the stability of the IO and/or leading to bridging between IO particles.

Hydrophobic (van der Waals) and magnetic interactions can also account for the observed destabilization. The mechanism of adsorption will be described in more detailed below.

In this part, many methods have been investigated to form stable dispersions of macroRAFT/IO clusters. The challenge was to find appropriate conditions to control the cluster size and size dispersity. The objective was to form clusters stable in water but also big enough to ensure an efficient separation when applying an external magnetic field.

Indeed, for a magnetic particle of radius r, the magnetic moment m is defined as: = 4 3 . . r .

(4-1)

M s being the saturation magnetization of the particle. This particle is in a medium of viscosity and moves along the x axis. In motion, two forces are exerted on the particle:

a magnetic force: F m = m. H, with H the magnetic field gradient a viscous friction force: F f =x , with v x the particle motion speed in the magnetic field.

In a steady-state regime, the forces are compensated and v x can be written as: v = 2. ². . 9

(4-2)

The speed of magnetic separation is thus proportional to r, M s and . This last parameter being fixed by the conditions of used of the magnetic particles, v x will be mainly dependent on the particle size and on the mass of the magnetic material per particle. Therefore very small particles experience very weak forces from an applied magnetic field unless they contain a high amount of magnetic material. One way to increase both the particle size and the magnetic content is to assemble the magnetic particles into clusters. However, conceptually, the synthesis of such clusters is difficult. Indeed, as they are composed of unstable primary particles, they are themselves on the threshold of stability and prone to further aggregation with only small changes in solution conditions. In the following, several methods were envisaged to control their size and size distributions.

Influence of sonication time

Sonication is one of the most common ways to disperse aggregates. Owing to cavitational collapse, application of ultrasounds to solids leads to microjet and shock-wave impacts on the surface, which can, among others effects, result in interparticle collisions and particle size reduction. 15 The effect of ultrasonic irradiation on disaggregation depends on the time, temperature, frequency, and power of the sonicator. In the following, the effect of sonication time on the size of the IO clusters was studied. The clusters were prepared as follows. First, P(AA 10 -co-BA 10 ) was dissolved in water (20 g L -1 ) at pH around 6 (the pH was adjusted with 0.1 M NaOH). Second, an iron oxide dispersion (20 g L -1 , pH = 2.2) was prepared. 5 g of P(AA 10 -co-BA 10 ) mother solution was added drop by drop to 5 g of IO mother solution in 10 min under stirring. After stirring at room temperature for 1 h, the mixture (pH around 6) was sonicated from 1 to 5 min, using a Vibracell tip sonicator (micro-tip, at 60 % amplitude). All the experimental details can be found in Chapter 2 (section 1.3.3). Table 4.1 gathers the experimental conditions of these experiments. Table 4.1 shows that the cluster size and dispersity decreased with increasing sonication time from 1 to 3 minutes. As expected, acoustic cavitation induced by sonication resulted in strong shear forces that could efficiently break up the IO agglomerates. However, when sonication time was increased to 4 and 5 min, both the size and the dispersity of the clusters increased.

Several authors have reported that too long sonication time can promote aggregation.

According to Suslick and Doktycz, cavitation-induced particle aggregation is primarily due to high-speed particle collisions. 16 The smallest cluster size with the lowest dispersity was thus attained after 3 min of sonication. Therefore, 3 min sonication time was fixed in the following experiments to redisperse IO aggregates. Two mother solutions and dispersions were first prepared. P(AA 10 -co-BA 10 ) was dissolved in water (20 g L -1 ) at pH around 6 (adjusted with 0.1 M NaOH), while a 20 g L -1 iron oxide dispersion was prepared. Two different pathways were then used to mix the mother solutions:

-in the first one, all the macroRAFT solution was directly added to the IO dispersion (hereafter referred as the "in one portion" mixing);

-in the second one, this solution was added drop by drop in 10 min ("drop by drop" mixing) size and dispersity (samples 2-1 and 2-2). On the other hand, increasing directly the pH of the original dispersion to 8 was not sufficient to redisperse the aggregated clusters (Sample 2-3).

The sonication step was necessary to break down the big aggregates and small clusters (81 nm, sample 2-4) were thus obtained. B2). The "drop by drop" mixing led to clusters of similar sizes but with however a narrower size distribution than the ones prepared using pathway I (sample 3-1 versus sample 2-1). The size and dispersity remained rather unaffected when the pH was increased to 8.4 (sample 3-2).

Similarly to what was observed with pathway I, pH adjustment before sonication led to quite big clusters (625 nm, sample 3-3), smaller though than the ones obtained following pathway I (1687 nm, sample 2-3). These clusters could be efficiently redispersed using ultrasounds to form small clusters (115 nm, sample 3-4). Comparison of pathway I and pathway II indicates that the latter one notably led to bigger clusters (115 nm, sample 3-4 vs 81 nm, sample 2-4)

with narrower size distribution (0.14 for sample 3-4 vs 0.21 for sample 2-4) which, after polymerization, may lead to bigger magnetic particles, thus ensuring more efficient magnetic separation. Therefore, pathway II (the "drop by drop" method) was adopted in the following experiments.

With the aim of increasing further the cluster size, other parameters have been investigated

and are detailed in the next sections.

Influence of iron oxide and P(AA 10 -co-BA 10 ) concentrations

Varying IO concentration for a fixed amount of macroRAFT agent

In this first series of experiments, the IO concentration was increased (compared to the Run 3 series) for a fixed macroRAFT concentration. Table 4.4 gathers the details of these experiments. The DLS particle size distributions are shown in Annex B (Figure B3).

Whereas the 10 g L -1 macroRAFT/10 g L -1 IO mixture (sample 3-1) led to stable cluster dispersion at pH 6 after sonication, higher concentration of iron oxide systematically provided unstable samples (Samples 4-1, 5-1, 6-1, 7-1). With the pH increase to 8 (samples 4-2, 5-2, 6-2, 7-2) the cluster size increased from 577 nm to 4280 nm with increasing iron oxide concentration, the size dispersity being high in all cases. Indeed, the sole increase of pH was not enough to break the aggregates formed after sonication into small and stable clusters. As expected, these results were in strong contrast with the ones obtained for the lowest IO concentration (sample 3-2, Table 4.3) where stable clusters of 130 nm were formed, which was already the case before pH adjustment. When the pH was increased to 8 before sonication (samples 4-3, 5-3, 6-3, 7-3), again quite polydisperse and big clusters (from 653 nm to 4993 nm with increasing iron oxide concentration) were formed. However, smaller clusters were obtained after sonication for moderate IO concentration (122 nm and 148 nm for samples 4-4 and 5-4, respectively). For higher iron oxide concentration (i.e. mother solution of 100 g L -1 or 120 g L -1 ), the clusters size remained high with broad particle size distribution (samples 6-4, 7-4).

This series of experiments shows that increasing IO concentration for a fixed macroRAFT concentration (i.e. 10 g L -1 ) resulted in clusters of reasonable size (D h poly values 0.2) only when the concentration of IO mother dispersion was below 80 g L -1 with postmixing treatment 4 (i.e. when the pH of the original sample was directly increased to 8 and then sonicated for 3 min).

Varying IO and macroRAFT concentrations for a fixed 1:1 ratio

In this series of experiments, both IO and macroRAFT concentrations were increased (compared to the Run 3 series) for a fixed 1:1 ratio. Table 4.5 gathers the details of these experiments. The DLS particle size distributions are shown in Annex B (Figure B4). Using the post-mixing method 1, the particle size was not significantly affected by the initial concentration of macroRAFT and IO (sample 3-1, 8-1, 9-1, 10-1), remaining close to 140 nm with a similar dispersity (poly value around 0.2). The same comments stand true when the pH was increased to 8 after sonication (samples 3-2, 8-2, 9-2, 10-2). Indeed, the sole use of sonication was enough to break the aggregates formed into small and stable clusters. It is worth noting however that the size always decreased by a few nm when the pH was increased.

When the pH was increased to 8 before sonication (samples 8-3, 9-3, 10-3), quite big (around 1800 nm) and polydisperse (around 0.8) clusters were formed for the 3 highest concentrations.

For the lowest IO concentration (sample 3-3), the size of the clusters was smaller (625 nm, sample 3-3) but the dispersity remained close to 0.7. However, smaller clusters were obtained after sonication for the four samples (115 nm, 105 nm, 83 nm and 95 nm for samples 3-4, 8-4, 9-4 and 10-4, respectively), with a size dispersity around 0.2 in all cases.

This series of experiments shows that increasing IO and RAFT concentrations at the same time resulted in small clusters (D h 150 nm, poly values 6) when the post-mixing method 1, 2 or 4 was applied. However, the sole increase of pH was not enough to break the aggregates formed into small and stable clusters (post-mixing method 3). In any case, increasing IO and macroRAFT concentration could not effectively control the cluster size and size dispersity.

Influence of the molar mass of P(AA-co-BA)

The impact of the molar mass of the macroRAFT was then studied using a longer polymer: P(AA 26 -co-BA 26 ) (M n = 5300 g mol -1 , = 1.2). Table 4.6 gathers the details of these experiments. The DLS particle size distributions are shown in Annex B (Figure B5). The Run 11 series was first compared to the Run 4 series (Table 4.4), whose experiments were performed under exactly the same conditions except for the molar mass of the macroRAFT agent. DLS results indicated that both series showed similar trend in the evolution of the cluster size according to each post-processing method, method 4 (pH increase followed by sonication) being the only one to provide clusters of reasonable size. The cluster size was a little bit smaller (108 nm, sample 11-4 versus 122 nm, sample 4-4) using the longer macroRAFT agent.

Run 12 series was next compared to Run 8 series (Table 4.5). Again, the series were similar except for the molar mass of the macroRAFT agent. They differ from the previous two series in the higher macroRAFT concentration used. Runs 12 and 8 showed similar cluster size evolution. With sonication, the cluster size increased from 148 nm to 164 nm with increasing M n . In addition, the increase of pH after sonication hardly changes the cluster size (136 nm and 163 nm for sample 8-2 and sample 12-2, respectively). When the pH was increased to 8 before sonication (samples 8-3, 12-3), quite polydisperse and big clusters (from 742 nm to 1808 nm with decreasing M n ) were formed. However, smaller clusters were obtained after sonication (105 nm and 82 nm for samples 8-4 and 12-4, respectively).

In order to keep a similar molar amount of macroRAFT, Run 11 ([P(AA 26 -co-BA 26 )] = 10 g L - 1 ) was compared with run 8 ([P(AA 10 -co-BA 10 )] = 20 g L -1 ). More stable clusters were obtained after sonication at pH 6 in the latter case (sample 11-1 vs 8-1) and after pH increase to 8 (sample 8-2 vs 11-2), the cluster size was smaller in sample 8-2 (136 nm) than in sample 11-2 (630 nm). When the pH was increased to 8 before sonication (samples 8-3, 11-3), again quite polydisperse and big clusters (1808 and 1916 nm) were formed. Smaller clusters were obtained after sonication (105 nm and 108 nm for samples 8-4 and 11-4, respectively).

These series of experiments indicated very similar cluster size-changing trend when M n increased from 2040 to 5300 g mol -1 . However, the size of clusters was not enough (less than 200 nm) to ensure an efficient separation when applying an external magnetic field. Therefore, other parameters were investigated, such as the initial pH of the macroRAFT solution. When the P(AA 10 -co-BA 10 ) solution (pH = 8) was added into IO dispersion, the mixture was unstable no matter which mixing strategy was used. After 3 min of sonication, stable suspension formed in both cases with clusters size close to 100 nm (samples 13-1 and 14-1).

In order to increase the clusters size, the iron oxide concentration of the mother dispersion was increased to 100 g L -1 . The mixture was unstable even after 3 min of sonication (sample 15-1). The aggregate size of sample 15-2 could be decreased to 608 nm by increasing the pH of the mixture to 8, but with a very broad size distribution (poly = 0.63). The comparison of this sample with sample 6-1, Table 4.4 (same IO and macroRAFT concentrations, but pH = 6

for the initial macroRAFT solution), shows the positive effect of an initial pH of 8, as the size of the clusters were smaller in that case (608 nm versus .

In conclusion, in both cases (either sample 14-1 or 15-2), both the size and dispersity of the clusters did not fulfill our requirements (being respectively too small or too big). The initial pH of the macroRAFT solution was thus maintained to 6 in the following experiments. To do so, after drop by drop mixing of the macroRAFT agent and IO, the pH was increased to 8.5 and the mixture sonicated for 3 min (sample 16-4). Then, every 2 h, 0.1 mL HCl (0.1 M) was added slowly to the mixture (named 16-4/HClx, x = 1, 2, 3) and the IO cluster size was then measured (Scheme 4.2). In brief, the post-mixing treatments result in four different procedures and Table 4.8 gathers the details of these experiments. The DLS particle size distributions are shown in Annex B (Figure B7). The cluster size effectively increased from 120 to 160 nm when HCl was added, but the poly value also increased from 0.15 to 0.33, which was not desirable. 

Influence of the mixing device: rotor-stator and ultrasound bath versus ultrasound probe

The impact of the homogenization device was investigated, using either a rotor-stator or an ultrasound bath instead of the ultrasonic probe. The macroRAFT/IO mixture (pH around 6) was in all cases first obtained after "drop by drop" addition of the macroRAFT solution in the IO dispersion and stirred for 1h before the homogenization step. In both cases, the impact of time was studied. The samples name was 17-1/x min (x = time). All details are given in Table 4.9. The DLS particle size distributions are shown in Annex B (Figure B8). DLS results show that the particle size of the aggregates could be decreased to ca. 350 nm using the rotor-stator after 100 min. However, the dispersity remained very high from the beginning to the end (around 0.8). Many peaks on each DLS curve indicated the poor regularity and dispersity of IO clusters (Figure B8, Annex B). Therefore, the aggregates cannot be well redispersed by the rotor-stator device. Using the ultrasound bath, the results were also unsatisfactory. Although the aggregates size decreased to 303 nm, the poly value was large (around 0.5). Each DLS curve also showed at least two peaks. Therefore, the use of the ultrasonic probe remains the method of choice to obtain well-dispersed clusters.

Conclusions

All the methods investigated in the previous sections showed that the control of IO clusters size and dispersity is difficult to achieve. On the one hand, stable suspensions can be obtained but with relatively small IO clusters ( 200 nm), which cannot be efficiently separated by applying an external magnetic field. On the other hand, big IO clusters can be obtained ( 200 nm) but with large particle size distributions (poly values 0.3). The formation of relatively big clusters (D h 200 nm) with reasonable dispersities (poly values 0.2) is however tricky to achieve. It was thus difficult to choose the "perfect" sample to be used in RAFT-mediated emulsion polymerization.

Consequently, the idea was to form big clusters during the polymerization. Indeed, a partial (and limited) loss of cluster stability could result in further aggregation of IO clusters.

IO/macroRAFT cluster being more stable at pH 8 than pH 6, emulsion polymerizations will be first performed at pH 6. The amount of macroRAFT will also be gradually decreased to induce controlled cluster aggregation. On the other hand, the concentration of IO will be increased to produce high IO content magnetic composite particles.

Emulsion polymerization in the presence of macroRAFT-coated IO

In this section, we will first study the adsorption behavior of P(AA 10 -co-BA 10 ) macroRAFT on the IO surface. We will then present the emulsion polymerizations performed with the purpose to encapsulate IO. Different parameters such as the polymerization process (batch versus semi-batch), the monomer composition, the IO concentration, the RAFT concentration and the pH were studied.

Adsorption of P(AA 10 -co-BA 10 ) macroRAFT agent onto IO clusters

The macroRAFT agent P(AA 10 -co-BA 10 ) (M n = 2040 g mol -1 , Ð = 1.2) was synthesized as described above in section 2. Following the post-mixing procedure 1 (X-1 type), the macroRAFT solution was added to the IO dispersion drop by drop. After additional stirring for 1h, the mixture was sonicated for 3 min. The amount of P(AA 10 -co-BA 10 ) adsorbed onto the IO nanoparticles was next determined by the depletion method as reported by Zgheib et al. 9 for the adsorption of similar macroRAFT agents onto CeO 2 . The detailed procedure is described in Chapter 2 (section 2.3). Briefly, different solutions of the macroRAFT copolymer (pH = 6.0) were first prepared with concentrations ranging from 4 to 20 g L -1 , and mixed with equal amounts of the IO dispersion (20 g L -1 and pH = 2.2) to cover a range of concentrations from 2 to 10 g L -1 (i.e. from 1 to 5 mmol L -1 ) while maintaining a fixed IO concentration of 10 g L -1 . Soon after precipitation, the supernatant was discarded and the macroRAFT concentration determined by UV analysis.

The adsorption isotherm of the P(AA 10 -co-BA 10 ) macroRAFT agent onto IO clusters is shown in UV analysis TGA analysis These features increase in intensity as the pH increases. Therefore, the carboxylate functional group of the macroRAFT is gradually ionized with increasing pH from 2.5 to 8, and is taken to be polyacrylate sodium salt. In addition, the C-O band shift from 1739 to 1735 cm -1 with For low concentrations (< 2.5 mmol L -1 ), the IO precipitate could not be efficiently redispersed and DLS measurements were not reliable in that case as particle agglomerates could be observed by the naked eye. The size of the clusters then decreased from 1121 to 122 nm with increasing macroRAFT concentration from 2.5 to 5 mmol L -1 . It is worth noting that the run conducted with 5 mmol L -1 (i.e. 10 g L -1 ) is identical to run 3-1 (Table 4.5). It is also worthwhile mentioning that the pH decreased from 6.1 to 3.2 as the macroRAFT concentration decreased. The observed instability at low macroRAFT concentration is thus likely due to polymer chains desolvatation at low pH. Indeed, considering the pKa values reported for AA and PAA (pKa (AA) = 4.25 -pKa (PAA) 6), 22 the pKa of the macroRAFT copolymer is likely higher than the pH observed for the lowest macroRAFT content (pH = 3.2), which would lead to its precipitation. As a matter of fact, the size of these clusters could be significantly reduced by increasing the pH of the final mixture to 6. 

Batch emulsion polymerizations

The first encapsulation experiments were performed in batch at pH = 6 using either a mixture of MMA and BA (90/10 wt % or 80/20 wt %) or pure St. 5 g of the P(AA 10 -co-BA 10 ) macroRAFT solution (20 g L -1 ) were drop by drop added to 5 g of IO dispersion (20 g L -1 ), leading to precipitation. After stirring for 1h, macroRAFT/IO nanoclusters were prepared by sonication (X-1 type procedure). All the other experimental conditions were kept the same (Table 4.12). The whole experimental procedure is detailed in Chapter 2 (section 1.3.4).

The final conversion was slightly higher for the 90/10 MMA/BA mixture (96.1 %) than for the 80/20 mixture (93.7 %) or pure St (92.3 %). In all cases, the particles were spherical with a hydrodynamic diameter close to 130 nm for the MMA/BA series, and a bit larger (D h = 160 nm) for PSt (Table 4.12). The final latexes showed no sign of destabilization. It seems however that the IO particles were not encapsulated (Figure 4.10). Indeed, cryo-TEM images show the presence of aggregated clusters of IO likely located on the surface of the polymer particles. The affinity between IO and the polymer phase seems low for the three latexes as very little IO nanoparticles are adsorbed on the particles. The explanation may come from the amount of free macroRAFT in water. The adsorption isotherm in Figure 4. 4 shows that only 53 % of the macroRAFT agent is adsorbed on the IO surface at pH = 6.0, while the remaining 47 % stays in the aqueous phase. As a result, chain extension of these free P(AA 10 -co-BA 10 ) chains in water with BA/MMA or St leads to amphiphilic block copolymers which are able to self-assemble to form polymer particles devoid of IO according to the polymerization-induced self-assembly process. 23,9 The competitiveness of this process would not enable an efficient transfer of the polymerization from the aqueous phase to the surface of the nanoparticles to ensure a successful encapsulation. 9 Moreover, the affinity between IO and the polymer particles in latex 3 seems lower as less IO nanoparticles are adsorbed on the PSt latex. This is likely because St is more hydrophobic than MMA and BA. Therefore, St has a poorer affinity for the macroRAFT-coated IO particles than MMA or BA, and so do the resulting polymers. 

Semi-batch emulsion polymerizations

The previous results showed poor encapsulation of IO using the batch method. Therefore, the next series of experiments were performed in semi-batch with the purpose to encapsulate IO.

The detailed experimental procedure is presented in Chapter 2 (section 1.3.4). Briefly, 5 g of the P(AA 10 -co-BA 10 ) macroRAFT solution were drop by drop added to 5 g of IO dispersion, leading to precipitation. After stirring for 1h, macroRAFT/IO nanoclusters were prepared either by sonication (when the pH was 6, X-1 type procedure) or by sonication followed by a pH increase to 8 (X-2 type procedure). The following encapsulation experiments were then performed by continuous feeding of MAA/BA (90/10 wt/wt) in the presence of the P(AA 10co-BA 10 )-coated IO nanoclusters. For stable latexes 4, 5 and 6, the IO concentration was kept at 10 g L -1 , while the concentration of macroRAFT agent was decreased from 10 to 6 g L -1

(Table 4.13). 6) in Chapter 2 (section 3.9). f IO content of the magnetic fraction as determined by TGA. g Fraction of separated IO using equation (7) in Chapter 2 (section 3.9)

Their particle size is shown in Figure 4.8. As expected, the IO cluster size showed a slight increase from 121 nm to 146 nm with a decrease of macroRAFT agent concentration. After emulsion polymerization, DLS results showed a slight increase in the particle size, which was consistent with a successful encapsulation of the starting aggregated nanoclusters of IO.

Indeed, the corresponding cryo-TEM images (Figure 4.11) confirmed that IO was exclusively located in the latex particles, with however an uneven distribution among the loaded particles.

Cryo-TEM also shows a good agreement with DLS results. Interestingly, the composite particles have an irregular shape that may follow the shape of the original IO nanoclusters, which suggests that the clusters have been acting as seeds for the emulsion polymerization.

Many free latex particles and small magnetic composites were observed in the three samples.

The thickness of the polymer shell increased with decreasing macroRAFT concentration.

The fraction of separated magnetic particles (MF), the IO concentration in the magnetic fraction (IO MF ) and the fraction of separated IO (S IO ) were then determined to confirm TEM observations. The MF increased from 13% to 36% with decreasing the macroRAFT concentration. In other words, the fraction of pure polymer and small unseparated magnetic composites decreased. This is due to the fact that free macroRAFT promoted secondary nucleation, which was in agreement with the adsorption isotherm in Figure 4.4 b. Indeed, the proportion of free macroRAFT in latex 4 was 47%, which is higher than for latex 5 (36%) and latex 6 (33%). Therefore, the amount of secondary nucleated particles decreased with decreasing the macroRAFT agent concentration. Because the total amount of monomer was kept the same (1.6 g) in all the experiments, the thickness of the polymer shell increased when the total particle number decreased. In addition, TGA showed that the IO content in the magnetic fraction, IO MF , decreased from 19% to 15%, which is in agreement with the increase of shell thickness. Nevertheless, as mentioned above, the magnetic fraction, MF, increased when the macroRAFT concentration decreased, indicating that more IO nanoparticles were encapsulated, or at least present in aggregates big enough to allow their magnetic separation.

Accordingly, S IO increased from 35 % to 75 % with decreasing macroRAFT concentration from 10 to 6 g L -1 . ) and a 20 g L -1 IO mother solution (latex 4-6, Table 4.12).

In order to further increase the amount of IO in the final latex, the concentration of both IO and P(AA 10 -co-BA 10 ) was increased to 20 g L -1 , 30 g L -1 and 40 g L -1 (latex 7, 8, 9). The IO cluster size of the three samples before polymerization was almost the same, around 135 nm (in accordance with the results of the preliminary experiments, Table 4.5, samples 8-1, 9-1 and 10-1). This series of latexes showed results similar to those obtained for lower IO and macroRAFT contents (latex 4, 10 g L -1 IO and macroRAFT). Indeed, secondary nucleation occurred due to the presence of free macroRAFT as could be expected from the previous adsorption studies (Figure 4.4 b), ca. 50% of the macroRAFT should remain in water. The particles showed distorted shapes, which may be similar to that of the original clusters. The IO particles are not uniformly distributed among the composite particles, which could again be related to the size inhomogeneity of the original clusters (Figure 4.12). Indeed, some contained a lot of IO while others contained only one or two IO particles. In this group of experiments, MF increased from 23% to 44% in good agreement with the increase of the initial IO content (from 20 to 40 g L -1 ). IO MF is nevertheless similar for the 3 latexes (ca. 20%), so is S IO (38 ± 2%). The distribution of IO inside the polymer particles is similar in the three cases. Accordingly, MF increased from 44% to 85%, accompanied by a slight increase of IO MF (20 to 25%). TGA confirmed that the S IO also increased from 10% to 95%. In order to increase the size of the IO clusters and consequently that of the final composite particles, the concentration of macroRAFT agent was further decreased to 20 g L -1 (latex 12). However, the clusters were not stable. It seems that a minimal amount of macroRAFT (for a given concentration of IO) is necessary to maintain the stability. This is in agreement with the DLS results shown in Figure 4.8 a. Nevertheless, decreasing the concentration of macroRAFT agent, within a certain range, allows the synthesis of bigger magnetic composite particles.

As the use of less macroRAFT agent clearly impacts the stability of the final latex, the influence of the initial IO/macroRAFT cluster stability was then investigated by varying the pH of the IO/macroRAFT mixture. 5 g of the IO dispersion (80 g L -1 ) were mixed with 5 g of the macroRAFT solution (40 or 20 or 16 g L -1 , respectively used for the synthesis of latex 13, 14 and 15). After additional stirring for 1h, the mixture was sonicated for 3 min, and then the pH of the mixture was adjusted to 8 (X-2 procedure). First, comparing latex 13 with latex 12, experimental conditions are exactly the same except for a different pH of the initial dispersion of IO/macroRAFT clusters. When this pH was increased from 6.0 to 8.0, the unstable clusters became stable clusters with diameter around 91 nm, because this pH increase can improve the solubility of the macroRAFT agent. After polymerization, latex 13 was stable with a diameter of 135 nm. This experiment thus indicates that the stability of latex depends both on the concentration of the macroRAFT agent and the pH. Cryo-TEM image of this latex show that encapsulated particles are smaller than that from latex 11 for instance, and that many particles only incorporate a few IO nanoparticles (Figure 4.14). Therefore, some composite particles (with low IO amount) could not be separated magnetically. The fraction of separated magnetic particles was 72% with still a IO MF value close to 25 %. The fraction of separated IO was 73 %.

In order to produce larger particles, the concentration of macroRAFT agent was decreased to 10 g L -1 (latex 14). The size of this stable latex (178 nm) was almost twice as much as that of the initial IO cluster (94 nm). This clearly indicates that the IO clusters partially aggregated during the polymerization. Cryo-TEM image of latex 14 also confirmed the presence of larger magnetic composite nanoparticles (Figure 4.14). 95 % of the latex particles could be separated magnetically, and the fraction of separated IO reached 99%. When the concentration of macoRAFT agent was further decreased to 8 g L -1 (latex 15), the macroRAFT agent was not able to maintain the stability of the particles during the polymerization, even if the clusters were stable at the beginning (102 nm). ) and a 80 g L -1 IO mother solution (latex 13-14, Table 4.12).

All these experiments performed in semi-batch clearly point out that the critical parameters to produce interesting magnetic latexes are the amount of macroRAFT agent and the pH. The magnetic properties of the latex exhibiting the most promising features, i.e. latex 14 (Table 4.13), are investigated in the next section.

Magnetic properties of the polymer/IO composite nanoparticles from latex 14

The "best latex" (latex 14) shows a remarkable change when an external magnetic field was applied (Figure 4.15). In the absence of the magnet, latex 14 is brown and homogeneous (left). When a magnet was applied for 1 min, almost all magnetic composite nanoparticles could be separated (MF = 95 %). The magnetic properties of the separated composite nanoparticles from latex 14 were then investigated using a vibrating sample magnetometer. 4.13) recovered after exposing the hybrid suspension to a magnet for 1 min.

The magnetization is given per gram of composite particles. 

Conclusions

Composite organic/inorganic latexes encapsulating IO nanoparticles were successfully synthesized by emulsion polymerization using P(AA 10 -co-BA 10 ) macroRAFT copolymers to both stabilize the initial iron oxide dispersion and to facilitate the growth of polymer on the iron oxide surface. Taking benefit from the affinity of carboxylic acid groups for transition metal oxides, P(AA 10 -co-BA 10 ) macroRAFT copolymers carrying a trithiocarbonate chain end were adsorbed onto the surface of IO. Many parameters have been investigated to form stable dispersions of macroRAFT/IO clusters such as the homogeneization step (time and type of device), the pH, the IO concentration or the RAFT concentration. All these methods showed that the control of IO clusters size and dispersity is difficult to achieve. On the one hand, stable suspensions can be obtained but with relatively small IO clusters ( 200 nm), which cannot be efficiently separated by applying an external magnetic field. On the other hand, big IO clusters can be obtained ( 200 nm) but with large particle size distributions (poly values 0.3). From the adsorption isotherm, the mass of macroRAFT agent adsorbed on the IO surface increased with increasing macroRAFT concentration. However, a high amount of the macroRAFT chains (up to 47%) remained in the aqueous phase. Batch emulsion polymerization of St or of MMA/BA mixtures resulted in unsuccessful encapsulation, leading to a phase separation between the polymer and the IO cluster. During batch emulsion polymerization, the polymer chains grew not only on the IO clusters surface but also in water.

In contrast, semi-batch emulsion polymerization of MMA/BA (90/10 wt ratio) led to effective encapsulation. Morphology studies suggest that the formation of stable latexes containing large IO clusters mainly depends on the concentration of the macroRAFT agent and the pH.

In the best case (latex 14), a stable latex (178 nm) encapsulating almost all the initial IO nanoparticles (99%) with 95% of the particles being magnetic was produced. This composite latex exhibited superparamagnetic properties (Ms = 16.2 emu g -1 ).

General conclusion

The aim of this PhD thesis was to produce polymer/IO nanocomposite particles. To accomplish this aim, the project was divided into three main parts:

1. Synthesis of IO nanoparticles, In the first part, an aqueous dispersion of iron oxide (IO) nanoparticles (so-called ferrofluids) was synthesized by the coprecipitation of ferrous and ferric iron salts in an alkaline environment, followed by oxidation and peptization using HNO 3 . The resulting IO spontaneously redispersed in water to produce a colloidal sol stable at a pH around 2.2. The surface of the nanoparticles was positively charged with an isoelectric point of 7.4. The DLS analysis indicated a hydrodynamic diameter of 25 nm (poly = 0.25). The specific surface area determined by BET was 166 m 2 g -1 .

Raman spectroscopy analyses showed that the obtained IO were constituted of maghemite Fe 2 O 3 ). In addition, magnetic measurements of these nanoparticles indicated a superparamagnetic behavior at room temperature.

In the second part, IO-armored polymer latexes have been synthesized through Pickering emulsion polymerization using the IO nanoparticles as solid stabilizer, without any other surfactant. In all cases, an auxiliary comonomer (methacrylic acid (MAA), acrylic acid (AA) or 2-acrylamido-2-methyl-1-propanesulfonic acid (AMPS))

was used to promote IO particle adhesion to the surface of the generated polymer particles. The polymerization of methyl methacrylate (MMA) using MAA as comonomer was first investigated. Control experiments were performed to assess the role of both IO and MAA in the surfactant-free emulsion polymerization of MMA.

MAA obviously plays a key role in particle nucleation in the presence of IO by decreasing the particle size and influencing the polymerization kinetics. MAA adsorption onto IO surface was then studied at different pH (2.5 and 4.5). The adsorption isotherm at pH 4.5 indicated that a significant amount of MAA remained in solution (around 99 wt% at the plateau), even at low initial concentrations. MAA molecules were likely not able to efficiently displace the adsorbed nitrate ions, present in large concentration in the suspension medium. DLS and FTIR analysis confirmed this assumption.

In order to reach high IO incorporation efficiency (IE) and the targeted armored structure, the influence of MAA concentration, IO concentration, the pH value of the suspension, and the monomer nature, on the polymerization kinetics, the particle size and the morphology, was studied in details. The particle size decreased with increasing MAA concentration while the reaction rate increased. The IE was estimated to 72 % for 30 mol m -2 of MAA but the surface coverage was only 14%.

Increase of IO concentration was another way to improve IE. The reaction rate increased with increasing IO contents while concurrently the particle size decreased.

Because total MAA concentration also increased with increasing IO content, the incorporation of more MAA in the oligomers likely promoted IO adhesion to the particles surface and consequently increased latex stability. IE was close to 31 % when the IO concentration was 30 g L -1 but the latex was destabilized for higher concentrations. The pH was shown to play a key role in increasing IE, which increased with increasing the suspension pH, reaching 50 % at pH 4.5. This result was in good agreement with the adsorption isotherms, which show stronger interaction between MAA and IO at pH 4.5 than at pH 2.2. Increasing the IO concentration from 20 to 60 g L -1 at pH = 4.5, also resulted in a higher IE. At this pH, the latex colloidal stability was maintained up to 60 g L -1 IO, which enabled to achieve a higher surface coverage (36%). The nature of the monomer was also an important parameter. The highest IE (77.5 %) was obtained for St with 20 μmol m -2 of MAA and 20 g L -1 of IO.

Then, two groups of experiments were designed using in both cases AA as comonomer in the Pickering emulsion polymerization of either MMA or St. The IO-stabilized PSt latex with the highest IE (89%) was obtained using AA as comonomer. The IO nanoparticles were more homogeneously distributed on the latex surface for PSt than for PMMA, which can be due to the fact that in the case of St, AA is preferentially incorporated into the copolymer chains (based on reactivity ratios), which soon form primary particles with adsorbed IO on their surface. The IO nanoparticles have thus no time to aggregate in water contrary to the systems based on MMA where AA stays for a longer time in water and thus forms PAA oligomers which can contribute to IO aggregation and can also account for the presence of free IO.

Even if the use of MAA or AA as comonomer led to IO-stabilized particles, the IO incorporation efficiency was however limited to ca. 77% indicating only poor adhesion of the IO nanoparticles on the polymer surface. In addition, the IO nanoparticles were not uniformly distributed around the polymer latex particles, which were only partly covered by IO (the surface coverage did not exceed 36%).

AMPS was thus evaluated as an alternative comonomer, and colloidally stable IO-based nanocomposite particles of both PSt and PMMA have been synthesized. It is worth mentioning that the AMPS monomer showed however no affinity for the IO surface. The formation of stable PMMA latex particles armored with IO was first studied by Pickering polymerization using different amount of AMPS while keeping a constant IO concentration. The crucial role of the composition of the continuous phase was demonstrated. While the experiments performed in pure water almost systematically led to a complete loss of stability after a few minutes of polymerization, the substitution of a fraction of water for EtOH (15%vol) lead to the expected armored morphology. The IE appeared to be significantly high for 1.2 g L -1 of AMPS (ca. 2 mol m -2 ) and reached 93% for an IO concentration of 20 g L -1 . When MMA was used as hydrophobic monomer, the reaction rate decreased with increasing IO concentration which was likely due to the concomitant increase in particle size. The highest IO incorporation efficiency (96 %) was observed for 30 g L -1 of IO. TEM performed throughout the polymerization of MMA showed that IO attachment to the PMMA surface increased gradually. Zeta potential measurements on pure PMMA and PMMA/IO latexes were used to study the mechanism. At the very beginning of the polymerization, the medium mostly contained oligomers, composed of AMPS and MMA units. During the early stage, the latex was positively charged and grew by adsorption of negatively charged oligomers. Therefore, IO was attracted to the polymer surface due to that multiplicity of sulfonic acid groups in the whole polymer chain provided a strong adsorption during this process. Using the more hydrophobic monomer St, IO-armored stable latexes were obtained but with limiting conversions ( on the polymer particle surface, providing stable latexes with smaller particles size.

The IE increased from 33% to 95% with increasing AMPS concentration from 1.2 to 2.4 g L -1 . TEM performed throughout the polymerization of St also showed that IO attachment to the PSt surface increased gradually. In order to increase St conversion, MMA was copolymerized with St (5, 20 or 30 wt% of the monomer mixture). The reaction rate effectively increased with increasing MMA fraction. The conversion also increased, attaining 89% when 30 wt% of MMA was used.

Finally, the magnetic properties of some selected latexes (two PMMA and two PSt latexes, produced with either MAA or AMPS) were evaluated after centrifugation.

The saturation magnetization was higher for the latexes prepared with AMPS (M s = 11.5 and 6.0 emu g -1 , for the PSt and PMMA-based composite latexes, respectively) than for those obtained with either AA (M s = 5.3 emu g -1 for a IO-armored PSt latex)

or MAA (M s = 4.3 emu g -1 for a IO-armored PMMA latex). These results were in good agreement with all the previous data (i.e. TEM, IE, and surface coverage).

In the third part, the synthesis of composite organic/inorganic latexes encapsulating IO nanoparticles was investigated using RAFT-mediated surfactant-free emulsion polymerization. The developed strategy used living random copolymers synthesized by RAFT polymerization (macroRAFT) as both coupling agents and stabilizers for the inorganic nanoparticles to first form stable macroRAFT/IO clusters, which were then used as seeds in emulsion polymerization. A random copolymer of 10 AA units and 10 BA units was thus synthesized in solution using a trithiocarbonate RAFT agent.

Taking benefit from the affinity of carboxylic acid groups for transition metal oxides, P(AA 10 -co-BA 10 ) macroRAFT copolymers carrying a trithiocarbonate chain end were Morphology studies suggest that the formation of stable latexes containing large IO clusters mainly depends on the concentration of the macroRAFT agent and the pH. In the best case, a stable latex (178 nm) encapsulating almost all the initial IO nanoparticles (99%) with 95% of the particles being magnetic was produced. This composite latex exhibited superparamagnetic properties (M s = 16.2 emu g -1 ).

To conclude, it was shown in this thesis that Pickering emulsion polymerization and macroRAFT-assisted encapsulating emulsion polymerization are powerful techniques for the synthesis of IO-based hybrid particles. These techniques are both quite versatile allowing for a vast range of monomers to be polymerized in the presence of inorganic particles without surfactant, leading to the formation of "inorganic particle armored" or "core-shell" structure hybrid nanocomposites. Nevertheless, both systems would deserve further investigation. For instance, in the Pickering approach, surface coverage should be increased in both MAA and AA systems. To do so, the particle size must be increased which could be potentially achieved by decreasing the initiator concentration and/or reaction temperature, which should both result in a lower nucleation rate, and hence a lower number of nucleated particles. In addition, for the three comonomers tested, an in-depth study of the nucleation step should be undertaken to elucidate the nature and role of the water-soluble oligomers formed initially. Other comonomers could also be evaluated. One could also envision forming a silica shell around these armored particles in order to form magnetic capsules for instance (after removal of the polymer core). In the RAFT system, clusters with bigger size would be desirable to increase the rate of magnetic separation. Playing with the composition of the macroRAFT or producing clusters via the consecutive adsorption of macroRAFT agents of opposite signs could be two options worth of being investigated. In the FTIR spectra of pure AMPS, the AMPS groups show a broad band at 3430 cm -1 due to NH groups, SO 3 H at 1050 cm -1 , and the carbonyl absorption band at 1575 cm -1 .

Compared the peaks of IO/AMPS (b, c, d, e, f) after centrifugation with pure AMPS (a), there is no characteristic peaks of AMPS groups on IO/AMPS curves. The band at 1384 cm -1 is assignable to asymmetric stretch of uncoordinated nitrate ions originating from the use of HNO 3 . The peaks at 3405 and 1624 cm -1 can be assigned to the stretching vibrations of OH groups. The characteristic vibrations of Fe-O in maghemite ( -Fe 2 O 3 ) appear at 634 and 579 cm 1 . Therefore, there was no interaction between IO and AMPS when AMPS concentration below 7 g L -1 .

Annex B. Preparation of macroRAFT/IO clusters

When a solution of the macroRAFT agent P(AA-co-BA) (M n = 2040 g mol -1 or 5300 g mol -1 , pH = 6.0) was added to the IO suspension (pH = 2.2), IO precipitation occurred. 
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Figure 1 . 1 A

 11 Figure 1.1 A comparison of published work on the synthesis of iron oxide nanoparticles by different physical, chemical or biological processes.19, 20 

  cations occupy different positions relative to these layers of anions. Magnetite (Fe 3 O 4 ) and maghemite -Fe 2 O 3 ) are the most commonly studied among iron oxides because they are widely distributed in the word and most widely used. For example, the Mount Whaleback in Australia is largely composed of Fe 3 O 4 and is now mined for this purpose. Therefore, this part will focus on the crystal structures of Fe 3 O 4 and maghemite -Fe 2 O 3. Fe 3 O 4 -Fe 2 O 3 both crystallize in the cubic structure. Fe 3 O 4 crystallizes with the inverse spinel structure ([Fe 3+ ] tet [Fe 3+ , Fe 2+ ] oct O 4 ). The large oxygen ions are close packed in a cubic arrangement and the smaller Fe ions fill in the gaps. The gaps come in two forms:

Figure 1 . 2 )Figure 1 . 2

 1212 Figure 1.2 The three-dimensional crystal structure of magnetite (left) and maghemite (right).28 

Figure 1 . 3

 13 shows different types of arrangements of magnetic dipoles.

Figure 1 . 3

 13 Figure 1.3 Different orientations of magnetic dipoles when a magnetic field is applied: (a) paramagnetic, (b) ferromagnetic, (c) antiferromagnetic, and (d) ferrimagnetic.29 

Figure 1 . 4

 14 Figure 1.4 Magnetization (M) vs. applied field (H) for ferromagnetic (solid line), paramagnetic (broken line), and diamagnetic materials (dotted line). H c represents the coercive field of the material, M s the saturation magnetization, M r the remanent magnetization, and x i the initial susceptibility.31 

Fe 3 O 4 and

 34 FeO show thermally induced electronic transitions assigned to intervalence charge transference, so they absorb light in the visible and near-IR region.48 -Fe 2 O 3 and -Fe 2 O 3 are insulators and do not present any absorption in the near-IR region. The oxidation process of Fe 3 O 4 nanoparticles to -Fe 2 O 3 has been monitored by the loss of optical absorption in the near-IR region.

Figure 1 . 5

 15 Figure 1.5 Functional (macro)molecules that can be attached onto the IO surface via the hydroxyl groups.56 

  EDL can be approximated by a sub-division into two regions. Ions in the region closest to the charged wall surface are strongly bound to the surface. This immobile layer is called the Stern or Helmholtz layer. The region adjacent to the Stern layer is called the diffuse layer and contains loosely associated ions that are comparatively mobile. The total electrical double layer due to the formation of the counterion layers results in electrostatic screening of the wall charge and minimizes the Gibbs free energy of EDL formation.

Figure 1 . 6

 16 Figure 1.6 The schematic diagram of electrical double layer.63 

Figure 1 . 7

 17 Figure 1.7 Schematic representation for the synthesis of surfactant bilayer stabilized magneticfluids, using fatty acids as the primary and secondary surfactants to produce stable aqueous magnetic fluids.67 

  grafted several polymers from IO coated with an atom transfer radical polymerization (ATRP) initiator producing polymer/IO hybrids (Figure 1.8).

Figure 1 . 8

 18 Figure 1.8 Scheme for the magnetic nanoparticles functionalization with various types of polymers. Steps 1A and 1B: ligand exchange reactions. Step 2: acylation of hydroxyl groups to prepare ATRP surface initiators. Step 3A: surface-initiated ring opening polymerization of L-lactide. Step 3B: surface-initiated ATRP. Step 4: deprotection or additional reaction after polymerization. Step 5: grafting of end-functionalized PEG chains onto the nanoparticle

  and Harkins77 in the 1940s, based on their studies of styrene emulsion polymerization. The mechanism of conventional emulsion polymerization has three steps: the initial stage (Interval I), the particle growth stage (Interval II) and the completion stage (Interval III) (Figure1.10).78 

Figure 1 . 10 78 ( 1 )

 110781 Figure 1.10 Three intervals of the dependence of polymerization rate on time during an emulsion polymerization reaction.78 

Figure 1 . 11

 111 Figure 1.11 Schematic of pigment encapsulation through an emulsion-like polymerization reaction. The process involves (1) formation of surfactant bilayers, (2) solubilization of monomer, and (3) free radical polymerization.83 

Figure 1 .

 1 Figure 1.13 (a) Mechanisms of the magnetic PMMA particle nucleation and growth in the presence of Fe 3 O 4 nanopaticles coated with a bilayer of lauric acid, and (b) TEM photograph

Figure 1 .

 1 Figure 1.14 TEM picture of a P(St-co-DVB) magnetic latex (40 wt% DVB) obtained from ferrofluid droplets stabilized with an amphiphilic copolymer (poly(acrylic acid) containing hydrophobic chains, M w = 50000 g mol -1 , 80% acrylic acid and 20% alkyl aryl chains).102

  102 

  was to synthesize PSt in the presence of the modified ferrofluid by soapless emulsion polymerization to form Fe 3 O 4 /PSt composite latex particles (Figure 1.15 a). A fraction of PAA-treated Fe 3 O 4 nanoparticles was adsorbed on the surface of the composite particles, whereas another fraction of Fe 3 O 4 -PAA was distributed inside the core of the particles. Composite Fe 3 O 4 /PSt/(NIPAAM-co-MAA)) magnetic were then synthesized by emulsion polymerization with Fe 3 O 4 /PSt latex as seeds (Figure 1.15 b). Mostly the morphology of magnetic composites particles was core-shell structure. Only a few P(NIPAAM-co-MAA) smaller particles were observed in Figure 1.15 b. The size of the magnetic composite particles was between 100 and 200 nm from TEM observation.

Figure 1 .

 1 Figure 1.15 TEM photographs of Fe 3 O 4 -PAA/PSt core latex particles produced by soapless emulsion polymerization using AIBA as initiator in first stage reaction (a) and core-shell structure Fe 3 O 4 -PAA/PSt/P(NIPAAM-co-MAA) magnetic composite particles produced Fe 3 O 4 /PSt latex as seeds in second stage reaction (b).105

  This type of emulsion has been named as a Pickering emulsion. In Pickering emulsion systems, conventional surfactants are replaced by solid particles (Figure1.16).112 Due to their surfactant-free characteristics, Pickering emulsions are particularly important in cosmetic, food and pharmaceutical industries.

Figure 1 . 16

 116 Figure 1.16 Difference between conventional emulsion (left: surfactant-stabilized emulsion) and Pickering emulsion (right: solid particle-stabilized emulsion). 112

Figure 1 . 17

 117 Figure 1.17 Schematic diagram of Pickering-type stabilizers at a planar oil (o)/water (w) interface for contact angles of 90° (middle), slightly smaller than 90 °(left), and slightly larger than 90 °(right). 115

Figure 1 .

 1 Figure 1.18 TEM pictures of latexes using silica particles as stabilizer for monomer droplets in the absence of surfactant. As monomers, a mixture of St and 4-VP is used. (a) represents a latex with a monomer (2.5 g St and 0.5 g 4-VP) to silica weight ratio of 1: 0.72. (b) represents a latex with a monomer (2.5 g St and 0.5 g 4-VP) to silica ratio of 1:1.08. (c) shows the imperfect stabilization effect if 4-VP is not employed. 157

Figure 1 .

 1 Figure 1.19 TEM images of silica-armored PSt latex particles prepared by Pickering miniemulsion polymerization using dimethyl-2,2-azobis(isobutyrate) (V-601) as initiator. Scale bars: (A) 50 nm and (B) 100 nm. 160

Figure 1 .

 1 Figure 1.20 (a) Synthesis of Laponite RD-armored PSt latex particles via Pickering miniemulsion polymerization using V-601 as initiator; (b) FE-SEM image of Laponite RD armored polystyrene latex. Scale bar = 200 nm. 145

Figure 1 . 21

 121 Figure 1.21 Synthesis of CeO 2 -armored PMMA nanocomposite particles through Pickering miniemulsion polymerization using AIBA as cationic initiator and MAA as auxiliary comonomer. 162

Figure 1 .

 1 Figure 1.22 TEM image of ZnO/PSt hybrid particles prepared by Pickering miniemulsion polymerization of St using AIBN as initiator. 163

Figure 1 . 23

 123 Figure 1.23 Schematic diagram illustrating the formation of titania/PSt microspheres with different structures via Pickering miniemulsion polymerization, and corresponding SEM images of the resulting composite microspheres.

Figure 1 .

 1 Figure 1.24 TEM images of (a) GO and (b) PANI/GO composites synthesized via Pickering miniemulsion polymerization using AIBN as initiator. The black arrows denote the GO sheet. 165

Figure 1 .

 1 25 a). Amalvy et al. tried to use the related comonomer 2vinylpyridine (2-VP), but no such hybrids could be formed at pH 10. 167 The less basic 2-VP (pK a (2-VP) = 4.92, pK a (4-VP) = 5.62) could lead to a weaker interaction with silica. Another reason is that due to steric constraints, 2-VP molecules could be more difficult to be adsorbed onto the silica.

Figure 1 .

 1 Figure 1.25 TEM images of (a) P4-VP/SiO 2 nanocomposites synthesized by homopolymerizing 4-VP and (b) St-4VP/SiO 2 nanocomposites prepared by copolymerizing 4-VP and St (10/90 mol %). Both experiments were performed in the presence of an ultrafine silica sol using ammonium persulfate initiator in aqueous media at 60 °C. 166

  166 

)

  Utilization of a cationic initiatorAs demonstrated by the work ofDupin et al., 172 the initiator type is also important in Pickering emulsion polymerization for preparing hybrid particles. Schmid et al.173 reported on the preparation of vinyl (co)polymer-silica particles by using the cationic initiator AIBA (instead of the anionic KPS) and the glycerol-functionalized silica sol dispersed in aqueous solution without any auxiliary comonomer or co-solvent. The final particles displayed a narrowly distributed size distribution with little or no excess silica. Moreover, the influence of different reaction parameters on the morphology, particle size, silica content and aggregation efficiency of the silica/PSt composite particles were studied in details by the same group. 174 Laponite clay Teixeira et al. 175 prepared clay-armored soft nanocomposite latexes by Pickering emulsion polymerization (Figure 1.26).

Figure 1 .

 1 Figure 1.26 Cryo-TEM images of polymer/Laponite latex particles synthesized by surfactantfree emulsion polymerization using various hydrophobic monomers: (A) P(MMA-co-BA)/Laponite, (B) P(St-co-BA)/Laponite, (C) P(St-co-2-EHA)/Laponite and (D) P(St-co-2-EHA)/Laponite with MAA as auxiliary comonomer. Scales bars of 100, 100, 200, and 50 nm, respectively. 175

Figure 1 .

 1 Figure 1.27 TEM images of P(St-co-AA) particles prepared by photocatalytic emulsion polymerization using a transparent anatase titania hydrosol both as a photocatalyst and stabilizer. 178

Figure 1 . 28

 128 Figure 1.28 General mechanism of RAFT polymerization, with k add and k -: rate constants for radical addition, and k -add and k : rate constants for fragmentation. 188

Figure 1 . 29 Figure 1 . 30

 129130 Figure 1.29 Properties of effective RAFT agents. 188

  et al.203 using an amphipathic RAFT agent to produce core/shell particles of diblock copolymers with a PAA shell and a PBA core. First, the water-soluble monomer (AA) was polymerized either in dioxane or in an aqueous solution. BA was then added under continuous feed to form oligomers of PAA-b-PBA, which formed rigid micelles. These micelles were then swollen with the hydrophobic BA monomer. The molar masses of the resulting polymers were in agreement with the theoretical values and molar mass distributions were narrow demonstrating the control of the polymerization. Using a similar concept, triblock copolymers of PAA-b-PBA-b-PSt were also formed.204 During the following years, some works reported the synthesis of amphiphilic block copolymers by RAFT emulsion polymerization entirely in water (one-pot process). Chaduc et al.205 reported the synthesis in water of amphiphilic block copolymers by chain extension of different hydrophilic macromolecules with styrene (Figure1.31). Hydrophilic block of PAA, PMAA or poly(methacrylic acid-co-poly(ethylene oxide) methyl ether methacrylate) (P(MAA-co-PEOMA)) macroRAFTs were first formed in water using 4-cyano-4thiothiopropylsulfanyl pentanoic acid (CTPPA) as a chain transfer agent. The resulting macroRAFTs were then directly used without further purification for the RAFT polymerization of styrene in water in the same reactor. After the addition of styrene, the obtained amphiphilic block copolymers become insoluble and start to self-assemble forming self-stabilized particles. Polymerization then occurs inside these polymeric particles following a similar mechanism as for conventional emulsion polymerization. Using this technique, the polymerization was well controlled, and very stable latexes were formed with solids content up to 40 wt%.

Figure 1 . 31

 131 Figure 1.31 Synthesis of amphiphilic block copolymers by RAFT emulsion polymerizationentirely in water (one pot process).205 

Figure 1 . 32 ,

 132 a very uniform encapsulation was achieved. As expected, there was only a minor fraction of free secondary particles and the entire amount of pigment introduced was encapsulated.

Figure 1 .

 1 Figure 1.32 (a) Schematic representation of the dispersion and encapsulation of pigment particles using macroRAFT random copolymers. (b) RAFT agent used in the synthesis of random macroRAFT copolymers. (c) P(BA-co-MMA) encapsulated titanium dioxide pigment particles using P(BA 5 -co-AA 10 ) macroRAFT as a dispersant. 213

Figure 1 .

 1 Figure 1.33 (a) Schematic representation of the dispersion and encapsulation of metal oxides using PAA macroRAFT polymer. (b) TEM images of the inorganic particles encapsulated in a PSt shell. A: BaTiO 3 , B:Si 3 N 4 , C:Al 2 O 3 and D:TiO 2 . 215

Figure 1 .

 1 Figure 1.34 (a) Structures of RAFT agents (1 and 2) and dispersants PAA and P(AA-co-BA), (b) TEM image of PSt-encapsulated CdS nanoparticles obtained by RAFT-mediated emulsion polymerization in the presence of P(AA 10 -co-BA 5 ) macroRAFT. 217

Figure 1 .

 1 Figure 1.35 (a) Strategy for the dispersion and encapsulation of PbS QD, and (b) TEM images of PbS /PSt latex by emulsion polymerization with SDS. 218

Figure 1 .

 1 Figure 1.36 (a) Schematic representation of the synthesis of anisotropic polymer/gibbsite nanocomposite latex particles. (b) Cryo-TEM micrographs of the encapsulated gibbsite particles obtained by using different RAFT copolymers for the encapsulation: (A) P(BA 5 -co-AA 10 ), (B) P(BA 2.5 -co-AA 10 ), (C) P(BA 7.5 -co-AA 10 ), and (D) P(BA 5 -co-AA 5 ) by aqueous starve feed emulsion polymerization (MMA:BA=10:1). 216

Figure 1 .

 1 Figure 1.37 (a) Synthesis of PAA, P(AA-co-BA) and P(St-co-AA) macroRAFT agents, and (b) Schematic representation and TEM image of the encapsulation of CNT in aqueous medium by RAFT-mediated emulsion polymerization. 219

Figure 1 .

 1 Figure 1.38 (a) Layer-by-layer adsorption of positively charged PAH and negatively charged macroRAFT copolymer onto negatively charged COOH-functionalized MWCNTs, (b) Structure of the macroRAFT copolymer, and (c) TEM image of P(MMA-co-BA)-coated MWCNTs. 220

Figure 1 . 39

 139 Figure 1.39 Illustration of the aggregation state of CeO 2 nanoclusters after the adsorption of either PAA 38 or P(AA 11 -co-BA 11 ) macroRAFT agents. 221

Figure 1 .

 1 Figure 1.40 Cryo-TEM images of the latex particles obtained after emulsion polymerization of hydrophobic monomer(s) in the presence of CeO 2 nanoclusters coated with macroRAFT agents: (a): P(AA 11 -co-BA 11 ) and MMA-BA 80/20 (wt/wt); (b): P(AA 11 -co-BA 11 ) and MMA-BA 50/50. 221

Figure 2 . 1 .

 21 Before starting the synthesis, it is necessary to dry the materials (the flask, magnet, cap and THF). Sodium 1-propanethiolate (5.9 g, 0.06 mol) was introduced in a 250 mL three-necked round bottom flask and suspended in THF (80 mL). The resulting mixture was deoxygenated with argon for at least 30 min at 0 °C. Then, CS 2 was added dropwise under argon using a syringe, and stirring was continued at room temperature for 1 hour (Figure2.1 a). The solvent was then removed under vacuum and some yellow solid was obtained. After dissolving the yellow solid with water (20 mL), the mixture of K 3 [Fe(CN) 6 ] (23.7 g, 0.072 mol) and water (80 mL) was then added drop by drop into the three-necked flask. Some yellow turbidity was observed and then some orange oil drops appeared. The orange oil was extracted with diethyl ether. The organic layer was washed with water and dried over anhydrous MgSO 4 overnight. MgSO 4 was then filtered off, and diethyl ether was removed by rotary evaporation to yield bis(propylsulfanylthiocarbonyl) disulfide (Figure2.1 b). A solution of 4,4 -azobis(4-cyanopentanoic acid) (10.3 g, 0.037 mol) and bis(propylsulfanyl thiocarbonyl) disulfide in ethyl acetate (50 mL) was heated under reflux for 20 h (Figure 2.1 c). After removal of the volatiles in vacuum, the crude product was purified by column chromatography on silica gel with a mobile phase of diethyl ether/ heptane (1/2, v/v) before characterization.

Figure 2 . 1

 21 Figure 2.1 Chemical route for the synthesis of the CTPPA RAFT agent.

Figure 2 . 2

 22 Figure 2.2 Schematic diagram illustrating the process used for magnetic separation of the polymer-encapsulated IO particles.
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 11123 ........................................................................................................................ Bibliographic review on Pickering stabilization of latex particles with IO ................ Polymerization of Pickering emulsion or miniemulsion droplets................................... 1.2 Formation of IO-armored latexes by conventional dispersion or emulsion polymerizations..................................................................................................................... 1.3 Conclusions..................................................................................................................... Synthesis and characterization of iron oxide particles ................................................. Synthesis of IO-armored latexes by Pickering emulsion polymerization using MMA or AA as auxiliary comonomers .............................................................................................. 3.1 Surfactant-free emulsion polymerization using carboxylated monomers ...................... 3.2 MAA as auxiliary comonomer for the synthesis of IO-armored latexes ........................

3. 3 4 .

 34 AA as auxiliary comonomer .......................................................................................... 3.4 Conclusions..................................................................................................................... Synthesis of IO-armored latexes by Pickering emulsion polymerization using AMPS as auxiliary comonomer....................................................................................................... 4.1 Role of AMPS................................................................................................................. 4.2 Polymerizations performed in the presence of 15 vol% of ethanol ................................ Introduction Hybrid nanoparticle synthesis is a highly investigated and exciting research field as the final products can reveal remarkable properties which open up a wide range of possible applications. Composite latexes incorporating magnetic nanoparticles [mostly maghemite ( -Fe 2 O 3 ) and magnetite (Fe 3 O 4 )

  were the first ones to report on Pickering suspension polymerization of methyl methacrylate (MMA) using 2,2'-azobisisobutyronitrile (AIBN) as initiator to prepare composite in diameter) using Fe 3 O 4 as solid stabilizer. In the early stage, the Fe 3 O 4 nanoparticles assembled at the MMA-water interface and thereafter provided a strong stabilizing effect on the polymerization. The high stabilizing efficiency from the nanoparticles ensured a successful suspension polymerization with high yield, producing particles of controlled morphology. The unique magnetic properties of the Fe 3 O 4 nanoparticles were retained by the composite material produced. The TEM image of Fe 3 O 4 nanoparticles showed particle size between 10-20 nm, and slight aggregation. Although TEM analysis of cross-sections of embedded polymer beads revealed rings or curved bands of nanoparticles on the surface of the beads, SEM observation did not clearly show that the Fe 3 O 4 nanoparticles were effectively located on the surface of the PMMA particles. In addition, according to TGA, the total amount of Fe 3 O 4 was very low, typically less than 1% of the nanocomposite polymer beads. Following a similar method, Wang et al. 40 prepared magnetic Fe 3 O 4 -polystyrene (PSt) microspheres using Fe 3 O 4 as stabilizer and benzoyl peroxide (BPO) as initiator. St was first emulsified in an aqueous dispersion of Fe 3 O 4 nanoparticles using a high shear (11500 rpm for 3 minutes). The resultant Pickering oil-in-water (o/w) emulsion stabilized solely by the magnetic nanoparticles was then polymerized at 70 °C without stirring. The highest achievable Fe 3 O 4 content in the Fe 3 O 4 -PSt microspheres was 7.8 wt%. FTIR results showed all the characteristic bands of Fe 3 O 4 -PSt nanocomposite with no difference with the infrared spectrum of PSt standard. This indicates that there was no or only very weak chemical bonding between the Fe 3 O 4 nanoparticles and polystyrene in the product. XPS showed the presence of Fe 3 O 4 nanoparticles at the microsphere surface indicating that the core-shell

(Figure 3 . 1 ).

 31 polymerization of a N-isopropylacrylamide (NIPAm) water-in-oil (w/o) inverse Pickering emulsion at 60 °C. An aqueous solution of monomer: NIPAm, initiator: 2,2 -azobis(2amidinopropane) dihydrochloride (AIBA), and cross-linker: N,N-methylene-bisacrylamide (BIS) were first rapidly emulsified in n-hexane in the presence of oleic acid-stabilized -Fe 2 O 3 nanoparticles to produce an inverse w/o emulsion stabilized by the nanoparticles which were self-assembled at the liquid-liquid interface. The system was then placed in a water bath and the water droplets containing monomer and initiator were subsequently polymerized at 60 °C Because of its hydrophobicity at this temperature, the obtained PNIPAm deposited from the interior water phase onto the interfaces of the w/o Pickering emulsion forming a -Fe 2 O 3 /PNIPAm nanocomposite shell. Both optical microscopy and confocal laser scanning microscopy measurements were used to testify the hollow structure. The microcapsules exhibited a clear magnetic response. With the increased temperature, the microcapsules exhibited a little shrinking. However, no sharp shrinking temperature was found.

Figure 3 . 1

 31 Figure 3.1 Schematic illustration of magnetic thermo-sensitive microcapsules fabricated by radical polymerization of NIPAm contained in the aqueous phase of a w/o inverse Pickeringemulsion at 60 °C using AIBA as radical initiator.33 

Figure 3 . 2 .

 32 Figure 3.2. After ethanol evaporation, hollow microcapsules could completely collapse into a film with a crinkly appearance, while hydrogel beads kept their spherical shape.

Figure 3 . 2

 32 Figure 3.2 Optical microscope images of magnetic hydrogel microcapsules obtained by varying the NIPAm/Am ratio: (a) pure NIPAm, (c) NIPAm/Am=5/1, (e) NIPAm/Am=1/1 and (g) pure Am dispersed in ethanol, and of dried samples: (b) pure NIPAm, (d) NIPAm/Am=5/1,(f) NIPAm/Am=1/1 and (h) pure Am after the ethanol had been evaporated.41 

Figure 3 . 3

 33 Figure 3.3 Schematic representation of Fe 3 O 4 -coated P(St-co-AA) particles produced by miniemulsion polymerization of St and AA at 70 °C using SDBS as surfactant (a) and TEM image of the resulting hybrid latex (b).44 

  synthesized magnetic PSt microspheres with both encapsulated and armored Fe 3 O 4 by polymerization of a Pickering miniemulsion (Figure 3.4). The oil phase, composed of the monomer, oleic acid-modified Fe 3 O 4 and AIBN, was homogenized with the help of ultrasounds. The suspension of stabilizer (pristine Fe 3 O 4 or CTAB-Fe 3 O 4 ) was subsequently added into the oil phase, followed by emulsification using an ultrasonic processor for 5 min. The resultant Pickering emulsion was polymerized at 70 °C for 8 h. The results showed that the steady barrier formed by the CTAB-modified Fe 3 O 4 on the droplet surface could prevent oleic acid-modified Fe 3 O 4 from escaping away the polymerization locus, which led to an efficient encapsulation of oleic acid-modified Fe 3 O 4 . Chapter 3. -Fe 2 O 3 armored polymer nanoparticles by Pickering emulsion polymerization 113

Figure 3 . 4

 34 Figure 3.4 Formation of magnetic PSt microspheres with both armored and encapsulated Fe 3 O 4 by Pickering miniemulsion polymerization of St. 50

Figure 3 . 5

 35 Figure 3.5 (a) Gently agitating TPM (1) with aqueous magnetite dispersion (2) spontaneously produced an opaque oil-in-water-emulsion (3) stabilized by adsorbed magnetite particles (average diameter 11 nm) with monodisperse droplet diameters in the range of 30-150 nm. Cryogenic electron microscopy images (b) provided a direct image of unpolymerized magnetite-TPM droplets. 48 (c) TEM picture of the polymerized Fe 3 O 4 -stabilized emulsion.

  3 O 4 nanoparticles were used to stabilize free radical dispersion polymerization of St without the need for any conventional stabilizer or auxiliary comonomer, leading to the formation of PSt/Fe 3 O 4 nanocomposites in methanol/water (80/20, wt/wt) using AIBN as initiator. The Fe 3 O 4 nanoparticles assembled at the interface and covered the surface of the growing polymer particles since this contributed in reduction of the high interfacial energy of the biphasic system. The nanoparticles provided a strong stabilizing effect on the particles formed during the polymerization. Scanning electron and optical microscopies showed spherical polymer beads, around 1-3 m in diameter. TEM characterization of the PSt beads showed polymer spheres capped with Fe 3 O 4 nanoparticles. TEM observation of cross-sections of the embedded polymer beads was also carried out to further demonstrate the location of the Fe 3 O 4 nanoparticles (Figure 3.6). All the PSt slices in the view are surrounded by Fe 3 O 4 nanoparticles suggesting that the later are effectively located around the surface of the original polymer beads. However, the size of the hybrid microparticles is not very uniform, and the Fe 3 O 4 nanoparticles appear to be strongly aggregated around the polymer spheres.

Figure 3 . 6

 36 Figure 3.6 (A) TEM image of embedded, microtomed, and stained Fe 3 O 4 -PSt nanocomposite beads synthesized by dispersion polymerization of St using Fe 3 O 4 nanoparticles as stabilizer in methanol/water (80/20, wt/wt), and (B) its local magnification.52 
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 337 4 nanoparticles at pH around 9.0, and used to initiate the emulsion polymerization of St at 70 °C. Upon growing, the polymer chains became insoluble in the aqueous solution and aggregated on the magnetic nuclei leading to the formation of magnetic PSt microspheres with raspberry-like morphology. The cationic initiator was compared to an anionic one, KPS. TEM image of the magnetic PSt microspheres initiated by AIBA or KPS is shown in Figure When AIBA was used, most of the magnetite nanoparticles were located on the surface of the PSt microspheres (200 -600 nm) although no further analysis was performed to confirm the armored morphology (by for instance imaging ultrathin particles cross-sections). The use of KPS as initiator resulted in polydisperse particles with no IO/polymer interaction. It clearly proves that AIBA adsorption is necessary to obtain the targeted raspberry-like morphology. The resulting hybrid microspheres revealed superparamagnetic properties (saturation magnetization = 11.6 emu g -1 ).

Figure 3 . 7

 37 Figure 3.7 TEM images of magnetic PSt microspheres by in situ soap-free emulsion polymerization initiated by (a) AIBA and (b) KPS.66 

Figure 3 . 8

 38 Figure 3.8 SEM (a) and TEM (b) images of -Fe 2 O 3 -armored PSt particles obtained by surfactant-free emulsion polymerization of St using AIBA as cationic initiator.67

67

 67 

  resulting IO particles (pH = 2.2) carry positively charged hydroxyl groups counterbalanced by non-flocculating nitrate counter-ions. The stabilization of IO particles is thus provided by electrostatic repulsion of the protonated hydroxyls at low pH value. The overall process is shown in Figure 3.9.

Figure 3 . 9

 39 Figure 3.9 Scheme illustrating the synthesis of cationic -Fe 2 O 3 maghemite particles using the coprecipitation process of Massart et al.69 

3- 11 (

 11 adjusted by NaOH or HCl). As shown in Figure 3.10, zeta potential decreased from +50 mV at low pH to around -40 mV at pH = 11. The isoelectric point (IEP) of the IO T nanoparticles was about 7.4, consistent with the literature value of 7.5 for maghemite. 70 The surface charge of IO is thus positive below pH = 7.5 and negative in basic conditions (Figure 3.10).

Figure 3 . 10

 310 Figure 3.10 Zeta potential of pristine IO nanoparticles ("IO" batch) as a function of pH ([KCl] = 10 -3 M).

The TEM image of Figure 3 .

 3 11 shows that the IO nanoparticles are quite polydisperse which is not unusual for particles prepared by the coprecipitation method, as already reported in the literature.71, 72 Statistical analyses of 160 particles gave a number-average diameter D n of 5.6 nm (D w /D n = 1.29). The corresponding size-distribution histogram is shown in Figure3.11 (a). The image also shows that the particles tend to aggregate to form IO nano-clusters with irregular shapes.

Figure 3 .

 3 Figure 3.11 (a) TEM image and corresponding size-distribution histogram of IO and (b) cryo-TEM image of IO.

Figure 3 .

 3 Figure 3.12 shows the X-ray diffraction pattern of as-synthesized IO. According to the table on the right side of the Figure, all detected diffraction peaks can be attributed to the characteristic peaks of spinel iron oxide ( -Fe 2 O 3 ).

Figure 3 .

 3 Figure 3.12 (a) XRD pattern of pristine IO and (b) Standard XRD data of magnetite and maghemite.74 
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 313314 Figure 3.13 Raman spectrum of IO subjected to 280 W of laser power.
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 314315 Figure 3.14 Fourier transform infrared spectroscopy spectrum of pristine IO.

Figure 3 . 15 Figure 3 . 16 .

 315316 Figure 3.15 Thermogravimetric analysis of pristine IO.

Figure 3 .

 3 Figure 3.16 (a) Plot of magnetization as a function of the magnetic field for as-synthesized IO and (b) Photographs of an iron oxide dispersion (ferrofluid): (left) without external magnetic field, (right) with a magnet.
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 45 All experiments were carried out for two hours with MMA = 20 wt%/water, ADIBA = 1 wt%/MMA and T = 70 °C. b pH value of the aqueous phase or of the IO suspension. c Determined by DLS. d Calculated using equation (2) in Chapter 2. e IO incorporation efficiency determined using equation (3) in Chapter 2. f Calculated using equation (5) in Chapter 2. g The pH value was adjusted by addition of HNO 3 . h Polymerization carried out in the continuous phase of the IO suspension after removing IO by centrifugation.

Figure 3 .

 3 Figure 3.17 Cryo-TEM images of PMMA/IO latex particles synthesized in the presence of IO with or without MAA. (a) latex 5: no MAA and (b) latex 6: 5 mol m -2 MAA (i.e. 1.4 g L -1 ). All experiments were carried out at 70 °C with IO = 20 g L -1 , MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.
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 33182 Figure3.18 shows the evolution of conversion with time and of the particle size and particle number with conversion for this first series of experiments.

2 )Figure 3 . 19

 2319 Figure 3.19 Evolution of the adsorbed amount of MAA (mg g -1 , left or μmol m -2 , right) on the IO surface at pH = 2.5 and pH = 4.5 as a function of the residual (equilibrium) MAA concentration in water, C eq . [IO] = 20 g L -1 .

Figure 3 . 20

 320 Figure 3.20 Effect of MAA adsorption on IO particle size and zeta potential determined by DLS for two pH values (pH = 2.5 and 4.5). The IO concentration of all samples was fixed at 20 g L -1 and the MAA concentration was increased from 1 to 10 g L -1 (i.e. from 3.5 to 35 mol m -2 )

Figure 3 .

 3 Figure 3.21 FTIR spectra of pure MAA, pristine IO and IO/MAA adsorption complexes obtained at pH = 4.5 for increasing initial MAA surface concentrations. a : 5 μmol m -2 , b : 10 μmol m -2 , c : 20 μmol m -2 and d : 40 μmol m -2 .

Figure 3 . 22 .

 322 The relative intensity of these bands increased with increasing MAA content or suspension pH (see FigureA2in Annex A) in agreement with the previous quantitative analysis. It is worth noting also the presence of a band at 1385 cm -1 attributed to nitrate vibrations, 108 which again supports the assumption that MAA could not displace the nitrate ions from the IO surface.

Figure 3 . 22

 322 Figure 3.22 Scheme illustrating the bidentate adsorption of MAA (either bridging or chelating) onto the IO surface and the presence of adsorbed nitrate ions.

Figure 3 .

 3 Figure 3.23 a a shows that the reaction rate was not significantly influenced by the MAA concentration. The initial reaction rate was however slightly higher (see the inset in F Figur e 3.23 a) as increasing the MAA concentration increases the concentration of water-soluble

Figure 3 . 23

 323 Figure 3.23 Effect of MAA concentration on the evolutions of (a) conversion versus time, (b) particle diameter versus conversion and (c) particle number versus conversion for surfactantfree emulsion polymerizations of MMA performed in the absence of IO. All experiments were carried out at 70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.

Figure 3 . 24

 324 Figure 3.24 Effect of MAA concentration on the evolutions of (a) conversion versus time, (b) particle diameter versus conversion and (c) particle number versus conversion for surfactantfree emulsion polymerizations of MMA performed in the presence of 20 g L -1 IO. All experiments were carried out at 70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.

Figure 3 .

 3 Figure 3.26 shows the evolution of conversion with time and of particle diameter and particle number with conversion for this series of experiments. There is a significant influence of the initial amount of IO on kinetics (Figure 3.26 a). The reaction rate increases with increasing IO (and thus MAA) contents. The final conversion reached 100% for IO amounts comprised between 10 and 30 g L -1 (i.e. latex 14, 6, 15 in Table3.4). When the IO concentration

Figure 3 . 26 1 wtFigure 3 .

 32613 Figure 3.26 Effect of IO concentration on the evolutions of (a) conversion versus time, (b) particle diameter versus conversion and (c) particle number versus conversion for surfactantfree emulsion polymerizations of MMA performed in the presence of 5 mol m -2 MAA at pH = 2.2. All experiments were carried out at 70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.

5 )

 5 while the reaction rate increased due to the increased number of reaction loci (Figure 3.28).
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 135328 Figure 3.28 Effect of pH on the evolutions of (a) conversion versus time, (b) particle diameter versus conversion and (c) particle number versus conversion for surfactant-free emulsion polymerizations of MMA performed in the presence of 20 g L -1 IO and 5 mol m -2 MAA. All experiments were carried out at 70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.

Figure 3 .c

 3 Figure 3.29 Cryo-TEM images of PMMA/IO latex particles synthesized in the presence of IO for increasing pH values (a) latex 6, pH = 2.2, (b) latex 17, pH = 3.3 and (c) latex 18, pH = 4.5. All experiments were carried out at 70 °C with IO = 20 g L -1 , MAA = 5 mol m -2 , MMA: 20 wt %/water, ADIBA: 1 wt %/MMA and T = 70 °C.

than 30 g L - 1 . 3 . 30 .

 1330 The kinetic plots for these experiments are shown in Figure Unlike pH = 2.2, the amount of IO did not significant impact the conversion versus time profile although the particle size decreased from 218 to 190 nm upon increasing IO content from 20 to 60 g L -1

Figure 3 . 30

 330 Figure 3.30 Effect of IO concentration on the evolutions of (a) conversion versus time, (b) particle diameter versus conversion and (c) particle number versus conversion for surfactantfree emulsion polymerizations of MMA performed at pH 4.5 using 5 mol m -2 MAA. All experiments were carried out at 70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.

Figure 3 .

 3 Figure 3.31 TEM images of PMMA/IO latex particles synthesized at pH = 4.5 for increasing IO concentrations. (a) latex 18, 20 g L -1 IO, (b) latex 19, 40 g L -1 IO and (c) latex 20, 60 g L -1 IO. All experiments were carried out at 70 °C with MAA = 5 mol m -2 , MMA: 20 wt %/water, ADIBA: 1 wt %/MMA.
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 33333 Figure 3.32 TEM images of nanocomposite latex particles synthesized with different monomers. (a) latex 6: MAA, (b) latex 22: BA and (c) latex 24: St. All experiments were carried out at 70 °C with IO = 20 g L -1 , MAA = 5 mol m -2 , monomer: 20 wt %/water and ADIBA: 1 wt %/monomer.

Figure 3 .Figure 3 . 35

 3335 Figure 3.34 TEM images of PSt/IO nanocomposite latex particles synthesized at different MAA concentrations. (a) latex 25: 10 mol m -2 MAA and (b) latex 26: 20 mol m -2 MAA. All experiments were carried out at 70 °C with IO = 20 g L -1 , St: 20 wt %/water and ADIBA: 1 wt %/St.

Figure 3 . 36

 336 Figure 3.36 Effect of AA concentration (5 or 20 μmol m -2 ) on the evolutions of (a) conversion versus time, (b) particle diameter versus conversion and (c) particle number versus conversion for surfactant-free emulsion polymerizations of MMA performed in the presence of 20 g L -1 IO. All experiments were carried out at 70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.

Figure 3 .

 3 Figure 3.37 shows TEM images of the obtained PMMA particles (latex 28 and latex 29). More IO nanoparticles are attached to PMMA surface in latex 29 (20 mol m -2 ) than in latex 28 (5 mol m -2 ). Cryo-TEM shows some IO nanoclusters on the PMMA surface. The IE increased from 29.7% to 73.4% with increasing AA concentration from 5 mol m -2 to 20 mol m -2 .

Figure 3 .Figure 3 .

 33 Figure 3.37 (a-b) TEM and (c) cryo-TEM images of PMMA/IO latex particles synthesized in the presence of increasing MAA concentrations (a) latex 28, AA = 5 mol m -2 and (b, c) latex 29, AA = 20 mol m -2 . All experiments were carried out at 70 °C with IO = 20 g L -1 , MMA: 20 wt %/water, ADIBA: 1 wt %/MMA and T = 70 °C.
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 3339 Figure 3.38 TEM images of PSt/IO latex particles synthesized for increasing AA concentrations. (a) latex 31, AA = 5 mol m -2 and (b) latex 32, AA = 20 mol m -2 . All experiments were carried out at 70 °C with IO = 20 g L -1 , St: 20 wt %/water and ADIBA: 1 wt %/St.
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 21 -------------Unstable after 30 min -----------------------Unstable after30 min --------------All experiments were carried out for two hours with [MMA] = 20 wt %/water, [ADIBA] = 1 wt %/monomer and T = 70 °C. b pH of the latex suspension after polymerization. c Determined by DLS. d Calculated using equation (2) in Chapter 2. e IO incorporation efficiency determined using equation (3) in Chapter 2.

Figure 3 .

 3 Figure 3.40 TEM images of PMMA/IO latex particles synthesized with increasing AMPS concentrations in the presence of 20 g L -1 IO. (a) latex 7 (0.1 mol m -2 AMPS), (b) latex 9 (1 mol m -2 AMPS) and (c) latex 10 (2 mol m -2 AMPS). All experiments were carried out at 70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.

Figure 3 .

 3 Figure 3.41 TEM images of PMMA/IO latex particles synthesized in the presence of 15 vol% EtOH /water, 20 g L -1 IO and 2 mol m -2 AMPS (latex 14 in Table 3.11). The experiment was carried out at 70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/MMA.

a

  --------Unstable after 30 min ---------All experiments were carried out for two hours with 15 vol% EtOH/water, [MMA] = 20 wt %/water, [ADIBA] = 1 wt%/monomer and T = 70 °C. b pH of the latex suspension after polymerization = 2.2. c Determined by DLS. d Calculated using equation (2). e Determined by TEM. f IO incorporation efficiency determined using equation(3) in Chapter 2. g Determined using the equation (5) in Chapter 2.
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 342 Figure 3.42 Effect of IO concentration (0, 10, 20, 30 g L -1 ) on the evolutions of (a) conversion versus time, (b) particle diameter versus conversion and (c) particle number versus conversion for surfactant-free emulsion polymerizations of St performed in the presence of 2 mol m -2 AMPS. All experiments were carried out at 70 °C with MMA: 20 wt %/water and ADIBA: 1 wt %/St.

Figure 3 .

 3 Figure 3.43 (a-c) TEM images of PMMA/IO latex particles synthesized in the presence of increasing IO concentrations and 2 mol m -2 AMPS. (a) latex 15 (10 g L -1 IO), (b) latex 14 (20 g L -1 IO) and (c) latex 16 (30 g L -1 IO). (d) cryo-TEM of latex 18 obtained with 1.3 mol m -2 AMPS and 30 g L -1 IO. All experiments were carried out at 70 °C with MMA: 20 wt %/water, ADIBA: 1 wt %/MMA and ethanol: 15 vol%/water.

Figure 3 . 44 .

 344 Figure 3.44. The general features in terms of size and shape are very similar to that observed in normal-TEM images of latex 16 by conventional TEM (Figure 3.34). In addition, a dark and thin outline means that the particles have been cut through their center whereas a thick peripheral layer suggests that IO are on the polymer surface. As the central regions, corresponding to the polymer, are uniformly white, we can conclude that no IO is present inside the particles. These observations indicate that IO nanoparticles are located on the surface of the polymer particles instead of distributing inside, confirming the expected armored structure.

Figure 3 .

 3 Figure 3.44 TEM images of an ultrathin section of latex 16 (30 g L -1 IO, 2 mol m -2 AMPS, MMA: 20 wt %/water, ethanol: 15 vol%/water). The experiment was carried out at 70 °C with ADIBA: 1 wt %/monomer.

Figure 3 .

 3 Figure 3.45 TEM images of PMMA/IO latex particles synthesized in the presence of 20 g L -1

Figure 3 . 46

 346 Figure 3.46 Evolution of zeta potential with conversion during the surfactant-free emulsion polymerization of MMA in the presence of 1.33 g L -1 of AMPS. The experiment was carried out at 70 °C with MMA: 20 wt %/water, ADIBA: 1 wt %/MMA and ethanol = 15 vol%/water (latex 13 in Table3.12).

Figure 3 . 47

 347 Figure 3.47 Evolution of zeta potential with conversion during surfactant-free emulsion polymerization of MMA in the presence of 20 g L -1 IO and 1.33 g L -1 AMPS (2 mol m -2 ).

Figure 3 . 48

 348 Figure 3.48 Weight percentage of water-soluble oligomers in the aqueous phase with respect to the total amount of polymer synthesized during the surfactant-free emulsion polymerization of MMA in the presence of 1.33 g L -1 of AMPS. The experiment was carried out at 70 °C with MMA: 20 wt %/water, ADIBA: 1 wt %/MMA and ethanol = 15 vol%/water (latex 13 in Table3.12).

  ------------------Unstable after 20 min ------a All experiments were carried out for two hours with 15 vol% EtOH/water, [St] = 20 wt %/water, [ADIBA] = 1 wt %/monomer and T = 70 . b pH of the latex suspension after polymerization = 2.2. c Determined by DLS. d Calculated using equation (

Figure 3 . 49 Figure 3 .

 3493 Figure 3.49 Effect of the AMPS concentration on the evolutions of (a) conversion versus time, (b) particle diameter versus conversion and (c) particle number versus conversion for surfactant-free emulsion polymerizations of St performed in the absence of IO (latex 24, 2.1 g L -1 ) or in the presence of 20 g L -1 IO (latex 26: 1.2 g L -1 , latex 27: 1.8 g L -1 , latex 28: 2.1 g L -1 and latex 29: 2.4 g L -1 ). All experiments were carried out at 70 °C with St: 20 wt %/water and ADIBA: 1 wt %/MMA and ethanol = 15 vol%/water.

Figure 3 .

 3 Figure3.51 shows the particle growth with conversion followed by TEM for latex 28 (2.1 g L -1 , 3.5 μmol m -2 ). At the beginning of the polymerization, a lot of free IO is clearly visible

Figure 3 .

 3 Figure 3.51 TEM images of PSt latex particles synthesized in the presence of 20 g L -1 IO and 2.1 g L -1 AMPS (3.5 mol m -2 ) for increasing conversions (a: 6%, b: 13%, c: 20%, d: 25%, e: 33%, f: 38%, g: 39% and h: 40%). The experiment was carried out at 70 °C with St: 20 wt %/water, ADIBA: 1 wt %/monomer and ethanol: 15 vol%/water (latex 28 in Table 3.13).

Figure 3 .Figure 3 . 52 Figure 3 .

 33523 Figure3.52 shows the evolution of conversion with time and of particle diameter with conversion for these three experiments. In all cases, the conversion increased from 44% to 89% with increasing MMA ratio in the monomer mixture, from 5 to 30 wt%. Increasing MMA content clearly led to an increase of the polymerization rate. As expected, the particle sizes D h as measured by DLS show a dependence on the MMA content. For the highest initial MMA content (30 wt %, latex 33), the final particle size by DLS was around 195 nm, smaller than for the 20 wt% (latex 32) and 5 wt% (latex 31) systems. In agreement with the previous observation, the particle numbers increased from 14 x 10 15 L -1 to 34 x 10 15 L -1 with increasing MMA content. TEM images (Figure3.53) show that a high fraction of IO was attached to the polymer surface while a few IO remained in the water phase. Even if the IE values were high and similar (close to 87 %), the surface coverage gradually decreased from 27 to 11 % when the MMA content increased which is due to the increase of the particle number, and total surface area.

  PSt and PMMA were successfully synthesized. We first varied the amount AMPS in water while keeping a constant IO concentration. The crucial role of the composition of the continuous phase was demonstrated in this first series of experiments.

Figure 3 . 54

 354 Figure 3.54 Saturation magnetizations of IO-armored latex particles synthesized by surfactant-free emulsion polymerization in the presence of 20 g L -1 IO using MAA, AA or AMPS as auxiliary comonomers. Latex 12 (30 μmol m -2 MAA, MMA), latex 32 (20 μmol m -2 AA, St), latex 14 (2 μmol m -2 AMPS, MMA), latex 28 (3.5 μmol m -2 AMPS, St). All experiments were carried out with monomer: 20 wt %/water, and ADIBA: 1 wt %/monomer. Latex 14 and 28 were synthesized in an ethanol/water (85/15 v/v) mixture.

Figure 3 .

 3 Figure3.55 shows that iron oxide armored polystyrene microspheres from latex 28 are effectively seperated when an external magnetic field is applied. In the absence of an external magnetic field, the composite microspheres can be redispersed in water. It is means that such magnetic polystyrene microspheres possess good superparamagnetic properties.

Figure 3 . 55

 355 Figure 3.55 Photographs of IO-armored PSt latex suspension (latex 28): (left) without external magnetic field and (right) with external magnetic field.

  polymerization. Carboxylic acid units can interact with the surface of IO and are thus used to stabilize dispersions of IO clusters. Therefore, P(AA-co-BA) macroRAFT agents were first synthesized and then adsorbed onto the surface of IO. Similarly to the work of Zgheib et al., the IO particles underwent massive flocculation and the aggregates could not be reverted to individual particles upon sonication leading to the formation of IO clusters. The effects of the macroRAFT concentration, macroRAFT molar mass, suspension pH, mixing pathway and IO content on the size and stability of the resulting clusters were carefully examined. The RAFT copolymers were further chain extended by the addition of styrene or of a monomer mixture of MMA and BA to form a polymeric shell around IO.

Figure 4 . 1 )

 41 3.1). The 1 H NMR spectrum (shows all the expected peaks of the CTPPA structure.

Figure 4 .1 1 H

 41 Figure 4.1 1 H NMR spectrum of CTPPA RAFT agent after purification (the analysis was performed in DMSO-d 6 at room temperature).

Figure 4 . 2 Figure 4 Figure 4 . 2

 42442 Figure 4.2 shows that almost complete conversions were reached within 6 h, and that AA and BA conversions were similar throughout the polymerization, indicating that no composition drift occurred and that statistical copolymers were synthesized. The chromatograms were shifted towards higher molar masses with conversion (Figure 4.3 a) and the number-average molar masses, M n , increased linearly with monomer conversion (Figure 4.3 b). These results show that the macroRAFT agent was successfully formed, with a final M n value of 5300 g mol -1 and a dispersity of 1.2 (Figure 4.3 b).

Figure 4 . 3

 43 Figure 4.3 (a) Evolution of the size exclusion chromatograms with conversion during the synthesis of the P(AA 26 -co-BA 26 ) macroRAFT agent and (b) the number-average molar mass value (M n ) and dispersity ( = M w /M n ) with monomer conversion during the synthesis of the P(AA 26 -co-BA 26 ) macroRAFT agent.

3. 2

 2 Influence of pH of IO/RAFT suspension (increased from 6 to 8) and of mixing pathway An increase of the pH of the initial (precipitated) mixture to 8 by addition of NaOH (without any sonication) led to a coarse dispersion of IO (D h 625 nm, poly = 0.74), stabilization of the sol being ensured by carboxylate groups. The influence of the pH was thus investigated in the next two series of experiments, which follow different mixing pathways detailed below.

3. 5 8 )

 58 Influence of the initial pH of the P(AA 10 -co-BA 10 ) solution (increased from 6 to In this part, 0.1 M NaOH was first added in P(AA 10 -co-BA 10 ) mother solution until pH around 8, instead of 6 in all the previous experiments. Then, P(AA 10 -co-BA 10 ) mother solution was added 'drop by drop" (pathway II) or "in one portion" (pathway I) to IO mother solution. Tab le 4.7 gathers the details of these experiments. The DLS particle size distributions are shown in Annex B (Figure B6).

3. 6

 6 Influence of HCl addition once the clusters are formed All previous experiments clearly showed the difficulty to obtain stable, relatively big clusters (D h 200 nm) with reasonable dispersities (poly values 0.2). The next series of experiments thus investigated the influence of lowering the pH once small clusters have already been formed with the aim of inducing their controlled and limited aggregation.

Scheme 4 . 2

 42 Scheme 4.2 Preparation of RAFT/IO clusters by decreasing pH of the P(AA 10 -co-BA 10 )/iron oxide mixture.

Figure 4 . 4 . 6 μmol m - 2 . 1 (Figure 4 . 4

 4462144 Figure 4.4 (a) Isotherm for P(AA 10 -co-BA 10 ) macroRAFT adsorption onto the IO surface and (b) evolution of the proportion of adsorbed macroRAFT as a function of initial macroRAFT concentration. IO concentration in the final mixture: 10 g L -1 . (c) Linear form of the isotherm based on the Langmuir equation.

Table 4 . 10 Figure 4

 4104 Fitted values of Langmuir equation parameters for P(AA 10 -co-BA 10 ) adsorption onto IO.Slope (1/Q max )Intercept (1/Q max K) adsorbed macroRAFT was also quantified by TGA for P(AA 10 -co-BA 10 ) concentrations of 1, 3 and 5 mmol L -1 (Figure4.5 a). The measured weight loss of the three samples was in agreement with the amount determined by the depletion method using UV analysis (

Figure 4 . 5

 45 Figure 4.5 (a) TGA curves of adsorbed macroRAFT onto the IO surface and (b) the proportion of adsorbed macroRAFT determined by UV analysis or TGA. IO concentration in the final mixture: 10 g L -1 .[macroRAFT] mixture = 5 mmol L -1 (10 g L -1 ), 3 mmol L -1 (6 g L -1 ), or 1 mmol L -1 (2 g L -1 ).

Figure 4 . 6

 46 Figure 4.6 FTIR spectra of PAA (top); pure IO (bottom); P(AA 10 -co-BA 10 ) macroRAFT agent at different pH (a: pH = 8, b: pH = 6, c: pH = 2.5); the macroRAFT/IO clusters after removal of excess macroRAFT by centrifugation. IO concentration in the mixture = 10 g L -1 and[macroRAFT] mixture : (d) 5 mmol L -1 (10 g L -1 ), (e) 4 mmol L -1 (8 g L -1 ), or (f) 3 mmol L -1 (6 g L -1 ) at pH mixture = 6.11, 6.10, 5.93 respectively.

Figure 4 . 7

 47 Figure 4.7 Schematic representation of macroRAFT adsorption onto IO

Figure 4 . 8 Figure 4 . 9

 4849 Figure 4.8 (a) Hydrodynamic diameter and (b) zeta potential of the IO/macroRAFT clusters as a function of the macroRAFT concentration. [IO] mixture = 10 g L -1 , pH = 6.

a 1 .

 1 6 g monomer; [IO] = 10 g L -1 ; [P(AA 10 -co-BA 10 )] = 10 g L -1 ; [macroRAFT]/[ACPA] = 3; pH = 6; reaction time = 6 h; T = 80 °C. b Wt ratio. c Final conversion determined by gravimetric analysis. d Initial/final particle diameter and polydispersity index (D h,i , poly i and D h,f , poly f respectively) measured by DLS.

Figure 4 .

 4 Figure 4.10 Cryo-TEM images of the latex particles obtained after batch emulsion polymerization of hydrophobic monomer(s) in the presence of IO clusters (10 g L -1 ) coated with P(AA 10 -co-BA 10 ) macroRAFT agent (10 g L -1 ): (a) latex 1: MMA/BA 80/20 (wt/wt); (b) latex 2: MMA/BA 90/10 (wt/wt) and (c) latex 3: pure St.

Figure 4 .

 4 Figure 4.11 Cryo-TEM images of the polymer-IO composite particles obtained after emulsion polymerization of MMA/BA (90/10) in the presence of IO clusters coated with P(AA 10 -co-BA 10 ) macroRAFT agent (pH = 6) prepared using various concentrations of macroRAFT mother solution (20, 16, 12 g L -1) and a 20 g L -1 IO mother solution (latex 4-6, Table4.12).

Figure 4 . 12

 412 Figure 4.12 Cryo-TEM images of the polymer-IO composite particles obtained after emulsion polymerization of MMA/BA (90/10) in the presence of IO clusters coated with P(AA 10 -co-BA 10 ) macroRAFT agent prepared using varying IO and macroRAFT concentrations (pH = 6) for a fixed 1:1 ratio (latex 7-9, Table4.12).

Figure 4 .

 4 Figure 4.13 Cryo-TEM images of the polymer-IO composite particles obtained after emulsion polymerization of MMA/BA (90/10) in the presence of IO clusters coated with P(AA 10 -co-BA 10 ) macroRAFT agent (pH = 6) prepared using various concentrations of macroRAFT mother solution (60, 50 g L -1 ) and a 80 g L -1 IO mother solution (latex 10-11,

Figure 4 .

 4 Figure 4.14 Cryo-TEM images of the polymer-IO composite particles obtained after emulsion polymerization of MMA/BA (90/10) in the presence of IO clusters coated with P(AA 10 -co-BA 10 ) macroRAFT agent (pH = 8) prepared using various concentrations of macroRAFT mother solution (40, 20 g L -1 ) and a 80 g L -1 IO mother solution (latex 13-14,

Figure 4 .

 4 Figure 4.16 shows the magnetization curve of the latex. The magnetic particles possess

Figure 4 . 15

 415 Figure 4.15 Photographs illustrating the attraction of the magnetic particles of latex 14 by a magnet.

Figure 4 . 16

 416 Figure 4.16 Magnetization versus applied magnetic field curve of the magnetic fraction of latex 14 (Table4.13) recovered after exposing the hybrid suspension to a magnet for 1 min.

Figure 4 . 17

 417 Figure 4.17 Thermogravimetric analysis of the magnetic fraction of latex 14 (Table 4.12) recovered after exposing the hybrid suspension to a magnet for 1 min. Red arrow corresponds to the residual weight fraction (IO MF ).

2 . 3 .

 23 Preparation of IO-armored polymer nanoparticles by Pickering emulsion polymerization, Preparation of polymer-encapsulated IO nanoparticles via RAFT-mediated emulsion polymerization.

  adsorbed onto the surface of IO. Many parameters have been investigated to form stable dispersions of macroRAFT/IO clusters such as the homogenization step (time and type of device), the pH, the IO concentration or the RAFT concentration. All these methods showed that the control of both IO clusters size and dispersity was difficult to achieve. Nevertheless, stable clusters with a size ranging between ca. 100 and 200 nm with poly values close to 0.2 could be obtained, depending on the initial conditions of mixing. From the adsorption isotherm, it was shown that the mass of macroRAFT agent adsorbed on the IO surface increased with increasing macroRAFT concentration. However, a high amount of the macroRAFT chains (up to 47%) remained in the aqueous phase at the plateau adsorption. The adsorption isotherm could be well fitted by the Langmuir model while FTIR spectra indicated bidentate bonding of the carbonyl groups to the surface Fe atoms.Batch emulsion polymerization of St or of MMA/BA mixtures resulted in unsuccessful encapsulation, leading to a phase separation between the polymer and the IO cluster. During batch emulsion polymerization, the polymer chains grew not only on the IO clusters surface but also in water. In contrast, semi-batch emulsion polymerization of MMA/BA (90/10 wt ratio) led to effective encapsulation.

Figure A4

 A4 Figure A4 FTIR spectra of pure AMPS (a) and of precipitates obtained by centrifugation of IO/AMPS mixtures for increasing AMPS concentrations. (b): AMPS (0.6 g L -1 ), (c): AMPS (1.2 g L -1 ), (d): AMPS (1.8 g L -1 ), (e): AMPS (2.4 g L -1 ) and (f): AMPS (3.0 g L -1 ).

Figure B3

 B3 Figure B3 DLS results of P(AA 10 -co-BA 10 )-CTPPA (M n =2000 g mol -1 ) coated iron oxide clusters prepared using various concentrations of iron oxide mother solution (40, 80, 100, 120 g L -1 ) and 20 g L -1 RAFT mother solution (see Table 4.4 of Chapter 4 for detailed experimental conditions).

Figure B4

 B4 Figure B4DLS results of P(AA 10 -co-BA 10 )-CTPPA (M n =2000 g mol -1 ) coated iron oxide clusters prepared using varying IO and macroRAFT concentrations for a fixed 1:1 ratio (see Table4.5 of Chapter 4 for detailed experimental conditions).

Figure B5

 B5 Figure B5 DLS results of P(AA 10 -co-BA 10 )-CTPPA coated iron oxide clusters prepared by various concentrations of iron oxide mother solution (40, 80, 100, 120 g L -1 ) and 20 g L -1 RAFT mother solution (see Table 4.6 of Chapter 4 for detailed experimental conditions).

Figure B6

 B6 Figure B6 DLS results of P(AA 10 -co-BA 10 )-CTPPA (M n = 2000 g mol -1 ) coated iron oxide clusters prepared using various concentrations of IO mother solution (40, 100 g L -1 ) and 20 g L -1 RAFT mother solution (pH = 8) ( see Table 4.7 of Chapter 4 for detailed experimental conditions).

Figure B7

 B7 Figure B7 DLS results of P(AA 10 -co-BA 10 )-CTPPA (M n = 2000 g mol -1 ) coated iron oxide clusters prepared by decreasing pH of RAFT/IO suspension (see Table 4.8 of Chapter 4 for detailed experimental conditions).

Figure B8

 B8 Figure B8 DLS results of P(AA 10 -co-BA 10 )-CTPPA (M n =2000) coated iron oxide clusters prepared using 20 g L -1 iron oxide mother solution and 20 g L -1 RAFT mother solution (pH=6) by rotor stator or bath ultrasound (see Table4.9 of Chapter 4 for detailed experimental conditions).

Figure B9

 B9 Figure B9 DLS results of (AA 10 -co-BA 10 )-CTPPA (M n =2000) coated iron oxide clusters prepared using 2 g L -1 iron oxide mother solution and 2 g L -1 RAFT mother solution (pH=6) (see Table 4.10 of Chapter 4 for detailed experimental conditions).

Figure B10

 B10 Figure B10 The photographs of IO/RAFT mixture with different IO concentration after sonication 3 min: (a) Sample 4-1 (20 g L -1 IO, 10 g L -1 RAFT) (b) Sample 5-1 (40 g L -1 IO, 10 g L -1 RAFT) (c) Sample 6-1(50 g L -1 IO, 10 g L -1 RAFT) and (d) Sample 7-1(60 g L -1 IO, 10 g L -1 RAFT) (see section 3 of chapter 4).

Figure B11 Figure B12

 B11B12 Figure B11 The photographs of IO/RAFT mixture: (a) sample 10-1 (5 g RAFT solution (pH=8, 20 g L -1 ) was added drop by drop to 5 g IO solution (100 g L -1 ) for 10 min with stirring) (b) sample 11-2 (The mixture was sonicated for 3 min) (c) sample 12-3 (After sonication, pH of mixture was increased to 8).
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	GO PSt AM AA AAEM HD HEMA PMMA HPLC PBA IONPs P(AA-co-BA) IPA P2VP KPS P4VP PAA	graphene oxide polystyrene Abbreviations acrylamide acrylic acid acetoacetoxyethyl methacrylate hexadecane poly(methyl methacrylate) hydroxyethyl methacrylate poly(n-butyl acrylate) high performance liquid chromatography poly(acrylic acid-co-n-butyl acrylate) iron oxide nanoparticles poly(2-vinylpyridine) isopropyl alcohol poly(4-vinylpyridine) potassium persulfate poly(acrylic acid)
	ACPA Kd PLA	4,4-azobis (4-cyanovaleric) acid decomposition rate constant poly(lauryl acrylate)
	ADIBA Kp PEG	2,2"-Azobis [2-(2-imidazolin-2-yl) propane] dihydrochloride propagation rate constant poly(ethylene glycol)
	AN AIBA AIBN APS ATRP LCST PEGMA LDH RAFT LPO SDS M n St SDBS	acrylonitrile 2,2 -azobis(2-amidinopropane) dihydrochloride 2,2'-azobisisobutyronitrile ammonium persulfate atom transfer radical polymerization poly(ethylene glycol) monomethylether methacrylate lower critical solution temperature reversible addition-fragmentation chain transfer layered double hydroxide sodium dodecyl sulfate lauroxyl peroxide styrene number-average molar mass sodium dodecyl benzenesulfonate
	AMPS M w SSA	2-acrylamido-2-methy-1-propane sulfonic acid weight-average molar mass styrene sulfonic acid
	BA BMA MAA SAXS CFSE MA SEC CEMA MAH SEM CH MPS TREG CTAB MTC TEA CMC MR TPM CNT MPDMS TMAOH CRP MMA TGA Cryo-TEM MMD THF CNT MWCNTs UV CTPPA MMT V-60 CeO 2 DVB D n M n,exp ZnO M n,theo -Fe 2 O 3 M RAFT 4-VP 2-VP	butyl acrylate small angle X-ray scattering methacrylic acid n-butyl methacrylate methyl acrylate size exclusion chromatography crystal Field Stabilization Energy maleic anhydride scanning electron microscopy cinnamoylethyl methacrylate 3-(trimethoxysilyl)propyl methacrylate triethylene glycol cyclohexane 2-(methacryloyl)ethytrimethylammonium chloride trimethylammonium ethylacrylate hexadecyltrimethyl ammonium bromide magnetorheological 3-methacryloxypropyl trimethoxysilane critical Micelle Concentration methacryloxypropyldimethoxysilane tetramethylammonium hydroxide carbon nanotube methyl methacrylate thermogravimetric analysis controlled radical polymerization molar mass distribution tetrahydrofuran cryogenic transmission electron microscopy multiwalled carbon nanotubes ultraviolet visible spectroscopy carbon nanotube montmorillonite dimethyl-2,2-azobis(isobutyrate) 4-cyano-4-thiothiopropylsulfanyl pentanoic acid cerium oxide divinyl benzene number-average particle diameter zinc oxide experimental number-average molar mass (g mol -1 ) maghemite theoretical number-average molar mass (g mol -1 ) 4-vinylpyridine RAFT agent molar mass (g mol -1 ) 2-vinylpyridine
	D w NIPAM 1-VID	weight-average particle diameter N-isopropyl acrylamide 1-vinylimidazole
	DP n NMP 2-EHA	number average degree of polymerization nitroxide-mediated polymerization 2-ethylhexyl acrylate
	DLS NMR	dynamic light scattering nuclear magnetic resonance
	DMAc N p	dimethylacetamide number of particles
	DMAEMA NTs DMF NaOA NaSS	nanotubes dimethylaminoethyl methacrylate sodium oleate N,N-dimethylformamide sodium styrene sulfonate
	DMSO NH4OH	dimethyl sulfoxide ammonium hydroxide
	Ð OA	dispersity oleic acid
	D h PDI	hydrodynamic average particle diameter polydispersity index
	EA PEO	ethyl acrylate poly(ethylene) glycol
	EGDMA PEOMA	ethylene glycol dimethacrylate poly(ethylene glycol) methyl ether methacrylate
	EtOH Fe 3 O 4 PBA FTIR PEA GMA PEOTMS	ethanol poly(n-butyl acrylate) magnetite poly(ethyl acrylate) fourier-transform infrared spectroscopy glycidyl methacrylate 2-[Methoxy (polyethyleneoxy) propyl] trimethoxy silane
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Table 1 . 1

 11 Various types of iron oxides.8 

	Name	Chemical formula	Color	Magnetic behavior
				at room temperature
	Goethite	-FeOOH	Yellow-brown	Antiferromagnetic
	Lepidocrocite	-FeOOH	Orange	Paramagnetic
	Akaganeite	-FeOOH	Brown to bright yellow Paramagnetic
		-FeOOH	Red-brown	Ferrimagnetic
	Feroxyhyte	-FeOOH	Red-brown	Superparamagnetic
		High pressure FeOOH		
	Ferrihydrite	Fe 5 HO 8 • 4H 2 O	Reddish brown	Superparamagnetic
	Bernalite	Fe(OH) 3	Greenish	Weakly ferromagnetic
		Fe(OH) 2	White	
	Schwertmannite Fe 16 O 16 (OH) y (SO 4 ) • nH 2 O Yellow	Paramagnetic
	Hematite	-Fe 2 O 3	Red	Weakly ferromagnetic
	Magnetite	Fe 3 O 4	Black	Ferromagnetic
	Maghemite	-Fe 2 O 3	Dark brown	Ferrimagnetic
		-Fe 2 O 3		
		-Fe 2 O 3		
	Wüstite	FeO	Black	Paramagnetic

  Typically, either Fe 3 O 4 (magnetite) or -Fe 2 O 3 (maghemite ) are produced by adding a base (in most cases NaOH, NH 4 OH or N(CH 3 ) 4 OH) to an aqueous solution containing Fe 2+ and Fe 3+ ions, usually in a 1:2 stoichiometric ratio (Fe 3+ /Fe 2+ ). Fe 3 O 4 is generated by the following reaction scheme: However, Fe 3 O 4 is not very stable, and the generated IO particles are easily oxidized to -Fe 2 O 3 or Fe(OH) 3 , according to the following reactions:24 

	23				
	+	+	( ) +	( )	+
		Fe 3 O 4 + 2H +	-Fe 2 O 3 + Fe 2+ + H 2 O	
		+	+	( )	

Synthetic aspects 1.1 Synthesis of IO

  Synthesis of IO ............................................................................................................... 1.2 Pickering emulsion polymerizations ............................................................................... 1.3 RAFT-mediated emulsion polymerizations .................................................................... Synthesis of macroRAFT agents ........................................................................................... Ultracentrifugation .......................................................................................................... 3.9 IO incorporation efficiency and latex surface coverage by IO ....................................... 3.10 Magnetic separation of the polymer-encapsulated IO nanoparticles ............................ -ray diffractometry (XRD) ......................................................................................... 3.14 UV-Visible Spectroscopy ............................................................................................. 3.15 1 H NMR ........................................................................................................................ 3.16 Size Exclusion Chromatography (SEC) .......................................................................

	1.3.1 Synthesis of 4-cyano-4-thiothiopropylsulfanylpentanoic acid (CTPPA) RAFT agent .......... 3.13 XMaterials Iron (II) chloride tetrahydrate (FeCl 2 .4H 2 O, 99 %, Aldrich), iron (III) chloride hexahydrate (FeCl 3 .6H 2 O, 97 %, Aldrich), iron (III) nitrate nonahydrate (Fe(NO 3 ) 3 .9H 2 O, 98 %, Acros Organics), diethyl ether (99.5 %, Aldrich), hydrochloric acid (HCl, 37 wt%, VWR International), nitric acid (HNO 3 , 65 %-70 %, VWR International) and ammonia (20 wt%, 1.3.2 Chapter 2. Experimental techniques VWR International) were all used as received. Water was deionized before use (Purelab
	Classic UV, Elga LabWater).
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1.

Synthesis

-Fe 2 O 3 nanoparticles were synthesized using the coprecipitation method adapted from Massart et al.

1 

FeCl 3 (13 g, 0.0481 mol, dark yellow) and FeCl 2 (7.2 g, 0.0362 mol, light green) were dissolved in a mixture of deionized water (40 mL) and HCl (37 wt% solution, 4 mL) in a four-necked round-bottom flask equipped with a mechanical stirrer (500 rpm). Then, NH 4 OH (20 wt% solution, 40 mL) was added quickly into the reactor and the mixture was stirred for 30 min. The resulting black precipitate was collected in a beaker and settled with the aid of a magnet. After removing the transparent supernatant, the residue was washed with deionized water (40 mL) and HNO 3 (70 wt% solution, 5.2 mL) and the precipitate and supernatant separated as in the previous step. A solution of Fe(NO 3 ) 3 (12.92 g, 0.0534 mol, light purple)

1.3.2 Synthesis of macroRAFT agents Materials

  

4,4'-azobis(4-cyanopentanoic acid) (ACPA) (Fluka, 98 %) ethyl acetate (Aldrich, anhydrous 99.8 %), dimethyl sulfoxide (DMSO) (Aldrich, 99 %), acrylic acid (AA, Acros, 99.5 %), butyl acrylate (BA, 99%, Acros Organics), 1,3,5-trioxane (Acros, 99.5 %) and sodium hydroxide (NaOH 0.1N, standard, Acros Organics) were used as received. Water was deionized before use (Purelab Classic UV, Elga LabWater).

Table 3 . 1

 31 Summary of experimental conditions used for the synthesis of IO suspensions and main characteristics of the resulting ferrofluids.

	IO

01 IO 02 IO 03 IO 04 IO 05 IO 06 IO 07 IO 10 IO 11 IO 12 IO 13 IO b

  

	7.25 14.45 14.42 14.50 14.44 /	13.03 26.10 26.08 26.05 26.02 /	12.99 25.89 25.92 25.87 25.88 /	11.5 11.9 12.7 12.9 13.1 12.7	30.7 25.1 25.7 28.3 29.7 28.6	0.29 0.20 0.21 0.20 0.19 0.25	11 , IO 12 and IO 13 . This sample will be used in all further experiments.
	7.22 7.25 7.20 7.22 7.21	13.01 13.02 13.02 13.04 13.03	12.96 12.97 12.97 12.93 12.92	12.0 11.6 12.0 12.9 11.8	25.3 21.7 40.4 27.7 35.7	0.23 0.24 0.28 0.30 0.25	Obtained by mixing together samples IO 10 , IO
	7.21	13.06	12.94	13.0	29.2	0.26	
	FeCl 2 .4H 2 O (g)	FeCl 3 .6H 2 O (g)	Fe(NO 3 ) 3 (g)	SC a (wt%)	D h (DLS, nm)	Poly (DLS)	

a Solids content of the IO suspensions. b

Table 3 . 2

 32 Recipes and results for the synthesis of pure polymer and composite latex particles by surfactant-free emulsion polymerization of MMA. a

	Latex	IO (g L -1 )	MAA (g L -1 )	MAA (μmol m -2 )	pH i	b	Conv. (%)	D h (nm) c	Poly c	N p (L -1 ) d	IE (%) e	Cov (%) f
	1	0	0	/	5.9	100	420	0.006 4.5 × 10 15	/	/
	2	0	1.4	/	3.1	100	473	0.07 3.0 × 10 15 /	/
	3 g	0	1.4	/	2.2	100	624	0.04 1.4 × 10 15 /	/
	4 h	0	1.4	/	2.2	100	586	0.07 1.6 × 10 15 /	/
	5	20	0	0	2.2	100	451	0.07 3.6 × 10 15 /	/
	6	20	1.4	5	2.2	99	267	0.04 1.7 ×10 16 20.	

Table 3 .

 3 All experiments were carried out for two hours with MMA = 20 wt%/water, ADIBA = 1 wt%/MMA and T = 70 °C. b pH value of the IO suspension. c pH value of the suspension after mixing IO, MAA and MMA. d Determined by DLS. e Calculated using equation (2) in Chapter 2. f IO incorporation efficiency determined using equation (3) in Chapter 2. g Calculated using equation (5) in Chapter 2.

	Latex	IO (g L -1 )	MAA (g L -1 )	MAA (μmol m -2 )	pH i	b	Conv. (%)	D h (nm) d	Poly d	N p (L -1 ) e	IE (%) f	Cov (%) g
	7	0	1.4	/	3.1	100	473	0.07	3.0 × 10 15	/	/
	8	0	2.8	/	2.9	100	513	0.09	2.4 × 10 15	/	/
	9	0	8.4	/	2.7	100	724	0.12	8.6 × 10 14	/	/
	10 h	0	11.2	/	2.6	29 i	443 i	0.18	3.2 × 10 15	/	/
	6	20	1.4	5	2.2	99	267	0.04	1.7 × 10 16 20.4	5.5
	11	20	2.8	10	2.2	98	243	0.04	2.2 × 10 16 26.2	6.5
	12	20	8.4	30	2.2	100	191	0.04	4.2 × 10 16 71.8 13.8
	1 h	20	11.2	40	2.2	49 i	143 i	0.11	5.5 × 10 16	/	/

3 Effect of MAA concentration on the surfactant-free emulsion polymerization of MMA in the absence and presence of IO at pH around 2.5. a a h Latex destabilization after 10 minutes. i Monomer conversion and particle size determined just before latex destabilization.

Table 3 . 4

 34 Summary of experimental conditions and results of surfactant-free emulsion polymerizations of MMA in the presence of increasing IO contents and a fixed MAA surface concentration of 5 mol m -2 at pH = 2.2. a

	Latex	IO (g L -1 )	MAA (g L -1 )	pH i	b	Conv. (%)	D h (nm) c	Poly c	N p (L -1 ) d	IE (%) e	Cov (%) f
	14	10	0.7	2.2	100	278	0.02	1.5 10 16	22.1	3.1
	6	20	1.4	2.2	99	267	0.04	1.7 × 10 16	20.4	5.5
	15	30	2.1	2.2	100	223	0.09	2.9 × 10 16	31.4	10.6
	16 g	40	2.4	2.2	46 h	219 h	0.09	1.4 × 10 16	/	/

a All experiments were carried out for two hours with MAA = 5 mol m -2 . MMA = 20 wt%/water, ADIBA = 1 wt%/MMA and T = 70 °C. b pH value of the IO suspension. c Determined by DLS. d Calculated using equation (2) in Chapter 2. e IO incorporation efficiency determined using equation (3) in Chapter 2. f Calculated using equation (5) in Chapter 2. g Latex destabilization after 10 minutes. h Monomer conversion and particle size determined just before latex destabilization.

Table 3 .

 3 

	Latex	IO (g L -1 )	MAA (g L -1 )	MAA (μmol m -2 )	pH io	b	Conv. (%)	D h (nm)

6 Summary of experimental conditions and results of surfactant-free emulsion polymerizations of MMA carried out at pH = 4.5 in the presence of increasing IO contents and a fixed MAA concentration of 5 mol m -2 . a

c Poly c N p (L -1 ) d IE (%) e

  

										Cov
										(%) f
	18	20	1.4	5	4.5	100	218	0.12 2.3 × 10 16 50.4 11.0
	19	40	2.8	5	4.5	96	207	0.11 3.5 × 10 16 58.8 25.5
	20	60	4.1	5	4.5	95	190	0.10 4.6 × 10 16 60.2 36.3
	21 g	70	4.8	5	4.5	58 h	165 h	0.11 4.8× 10 16	/	/

a All experiments were carried out for two hours with MMA = 20 wt%/water, ADIBA = 1 wt%/MMA and T = 70 °C. b pH value of the IO suspension The pH was increased to 4.5 by removing excess nitric acid by dialysis. c Determined by DLS. d Calculated using equation (2) in Chapter 2. e IO incorporation efficiency determined using equation (3) in Chapter 2. f Calculated using equation (5) in Chapter 2. g Latex destabilization after 10 minutes. h Monomer conversion and particle size determined just before latex destabilization.

  polymer latexes by Pickering emulsion polymerization of a variety of monomer mixtures, that is, MMA/BA, St/BA, and St/2-ethylhexyl acrylate (HEA). Armes et al.110 described the synthesis of vinyl polymer-silica nanocomposite particles using St, MMA, BA, methyl acrylate (MA) and 2-hydroxypropyl methacrylate (HEMA). St 111 and MMA 112 were also used in the synthesis of titania-armored polymer microspheres via Pickering emulsion polymerization. However, few papers reported IO-armored polymer particles using various hydrophobic monomers. Therefore, we performed a series of emulsion polymerization using MMA, BA or St in the presence of IO nanoparticles and MAA as auxiliary comonomer.First, MMA, BA or St polymerizations were carried out working with 20 g L -1 of IO (pH = 2.2) and 5 μmol m -2 of MAA (latex 6, 22, 24, Table3.7).

Table 3 . 7

 37 Summary of experimental conditions and results of surfactant-free emulsion polymerizations of BA or St in the presence of 20 g L -1 IO and increasing MAA contents. a

	latex Monomer	MAA (g L -1 )	MAA (μmol m -2 )	pH i	b Conv. (%)	D h (nm) c Poly c	N p (L -1 ) d	IE (%) e	Cov (%) f
	6	MMA	1.4	5	2.2	99	267	0.04	1.7 × 10 16 20.4 5.5
	22	BA	1.4	5	2.2	97	442	0.31	3.6 × 10 15 5.6	2.6
	23 g	BA	2.8	10	2.2	93 i	392 i	0.31	5.2 × 10 15	/	/
	24	St	1.4	5	2.2	94	235	0.04	1.9 × 10 16 30.6 7.7
	25	St	2.8	10	2.2	95	190 0.005 5.0 × 10 16 45.8 9.2
	26	St	5.6	20	2.2	94	171 0.046 6.8 × 10 16 77.5 14.2
	27 h	St	8.4	30	2.2	19 i	132 i	0.12	7.1 × 10 16	/	/

a All experiments were carried out for two hours with IO = 20 g L -1 , ADIBA = 1 wt%/monomer and T = 70 °C. b pH value of the IO suspension. c Determined by DLS. d Calculated using equation (2) in Chapter 2. e IO incorporation efficiency determined using equation (3) in Chapter 2. f Calculated using equation (5) in Chapter 2. g Latex destabilization after 10 minutes. h Latex destabilization after 40 minutes. i Monomer conversion and particle size determined just before latex destabilization.

Table 3

 3 

	.8 for the

consisting mostly of monomer 2. Examples of this case are the copolymerization of MAA with either MMA or BA (Table

3

.8).

Table 3 . 8

 38 Reactivity ratios of methacrylic acid with some other vinyl monomers.[114][115][116] 

	Monomer 1	Monomer 2	r 1	r 2	Solvent
		Methyl methacrylate	0.43	2.61	water
	Methacrylic acid	Butyl acrylate	0.22	2.0	/
		Styrene	0.55	0.17	/
	Acrylic acid	Methyl methacrylate	0.25	1.5	/
		Styrene	0.128	0.655	/
	Indeed, MMA tends to polymerize faster than MAA resulting in the formation of MMA-rich
	oligomers during the nucleation step, which does not favor a strong interaction of IO
	nanoparticles with these P(MMA-co-MAA) copolymer chains. Besides, most primary
	particles are created by the collapse of MAA-poor growing polymer chain(s), which does not

favor the stabilization of these particles leading to some coalescence. When the number of MAA units increases in the polymer chains, more IO can be attached to the surface of the growing particles. If there are too many MAA units in the chains, unstable latex formed due to aggregation of IO clusters. During this process, not all IO nanoparticles can effectively adhere to the particle surface (IE close to 20 wt% for MAA concentration of 5 mol m -2 ,

Table 3 .8).

 3 

Table 3 . 9

 39 .8 (determined in water) which indicate similar trends for MMA (or St)/MAA and MMA (or St)/AA systems. Following this assumption, two groups of experiments were designed using in both cases AA as comonomer in the Pickering emulsion polymerization of either MMA or St (Table3.9). Summary of experimental conditions and results of surfactant-free emulsion polymerizations of MMA or St in the presence of 20 g L -1 of IO using AA as auxiliary comonomer. a

	Latex	AA (g L -1 )	AA (μmol m -2 )	Monomer pH i	b	Conv. (%)	D h (nm) c Poly c	N p (L -1 ) d	IE (%) e	Cov (%) f
	28	1.2	5	MMA	2.2	98	253	0.19 1.9 × 10 16 29.7 7.7
	29	4.6	20	MMA	2.2	95	353	0.22 6.9 × 10 15 73.4 14.8
	30 g	6.9	30	MMA	2.2	77 i	181 i	0.12 2.5× 10 16	/	/
	31	1.2	5	St	2.2	92	223	0.04 3.0 × 10 16 31.9 6.9
	32	4.6	20	St	2.2	93	153	0.07 9.6 × 10 16 89.4 13.2
	33 h	6.9	30	St	2.2	62 i	127 i	0.11 8.1 × 10 16 /	/

a All experiments were carried out for two hours with [IO] = 20 g L -1 , MMA or St = 20 wt%/water, ADIBA = 1 wt%/monomer and T = 70 °C. b pH value of the IO suspension. c Determined by DLS. d Calculated using equation (2) in Chapter 2. e IO incorporation efficiency determined using equation (3) in Chapter 2. f Calculated using equation (5) in Chapter 2. g Latex destabilization after 10 minutes. h Latex destabilization after 40 minutes. i Monomer conversion and particle size determined just before latex destabilization.

Table 3 .

 3 10 Summary of experimental conditions and results of surfactant-free emulsion polymerizations of MMA in the presence of AMPS. a

	Latex	IO (g L

-1 ) AMPS (g L -1 ) AMPS (μmol m -2 ) pH b latex Conv (%) D h c (nm) Poly c N p ( L -1 ) d IE e (%)

  

	1	/	/	/	2.2	100	420	0.006	4.5×10 15	/
	2	/	0.06	/	2.2	99	524	0.107	2.2×10 15	

Table 3 .

 3 11 Summary of experimental conditions and results of surfactant-free emulsion polymerizations of MMA in the presence of AMPS and ethanol. a

	Latex b	IO (g L

-1 ) AMPS (g L -1 ) AMPS (μmol m -2 ) Conv (%) D h c (nm) Poly c N p (10 15 L -1 ) d D TEM (nm) e IE f (%) Cov. g (%)

  All experiments were carried out for two hours with 15 vol% EtOH/water, [MMA] = 20 wt %/water, [ADIBA] = 1 wt%/monomer and T = 70 °C. b pH of the latex suspension after polymerization = 2.2. Determined using equation (5) in Chapter 2.

	11	0	0.33	/	99	537	0.089	2.1		/	/
	12	0	0.66	/	99	572	0.101	1.7		/	/
	13	0	1.33	/	98	609	0.087	1.4		/	/
	14	20	1.33	2.0	98	404	0.09	2.6	300	93	38.5

a c Determined by DLS. d Calculated using equation (2) in Chapter 2. e Determined by TEM. f Determined using equation (3) in Chapter 2.

g

Table 3 .

 3 12 Effect of IO concentration on the surfactant-free emulsion polymerizations of MMA in the presence of ethanol and 2 mol m -2 of AMPS. a

	Latex b	IO (g L -1 )	AMPS (g L -1 )	AMPS ( mol m -2 )	Conv (%)	D h c (nm)	Poly c	N p (10 15 L -1 ) d	D TEM (nm) e	IE f (%)	Cov. (%) g
	15	10	0.66	2.0	96	415	0.07	4.3	300	10	2.2
	14	20	1.33	2.0	98	404	0.09	2.6	300	93	38.5
	16	30	1.99	2.0	99	1015 0.21	2.7	480	96 148.4
	17	40	2.								

Table 3 .

 3 13 Effect of AMPS concentration on the surfactant-free emulsion polymerizations of St in the absence and in the presence of IO in ethanol/water (85/15 v/v). a

	Latex b	IO (g L -1 )	AMPS (g L -1 )	AMPS (μmol m -2 )	Conv (%)	D h c (nm)	Poly c	(	N p

10 15 L -1 ) d D TEM (nm) e

  

										IE f	Cov.
										(%)	(%) g
	22	/	1.2	/	17.1	325	0.17	1.6	/	/	/
	23	/	1.8	/	17.3	328	0.11	1.6	/	/	/
	24	/	2.1	/	17.3	333	0.12	1.5	/	/	/
	25	/	2.4	/	18.0	340	0.19	1.5	/	/	/
	26	20	1.2	2.0	26.0	340	0.22	2.6	200	33 38.6
	27	20	1.8	3.0	39.0	273	0.06	5.9	210	71 44.5
	28	20	2.1	3.5	42.0	250	0.07	7.2	200	93 49.5
	29	20	2.4	4.0	45.0	359	0.20	2.8	330	95 67.8
	30	20	2.								

Table 3 .14.
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	Conversion = 6%	13%	20%
	25%	33%	38%
	39%	40%	

Table 3 .

 3 14 Summary of experimental conditions and results of surfactant-free emulsion copolymerizations of MMA and S in the presence of 20 g L -1 of IO using AMPS (1.2 g L -1 , 2 mol m -2 ) as auxiliary comonomer in ethanol/water (85/15 v/v). a All experiments were carried out for six hours with 15 vol% EtOH/water, [IO] = 20 g L -1 , [MMA + St] = 20 wt %/water, [ADIBA] = 1 wt %/monomer and T = 70 °C. b pH of the latex suspension after polymerization = 2.2. c Determined by DLS. d Calculated using equation (2) in Chapter 2. e Determined by TEM. f IO incorporation efficiency determined using equation (3) in Chapter 2. g Latex surface coverage by IO determined using equation (5) in Chapter 2.

	Latex b St/MMA (wt/wt)	AMPS (g L -1 )	AMPS (μmol m -2 )	Conv (%)	D h (nm) c	Poly c	N p (10 15 L -1 ) d	D TEM (nm) e	IE f (%)	Cov. g (%)
	31	95/5	1.19	2.0	44	207	0.06	14	160	85	40.0
	32	80/20	1.19	2.0	73	205	0.03	23	150	87	22.4
	33	70/30	1.19	2.0	89	195	0.08	34	120	89	18.1

a

Table 3 .

 3 15 Theoretical and actual magnetization of the IO-armored magnetic particles synthesized by Pickering emulsion polymerization (using either MAA, AA or AMPS as auxiliary comonomers, isolated after centrifugation). [IO] = 20 g L -1 .

	Latex	12	32	14	28
	Monomer	MMA	St	MMA	St
	Auxiliary comonomer ( mol m -2 )	MAA (30)	AA (20)	AMPS (2) AMPS (3.5)
	Conversion (%)	100	93	98	42
	Theoretical magnetization (emu g -1 )	4.3	5.8	6.0	13.3
	Actual magnetization (emu g -1 )	4.3	5.3	6.0	11.5

Table 4 .

 4 1 P(AA 10 -co-BA 10 )-coated iron oxide clusters prepared using different sonication times.

	IO (g L -1 )	macroRAFT (g L -1 )	Run	Sonication time (min)	D h (nm)	poly	pH mixture
			1-1	1	246	0.32	6.16
			1-2	2	176	0.29	6.06
	10	10	1-3	3	125	0.19	6.14
			1-4	4	316	0.43	6.28
			1-5	5	377	0.50	6.13

Table 4 . 2

 42 Colloidal features and pH of the various samples obtained after "in one portion" mixing of a 20 g L -1 macroRAFT solution with a 20 g L -1 IO suspension. Concentration of IO and macroRAFT agent in the final mixture In this case, the macroRAFT solution was added drop by drop to the IO dispersion. Like

	IO (g L -1 ) *	macroRAFT (g L -1 ) *	Run	D h (nm)	poly	pH mixture
			2-1	146	0.35	6.4
	10	10	2-2 2-3	127 1687	0.32 0.80	8.3 8.2
			2-4	81	0.21	7.9
	P Pathway II (drop by drop)				
	pathway I, after stirring at room temperature for 1 h, four samples (3-1, 3-2, 3-3, 3-4)
	resulting of various post-treatments were prepared. The corresponding experimental data are
	summed up in					

*

Table 4 . 3

 43 

. The DLS particle size distributions are shown in Annex B (Figure

Table 4 . 3

 43 Colloidal features and pH of the various samples obtained after "drop by drop" mixing of a 20 g L -1 macroRAFT solution with a 20 g L -1 IO suspension.

	IO (g L -1 ) *	macroRAFT (g L -1 ) *	Run	D h (nm)	poly	pH mixture
			3-1	135	0.15	6.1
	10	10	3-2 3-3	130 625	0.17 0.74	8.4 8.1
			3-4	115	0.14	7.9

Table 4 .

 4 4 P(AA 10 -co-BA 10 )-coated iron oxide clusters prepared using various concentrations of iron oxide mother suspensions (40, 80, 100, 120 g L -1 ) and a 20 g L -1 macroRAFT mother solution (pH = 6).

	IO (g L -1 ) *	macroRAFT (g L -1 ) *	Run	D h (nm)	poly	pH mixture
			4-1		Unstable	5.9
	20	10	4-2 4-3	577 652	0.53 0.56	8.4 8.1
			4-4	122	0.19	7.8
			5-1		Unstable	5.6
	40	10	5-2 5-3	1937 2980	0.35 0.84	8.3 8.1
			5-4	148	0.20	7.9
			6-1		Unstable	5.5
	50	10	6-2 6-3	3012 3288	0.43 0.67	8.2 8.3
			6-4	647	0.57	7.9
			7-1		Unstable	5.4
	60	10	7-2 7-3	4280 4993	0.43 0.34	8.1 8.2
			7-4	3155	0.50	7.9

* Concentration of IO and macroRAFT agent in the final mixture

Table 4 .

 4 

	5 P(AA 10 -co-BA 10 )-coated iron oxide clusters prepared using varying IO and
	macroRAFT concentrations (pH = 6) for a fixed 1:1 ratio.		
	IO (g L -1 ) *	macroRAFT (g L -1 ) *	Run	D h (nm)	poly	pH mixture
			3-1	135	0.15	6.1
	10	10	3-2 3-3	130 625	0.17 0.74	8.4 8.1
			3-4	115	0.14	7.9
			8-1	148	0.20	5.8
	20	20	8-2 8-3	136 1808	0.19 0.87	7.8 7.9
			8-4	105	0.17	7.9
			9-1	137	0.21	5.9
	30	30	9-2 9-3	121 1816	0.26 0.80	8.0 7.8
			9-4	83	0.21	7.8
			10-1	139	0.20	5.8
	40	40	10-2 10-3	134 1800	0.19 0.87	7.8 7.9
			10-4	95	0.17	7.9

* Concentration of IO and macroRAFT agent in the final mixture

Table 4 .

 4 

	6 P(AA 26 -co-BA 26 )-coated iron oxide clusters prepared using various concentrations
	of RAFT mother solution (20, 40 g L -1 ) and 40 g L -1 iron oxide mother suspension.

IO (

g L -1 ) * RAFT (g L -1 ) * Run D h (nm) poly pH mixture

  

			11-1	Unstable	6.1
	20	10	11-2 11-3	630 1916	0.62 0.79	7.9 8.1
			11-4	108	0.16	7.5
			12-1	164	0.19	6.1
	20	20	12-2 12-3	163 742	0.18 0.74	7.9 8.2
			12-4	82	0.19	7.8

* Concentration of IO and macroRAFT agent in the final mixture

Table 4 .

 4 

	7 P(AA 10 -co-BA 10 )-coated iron oxide clusters prepared using various concentrations
	of IO mother suspensions (40, 100 g L -1 ) and 20 g L -1 RAFT mother solution (pH = 8).

IO (

g L -1 ) * macroRAFT (g L -1 ) *

  

			Mixing pathway	Run	D h (nm)	poly	pH mixture
	20	10	In one portion Drop by drop	13-1 14-1	99 95	0.17 0.15	6.9 7.0
	50	10	Drop by drop	15-1 b 15-2	Unstable 608 0.63	6.5 8.2

* Concentration of IO and macroRAFT agent in the final mixture.

Table 4 .

 4 8 P(AA 10 -co-BA 10 )-coated iron oxide clusters prepared by decreasing the pH of the RAFT/IO suspension.

	IO (g L -1 ) *	macroRAFT (g L -1 ) *	Run	Procedure	D h (nm)	PDI	pH mixture
			16-4	Scheme 4.4	120	0.15	8.5
	10	10	16-4/HCl 1 16-4/HCl 2	0.1 mL HCl added 0.2 ml HCl added	123 139	0.18 0.25	8.0 7.8
			16-4/HCl 3	0.3 ml HCl added	160	0.33	7.5

Table 4 .

 4 9 P(AA 10 -co-BA 10 )-coated iron oxide clusters prepared from a 20 g L -1 iron oxide mother suspension and a 20 g L -1 RAFT mother solution (pH = 6) mixed with a rotor-stator or using an ultrasound bath.

	IO (g L -1 ) *	macroRAFT (g L -1 ) *	Method	Run	Time (min)	D h (nm)	poly pH mixture
				17-1/20 min	20	899 0.84	5.9
				17-2/40 min	40	970 0.89	5.9
			Rotor-	17-3/60 min	60	1578 0.69	5.9
			stator	17-4/80 min	80	2256 0.78	5.9
				17-5/100 min	100	351 0.86	5.9
	20	20		17-6/120 min	120	368 0.83	5.9
				18-1/20 min	20	1530 0.99	6.3
				18-2/30 min	30	374 0.56	6.3
			Ultrasound bath	18-3/40 min	40	363 0.49	6.3
				18-4/50 min	50	358 0.46	6.3
				18-5/60 min	60	303 0.46	6.3

* Concentration of IO and macroRAFT agent in the final mixture

Table 4 .

 4 11 Comparison of FTIR peak assignments for P(AA 10 -co-BA 10 ) at pH 2.5, 6, 13 and after adsorption onto IO at around pH = 6.

		Peak positions (cm -1 )		
	(pH =2.5) (pH = 6)	(pH = 8) Adsorbed on IO	Peak assignment
	1735	1739	1739	1733	-C O (ester)
	1710			1710	-C O (free COOH)
		1579	1571	1547	-COO (anti symmetric)
	1453	1453	1453	1453	-CH 2 scissor
		1410	1410	1400	-COO (symmetric)
		169	161	147	

Table 4 .

 4 12 Batch emulsion polymerizations performed in the presence of IO coated with P(AA 10 -co-BA 10 ).

	Latex a	P(AA 10 -co-BA 10 ) (g L -1 )	IO (g L -1 )	Monomer	Conv. c (%)	D h,i /D h,f (nm)	d	poly i /poly f d
	1	10	10	MMA/BA b (80/20)	93.7	129/131 0.20/0.13
	2	10	10	MMA/BA b (90/10)	96.1	123/134	0.22/0.11
	3	10	10	St	92.3	132/161 0.21/0.23

Table 4 .

 4 13 Semi-batch emulsion polymerizations of MMA/BA (90/10 in weight) performed in the presence of IO coated with P(AA 10 -co-BA 10 ). 1.6 g monomer (feed rate = 0.4 g h -1 ); [macroRAFT]/[ACPA] = 3; reaction time = 6.0 h; T = 80 °C. b pH of IO/macroRAFT mixture. c Final conversion determined by gravimetric analysis. d Initial/final particle diameter and polydispersity index (D h,i , poly i and D h,f , poly f respectively) measured by DLS.

	Latex a	IO (g L -1 )	macroRAFT (g L -1 )	pH b Conv. c (%)	D h,i /D h,f (nm)	d	poly i /poly f d	MF e (%)	IO MF f (%)	S IO g (%)
	4	10	10	6	81.5	121/125 0.20/0.17	13	19	35
	5	10	8	6	82.4	132/151 0.21/0.12	18	18	44
	6	10	6	6	77.0	146/157 0.17/0.12	36	15	75
	7	20	20	6	86.6	135/137 0.20/0.17	23	20	36
	8	30	30	6	85.7	135/142 0.20/0.21	33	21	38
	9	40	40	6	89.0	139/146 0.17/0.16	44	20	40
	10	40	30	6	86.0	140/149 0.17/0.15	62	22	62
	11	40	25	6	85.2	142/152 0.19/0.16	85	25	95
	12	40	20	6				Unstable clusters	
	13	40	20	8	76.0	91/135		0.19/0.19	72	24	73
	14	40	10	8	71.0	94/178		0.17/0.21	95	28	99
	15	40	8	8	/	102/unstable 0.20/unstable		

a e Magnetic fraction determined using equation (

Table 4 .

 4 12).

	Latex 7	Latex 8	Latex 9

* Concentration of IO and macroRAFT agent in the final mixture

Acknowledgements

formation of chain-like IO nanoclusters. Such a clustering mechanism can account for the non-uniformity of the surface coverage. 

Polymer-encapsulated -Fe 2 O 3 nanoparticles prepared via RAFT-mediated emulsion polymerization

to the IO suspension.

In all cases, 5 g of the macroRAFT solution were mixed with 5 g of the IO dispersion. After additional stirring for 1 h, the mixture was subjected to different post-mixing treatments, i.e.

the pH was adjusted to 8 either after or before the sonication step. The two mixing procedures and the post-mixing treatments are detailed in Chapter 2. In brief, the post-mixing treatments result in four different procedures (Scheme 4.1):

1 -The original mixture (pH = 6) was sonicated for 3 min (named sample X-1)

2 -The pH of the former sample was increased to 8 (named sample X-2)

3 -The pH of the original sample was directly increased to 8 (named sample X-3)

4 -The pH of the original sample was increased to 8 and the resulting sample was sonicated for 3 min (named sample X-4)

For each sample, DLS and pH analyses have been carried out. These procedures have been systematically investigated for all the parameters presented in the following sections. 

Pathway I (i in one portion)

Table 4.2 shows DLS results of the various samples obtained after "in one portion" mixing of a 20 g L -1 macroRAFT solution with a 20 g L -1 IO suspension, and subsequent sonication and/or pH adjustment to 8. The DLS particle size distributions (by intensity) are shown in Annex B (Figure B1). Increasing the pH to 8 after sonication only slightly affected particle decreasing pH to 2.5. This may be due to intramolecular H-bonding between the carbonyl of the ester of BA and the OH of the acid of AA at pH 2.5.

Evaluation of the coordination mode for a specific metal carboxylate complex can be performed by means of infrared spectroscopy, calculating the difference between the ) of the asymmetric ( as ) and symmetric ( s ) stretching modes of = ass ). [17][18][19] Therefore, by comparing the separation of the symmetric and antisymmetric stretching frequencies of the carboxylate ion

) bound to transition metals with the separation measured for the corresponding sodium salt, it is possible to propose a set of rules for identifying the bonding mechanism:

(i) If there is C=O character in the spectrum and adsorbed is greater than salt , then the adsorbed structure is monodentate.

(ii) If there is no C=O character in the spectrum and adsorbed is smaller than salt , then the adsorbed structure is bidentate chelating.

(iii) If there is no C=O character in the spectrum and adsorbed salt , then the adsorbed structure is bidentate bridging.

Examination of the FTIR spectrum of the P(AA 10 -co-BA 10 )-coated IO nanoparticles reveals that two peaks at 1400 cm -1 and 1547 cm -1 have appeared. These bands correspond to the symmetric and asymmetric vibrations of the COO-group, which indicates bidentate bonding of the carbonyl groups to the surface Fe atoms. In addition, after P(AA 10 -co-BA 10 ) adsorption (147 cm -1 ) is significantly lower than salt (around 1691 cm -1 ) (Table 4.11) which suggests bidentate chelation. 20 The fact that the peak of the ester group shifted to 1731 cm -1 after adsorption at pH = 6 additionally suggests BA adsorption on the IO surface by Hbonding interactions Only a fraction of the polymer functionalities will actually adsorb onto the surface, with the remainder free to form loops and tails that extend into the solution. Other peaks present in the copolymers that are also present in the adsorbed spectra are characteristic of the carboxylic acid functionality (1710 and 1271 cm -1 ), and are due to the unadsorbed loops and tails. A schematic representation of the adsorption of P(AA 10 -co-BA 10 ) onto IO at pH around 6 is given in No MAA [IO] =0 g L -1

[MAA] = 1.4 g L -1

[IO] =0 g L -1

[MAA] = 1.4 g L -1

[IO] =0 g L -1

[MAA] = 1.4 g L -1

Supernatant of IO The IO concentration of all samples was fixed at 20 g L -1 and the AMPS concentration was increased from 1 g L -1 to 7 g L -1 (pH = 2.5).