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Synthesis of polymer/silica hybrid latexes by surfactant-free RAFT-mediated emulsion polymerization

The reversible addition-fragmentation chain transfer (RAFT) polymerization technique was used to synthesize random copolymers of poly(ethylene glycol) methyl ether acrylate) (PEGA) and nbutyl acrylate (BA) and terpolymers of acrylic acid (AA), PEGA and BA with a trithiocarbonate reactive end-group. These macromolecular RAFT agents (macro-RAFTs) were subsequently adsorbed at the surface of size-monodisperse colloidal silica particles with diameters varying between 40 and 450 nm. Adsorption isotherms for both macro-RAFTs could be well fitted to the Langmuir adsorption model, the AA-based macro-RAFT agent showing however a lower maximum adsorption. The adsorbed macro-RAFT agents were subsequently chain extended with a mixture of methyl methacrylate (MMA) and BA by starved feed emulsion polymerization.

Cryo-TEM analysis of the resulting hybrid latexes synthesized in the presence of the P(AA-co-PEGA-co-BA) terpolymers resulted in multipod-like particles while the P(PEGA-co-BA) copolymers showed the formation of individually and multi-encapsulated silica particles depending on the silica particle size. Decreasing the total silica surface area available by decreasing the silica concentration or by increasing the silica particle size resulted in limited coagulation of the latex particles due to a less efficient use of the free non-adsorbing macro-RAFT agent. The feeding process also had a strong impact on particle morphology, and

INTRODUCTION

Among the recent progresses in the field of materials science, the creation of organic/inorganic nanocomposite materials can be cited as one of the most promising developments. [START_REF] Bourgeat-Lami | Organic-inorganic nanostructured colloids[END_REF] The combination of organic and inorganic components at the nanoscale takes advantage of all the features that these materials can offer, resulting in a unique composite material with improved properties. In these composites, each part plays an important role: while the polymer matrix imparts flexibility and processability to the final material, the incorporation of an inorganic component brings enhancements in rigidity and thermal stability, for instance. It is also possible to explore the addition of nanofillers with special properties to produce materials with specific and outstanding characteristics. Moreover, the use of nano-sized fillers, instead of conventional micro and macro-sized particles, causes a considerable increase in the interfacial area and intensifies the physical interaction between the phases.

Colloidal nanocomposites have emerged as a relatively new category of nanocomposites and an alternative to overcome some of the issues observed in the synthesis of conventional composites (such as for instance the melt processing irreproducibility). [START_REF] Balmer | Colloidal nanocomposite particles: quo vadis?[END_REF] Different techniques can be used in the preparation of these new materials, from heterocoagulation to layer-by-layer assembly, but in recent years special attention has been dedicated to in situ polymerization. [START_REF] Bourgeat-Lami | Organic/Inorganic Composite Latexes: The Marriage of Emulsion Polymerization and Inorganic Chemistry[END_REF] In this technique, monomers are polymerized in the presence of inorganic colloidal particles. Emulsion polymerization, a widely used free radical polymerization process, can be considered one of the most interesting methods to synthesize colloidal nanocomposites via in situ polymerization. To circumvent the lack of compatibility between the organic and inorganic parts, various synthetic methods have been developed in the literature. These methods usually involve the use of auxiliary molecules, such as silane coupling agents, comonomers, or initiators, which are grafted or adsorbed onto the inorganic surface. 4 However, in most of the strategies reported, the use of surfactants is required to provide colloidal stability to the hybrid particles although it is known that surfactant molecules can migrate in the final materials and adversely affect film formation and properties. To overcome this issue, new approaches for obtaining composite latexes with different particle morphologies in the absence of molecular surfactants have been recently reported. 5 These approaches take advantage of the recent developments in the field of controlled radical polymerization (CRP) techniques in aqueous media, and the so-called polymerizationinduced self-assembly (PISA) of amphiphilic block copolymers. These new CRP-based methods rely on the use of macroalkoxyamine initiators, [START_REF] Qiao | Synthesis of Multipod-like Silica/Polymer Latex Particles via Nitroxide-Mediated Polymerization-Induced Self-Assembly of Amphiphilic Block Copolymers[END_REF] or more commonly, macromolecular RAFT agents (macro-RAFT), which can adsorb on the inorganic particles and lead the emulsion polymerization to occur at their surface. In short, the method uses living amphipathic random copolymers with a RAFT functionality on one extremity, which is able to be reactivated for the polymerization of hydrophobic monomers. In addition, the relatively high hydrophilicity of the macro-RAFT agent provides stability to the formed objects in water dispersion. Nguyen et al. [START_REF] Nguyen | Pigment Encapsulation by Emulsion Polymerization Using Macro-RAFT Copolymers[END_REF] were the first to apply this strategy for the encapsulation of alumina-and zirconia-coated titanium dioxide pigments using amphipathic copolymers composed of acrylic acid (AA) and nbutyl acrylate (BA) units under starved-feed conditions. Since then, many works have been focused on using similar approaches to generate a variety of hybrid morphologies using different types of inorganic particles [START_REF] Daigle | A Simple Method for Forming Hybrid Core-Shell Nanoparticles Suspended in Water[END_REF] with different shapes and surface chemistries, such as cerium oxide, 9 cadmium 10 and lead [START_REF] Das | Synthesis of single-core and multiple-core core-shell nanoparticles by RAFT emulsion polymerization: Lead sulfide-copolymer nanocomposites[END_REF] sulfide quantum dots, graphene oxide, [START_REF] Huynh | Polymer coating of graphene oxide via reversible addition-fragmentation chain transfer mediated emulsion polymerization[END_REF] gibbsite [START_REF] Ali | Polymer Encapsulated Gibbsite Nanoparticles: Efficient Preparation of Anisotropic Composite Latex Particles by RAFT-Based Starved Feed Emulsion Polymerization[END_REF] and MMT [START_REF] Mballa Mballa | Control of the anisotropic morphology of latex nanocomposites containing single montmorillonite clay particles prepared by conventional and reversible addition-fragmentation chain transfer based emulsion polymerization[END_REF] platelets and carbon nanotubes. 15 Here we demonstrate that this macro-RAFT agent strategy can be easily implemented to the synthesis of polymer/silica hybrid particles. The advantages of using silica as inorganic fillers to produce polymer-based nanocomposites are well known and include, among others, the ability of these particles to improve the physical properties (such as mechanical and thermal) of the polymer matrix. 16 In this work, the surfactant-free synthesis of silica-polymer composite particles by RAFTmediated emulsion polymerization is reported. The strategy used does not involve the chemical modification of silica or the addition of any surfactants: we rely, instead, on the use of amphipathic PEGA-based macro-RAFT agents to adsorb on the surface of silica, induce the growth of the polymeric material from the inorganic surface by chain extension in emulsion polymerization and provide stability to the resulting hybrid colloids. The effect of some parameters, such as the nature of the macro-RAFT agent and the silica particle size, as well as the process type (batch versus semi-batch), on particle size and morphology was studied, yielding a variety of different hybrid structures, from snowman to multipod-like and individually or multi-encapsulated silica particles as characterized by cryogenic-transmission electron microscopy (cryo-TEM). Although polymer/silica composites have been the most commonly reported organic/inorganic nanocomposites in the literature, [START_REF] Qiao | Synthesis of Multipod-like Silica/Polymer Latex Particles via Nitroxide-Mediated Polymerization-Induced Self-Assembly of Amphiphilic Block Copolymers[END_REF][START_REF] Zou | Polymer/Silica Nanocomposites: Preparation, Characterization, Properties, and Applications[END_REF] as far as we know, this is the first work to describe the synthesis of silica-based nanocomposite latexes by macro-RAFT-mediated emulsion polymerization.

EXPERIMENTAL SECTION

Materials

Tetraethyl orthosilicate (TEOS, ≥ 99%, Sigma Aldrich), L-arginine (≥ 98,5%, Sigma Aldrich), ethanol (EtOH, 99.5%, LabSynth), ammonium hydroxide (27%, LabSynth), 4-4'-azobis-4cyanovaleric acid (ACPA, ≥ 98%, Sigma Aldrich), n-hexane (95% Vetec), 1,4-dioxane (99%, Vetec), ethyl ether (99,5%, Vetec), poly(ethylene glycol) methyl ether acrylate (PEGA, M n = 480 g mol -1 , Sigma Aldrich) and acrylic acid (AA, 99%, Sigma Aldrich) were used as received. Deuterated chloroform (CDCl 3 , 100%, Aldrich) and deuterated dimethylsulfoxide (DMSO-d6, Aldrich, 100%) were used as solvents for proton nuclear magnetic resonance analysis ( 1 H NMR).

Tetrahydrofuran (THF, 99.9%, HPLC grade, Aldrich) was filtered and degassed in an ultrasound bath before use as solvent in size exclusion chromatography (SEC). 1,3,5-Trioxane (99%, Aldrich) was used as internal standard to determine monomer conversion by [START_REF] Bourgeat-Lami | Organic-inorganic nanostructured colloids[END_REF] H NMR during macro-RAFT synthesis. Trimethylsilyl diazomethane (2M solution in diethyl ether, Aldrich) was used to methylate the acrylic acid units present in the structure of the macro-RAFT agents before SEC analysis. The monomers, methyl methacrylate (MMA, 99.5%) and n-butyl acrylate (BA, 99.5%), kindly supplied by BASF (Brazil), were purified by distillation at reduced pressure. 4-Cyano-4-(propylsulfanyltiocarbonyl) sulfanyl pentanoic acid (CTPPA) was synthesized by reaction of ACPA with bis(propylsulfanylthiocarbonyl) disulfide according to the literature. [START_REF] Boursier | Controlled radical polymerization of styrene in miniemulsion mediated by PEO-based trithiocarbonate macromolecular RAFT agents[END_REF] The commercial silica sol (Klebosol 30N12) was kindly supplied by Clariant (France). All the water used in the experiments was deionized (Purelab Classic UV, ElgaLabWater).

Characterizations

The composition of the macro-RAFT molecules was determined by 1 H NMR spectroscopy (Bruker DRX 300) by measuring the vinyl proton integrals of the monomers (three CH 2 protons at δ = 6.27 ppm, δ = 6.05 ppm and δ = 5.59 ppm for PEOA, δ = 6.27 ppm, δ = 6.05 ppm and δ = 5.59 ppm for BA and δ = 6.50 ppm, δ = 6.22 ppm and δ = 5.75 ppm for AA) using 1,3,5-trioxane as an internal reference. [START_REF] Qiao | Nitroxide-Mediated Polymerization-Induced Self-Assembly of Poly(poly(ethylene oxide) methyl ether methacrylateco-styrene)-b-poly(n-butyl methacrylate-co-styrene) Amphiphilic Block Copolymers[END_REF] Size exclusion chromatography (SEC) analyses were performed in THF at 40 °C. The flow rate of the mobile phase was 1 mL min -1 , and toluene was used as a flow rate marker. All polymers were injected at a concentration of 3 mg mL -1 after filtration through a 0.45 µm pore-size membrane. The separation was carried out using three Polymer Laboratories columns [3 × PLgel 5 µm Mixed C (300 × 7.5 mm)] and a guard column (PL gel 5 µm). The average molar masses and molar mass distributions were calculated with a calibration curve based on PMMA standards. Dynamic light scattering (DLS, Malvern Zetasizer Nano ZS) was used to measure the particle size (average hydrodynamic diameter, Z av ) and the dispersity of the samples (poly value -the higher this value, the broader the size distribution). The silica particles were imaged by transmission electron microscopy at the Centre Technologique des Microstructures, platform of the Université Claude Bernard, Lyon 1, France. A drop of the diluted silica sol was deposited on a carbon/Formvar ® -coated copper grid and the water 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. To prevent particles deformation (for soft polymer compositions) and/or the deleterious effect of radiation (PMMA is known to be particularly sensitive to electron damage), and allow reliable determination of particles size and morphology, the composite latex particles were characterized by cryogenic-transmission electron microscopy (cryo-TEM). Following a method described elsewhere, [START_REF] Negrete-Herrera | Polymer/Laponite composite latexes: Particle morphology, film microstructure, and properties[END_REF] the diluted samples were dropped onto 300 Mesh holey carbon films (Quantifoil R2/1) and quench-frozen in liquid ethane using a cryo-plunge workstation (made at LPS Orsay). The specimens were then mounted on a precooled Gatan 626 specimen holder, transferred in the microscope (Phillips CM120) and observed at an accelerating voltage of 120 kV. The number-average (D n ) and the weight-average (D w ) diameters of the silica or composite latex particles were determined directly on the TEM or cryo-TEM micrographs according to:

𝐷 ! = ! ! ! ! ! ! and 𝐷 ! = ! ! ! ! ! ! ! ! ! ! ,
where 𝑛 ! is the number of particles with diameter 𝐷 ! . In the case of silica, a minimum of 200 particles was counted for each batch. The number of silica and composite particles, (Np (L -1 )), was then determined from the particle diameter determined by TEM or cryo-TEM according to the following equation:

𝑁 ! !"#$"%&'( (!"#"$%) 𝐿 !! = 6 𝐶 !"#$"%&'( (!"#"$%) 10 !" 𝜌 !"#$"%&'( (!"#"$%) 𝜋𝐷 !"#$"%&'( (!"#"$%) ! (1)
where C Composite (silica) (g L -1 ), ρ Composite (silica) (g cm -3 ) and D Composite (silica) are respectively the concentration, the density and the cryo-TEM (respectively TEM) diameter of the composite and silica particles. Knowing the average number of silica bead per composite particle (as directly determined on the TEM images), R = N p silica /N p composite , one can estimate the polymer concentration for which the number of composite particles is equal to N p silica /R. This polymer concentration corresponds to the shell polymer concentration. The fraction of free polymer is then determined as follows:

𝐹𝑟𝑒𝑒 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 % = 𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 -[𝑆ℎ𝑒𝑙𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟] [𝑇𝑜𝑡𝑎𝑙 𝑝𝑜𝑙𝑦𝑚𝑒𝑟] 𝑋 100 (2) 
with [Total polymer] and [Shell polymer] expressed in g L -1

Synthesis of Silica Particles

Silica particles with diameters ranging from 40 to 450 nm and narrow size distributions were synthesized using two different procedures. First, ultrafine, highly monodisperse silica particles were synthesized using the two-phase process of Hartlen et al. [START_REF] Hartlen | Facile Preparation of Highly Monodisperse Small Silica Spheres (15 to >200 nm) Suitable for Colloidal Templating and Formation of Ordered Arrays[END_REF] Following this process, an immiscible organic top layer of TEOS was left diffusing into an aqueous solution of amino acid catalyst, leading to a slow increase in the solution supersaturation and subsequent formation of tiny silica particles with a very narrow size distribution. [START_REF] Chang | Preparation of large monodispersed spherical silica particles using seed particle growth[END_REF] In contrast with previous reports, no inert oil (i.e., octane or cyclohexane) was employed in the present work. In a typical procedure, L-arginine (26.7 mg, 6 mmol L -1 ) was first diluted in deionized water (25 g), charged into the reactor, and kept stirring for several minutes with a stirring bar. Once the solution temperature reached 60 °C, 4.0 mL of TEOS were carefully introduced in the reactor to form a top layer. The stirring rate was fixed at 250 rpm so that the water phase could be well mixed and the top organic layer could be maintained almost undisturbed. The mixture was stirred at 60 °C for 72 h to form 41 nm diameter silica particles as determined by transmission electron microscopy (TEM) analysis (S2, Table 1). These silica particles were then used as seeds to generate larger monodisperse particles according to the so-called seed-regrowth process. [START_REF] Hartlen | Facile Preparation of Highly Monodisperse Small Silica Spheres (15 to >200 nm) Suitable for Colloidal Templating and Formation of Ordered Arrays[END_REF][START_REF] Chang | Preparation of large monodispersed spherical silica particles using seed particle growth[END_REF][23] In a typical regrowth reaction, a certain amount of the silica seed was gradually dispersed in an ethanol solution containing water and ammonia (0.6 M). Upon uniform mixing, a certain amount of TEOS (Table 1) was added with the help of a syringe pump (rate = 3.0 mL h -1 , B. Braun Perfusor® Compact). The mixture was stirred at room temperature for 24 h to obtain 101, 254 and 432 nm diameter silica particles as determined by TEM (S3, S4 and S5 respectively, Table 1).

Synthesis of Macro-RAFT Agents

Two types of macro-RAFT agents were synthesized in this work: an amphipathic random terpolymer of AA, BA and PEGA and a random copolymer of BA and PEGA. Both polymers were synthesized by RAFT polymerization in solution using CTPPA as a chain transfer agent (Scheme 1). The macro-RAFT agents were synthesized as follows. In a two-necked round-bottom flask equipped with a condenser, proper amounts of CTPPA, monomers, and ACPA (Table 2), and 30.4 mg of 1,3,5-trioxane were dissolved in a calculated amount of 1,4-dioxane so the final concentration of macro-RAFT agent in solvent would not exceed 25 wt%. After deoxygenation by nitrogen bubbling for 30 min, the resulting mixture was immersed in an oil bath thermostated at 80 °C for 7 hours. Samples were taken for kinetics studies by 1 H NMR analysis. Finally, the obtained polymers were purified by precipitation in n-hexane for three times and characterized by [START_REF] Bourgeat-Lami | Organic-inorganic nanostructured colloids[END_REF] H NMR and SEC (Supporting Information). Their main characteristics are shown in Table 2. 

Macro-RAFT Agents Adsorption on the Silica Surface

A macro-RAFT stock solution (40 g L -1 ) and a silica stock dispersion (10 g L -1 ) were made and used to prepare 5 g L -1 g silica dispersions with a concentration range of macro-RAFT from 1.0 to 20.0 g L -1 . The dispersions were stirred for 12 hours and further ultracentrifuged at 60000 rpm for one hour (Thermo Scientific, Sorvall™ MTX 150 model Micro-Ultracentrifuge). The equilibrium macro-RAFT concentration in the supernatant was determined by UV-visible spectroscopy. The adsorbed amount, Q e (mg g -1 ), was then determined by the difference between the initial and the equilibrium concentration according to:

𝑄 ! mg g !! = ! ! ! ! ! ! ! 𝑥 1000 (3) 
Where C 0 (g L -1 ) is the initial macro-RAFT concentration, C e (g L -1 ) is the macro-RAFT equilibrium concentration in the supernatant, V (L) is the volume of solution and m (g) is the mass of silica.

Surfactant-Free Emulsion Polymerization of MMA and BA in the Presence of Silica

Particles

Hybrid latex particles were synthesized by starved feed emulsion polymerization in a 50 mL three-necked round bottom flask equipped with a condenser. In a typical experiment (EP04, Table 3), 0.2 g of macro-RAFT agent (A2) was firstly dissolved in 8.6 g of water with magnetic stirring. Then, 8.8 g of silica sol (S3, 1.3 wt%) was slowly dropped in the macro-RAFT agent solution maintaining the stirring throughout (final macro-RAFT concentration = 3.3 mM). The dispersion was stirred for 1 hour, then it was added to the flask a solution prepared with 0.0060 g prepared monomer mixture (mass ratio MMA:BA = 90:10). The content was flushed with nitrogen for 30 minutes. The flask was immersed in an oil bath thermostated at 80 ºC. Then 2.1 g of a previously deoxygenated monomer mixture was fed in the flask at a rate of 0.67 mL h -1 over 4 hours using a syringe pump (B. Braun Perfusor® Compact) to target a dispersion with a polymer content of 10.5 wt% and 5.2 wt% of silica based on the polymer. Samples were taken in a 1-hour interval during 5 hours of reaction for determination of the monomer to polymer conversion by gravimetric analysis and the particle size. A similar procedure was used for the batch experiment except that the monomer mixture was introduced as a shot together with the initiator solution. RESULTS AND DISCUSSION

Synthesis of Silica Particles

Silica is an amorphous oxide-based nanostructured material that can be easily modified either by covalent conjugation or simply by physical adsorption. Silica is an ideal particle to use in model systems, presenting great colloidal stability and processability, and is widely employed in many industrial areas such as paints, drug delivery and composite materials. [START_REF] Zou | Polymer/Silica Nanocomposites: Preparation, Characterization, Properties, and Applications[END_REF] Commercial silica nanoparticles present diameters in the range of 10-80 nm, but larger spheres can be prepared by the Stöber process, [START_REF] Stöber | Controlled Growth of Monodisperse Silica Spheres in the Micron Size Range[END_REF] via the hydrolysis and condensation of TEOS in a mixture that includes water, alcohol and ammonia as base catalyst. Even though the Stöber process is the most widely used method to prepare colloidal silica nanoparticles due to a variety of advantages, the control of particle size and particle size distribution is still challenging through this method. Many studies have been dedicated to overcome this issue, for example, the "seed regrowth" approach, 22,23a in which pre-synthesized silica particles are used as seeds to be further grown by the addition of the silica precursor (e.g. TEOS); the amino acid catalyzed, [START_REF] Yokoi | Periodic Arrangement of Silica Nanospheres Assisted by Amino Acids[END_REF] that uses amino acids instead of base; and the regrowth technique with L-arginine as a base catalyst reported by Hartlen et al. [START_REF] Hartlen | Facile Preparation of Highly Monodisperse Small Silica Spheres (15 to >200 nm) Suitable for Colloidal Templating and Formation of Ordered Arrays[END_REF] While the first one is more suitable for producing particles above 50 nm and the second is restricted to low solid contents (typically below 5 wt%), the method proposed by

Hartlen is gaining increasing attention since it produces particles from 15 nm to more than 200 nm with low polydispersity. Although, it is considered a simple and efficient waterborne route for the obtainment of silica seeds, this method is however not suitable to regrow particles, and leads to poorly controlled particles in size or shape.

Herein, four batches of size-monodisperse silica particles with diameters in the range 40-450 nm were prepared in two steps. First, ultrafine, highly monodisperse silica particles were synthesized using the Hartlen process, and these particles were subsequently used as seeds to generate bigger particles using ammonia as base catalyst. The size of the silica seed was controlled by the amount of TEOS introduced in the Hartlen process (S2, Table 1) while varying the seed concentration in the regrowth experiments enabled to get particles in the desired size range with polydispersity indexes as low as 1.002 (S3, S4 and S5 in Table 1). The corresponding TEM images are shown in the Supporting Information (Figure S1). In addition, a commercial Klebosol silica sol (Klebosol 30N12, Z av = 32 nm, S1 in Table 1) was used to complete the series and study the effect of the nature of the silica particles.

Macro-RAFT Adsorption on the Silica Surface

In order to understand the mechanism of hybrid particle formation, the adsorption of the macro-RAFT agents was studied using the 101 nm silica particles at pH 8.7 (S3, Table 1). The adsorption isotherms of both macro-RAFT agents exhibit a L-shape, characteristic of a Langmuir-type of adsorption (Figure 1). The adsorbed amount of macro-RAFT agent increases with the increase in the copolymer concentration until a plateau, which corresponds to the maximal adsorption capacity, is reached. [START_REF] Giles | Studies in adsorption. 11. A system of classification of solution adsorption isotherms, and its use in diagnosis of adsorption mechanisms and in measurement of specific surface areas of solids[END_REF] For P(PEGA 6 -co-BA 4 )-CTPPA, a greater mass of copolymer is needed to completely cover the silica surface, since the amount of macro-RAFT adsorbed at the plateau was around 189 mg g -1 (i.e., 6.4 mg m -2 ) while the amount of P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA adsorbed at the plateau was about 69 mg g -1 (i.e., 2.3 mg m -2 ).

P(PEGA 6 -co-BA 4 )-CTPPA also displayed a stronger affinity for the silica surface as indicated by a higher initial slope. The Langmuir model was fitted to the adsorption isotherms in Figure 1 (dotted lines) and the corresponding adsorption parameters are given in the Supporting Information (Figure S3 and Table S1). The model could effectively fit the adsorption isotherm of P(PEGA 6 -co-BA 4 )-CTPPA on silica but the fit was less adequate for P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA suggesting a more complex adsorption mechanism. The equilibrium constant K L is much lower for the P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA macro-RAFT agent indicating lower binding strength of the AA-containing terpolymer to the silica surface in agreement with the shape of the curve and previous literature reports. [START_REF] Whitby | PAA/PEO comb polymer effects on rheological properties and interparticle forces in aqueous silica suspensions[END_REF] Figure 1. Adsorption isotherms of P(PEGA 6 -co-BA 4 )-CTPPA and P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA on 101 nm silica particles at pH 8.7 with Langmuir fits (dashed lines).

It is well known that poly(ethylene oxide) adsorbs onto silica particles by hydrogen bonds between ether oxygen atoms of PEO and silanol groups on the silica surface. 28 It has been reported that polymers bearing PEO side chains, known as brush-type or comb-like polymers, adsorb more than the analogous linear PEO polymers. [START_REF] Qiao | Synthesis of Multipod-like Silica/Polymer Latex Particles via Nitroxide-Mediated Polymerization-Induced Self-Assembly of Amphiphilic Block Copolymers[END_REF][START_REF] Naderi | Effect of polymer architecture on the adsorption properties of a nonionic polymer[END_REF] The maximum adsorption capacity of the P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA macro-RAFT copolymer: 60.4 mg g -1 (i. brush-type copolymers. [START_REF] Qiao | Synthesis of Multipod-like Silica/Polymer Latex Particles via Nitroxide-Mediated Polymerization-Induced Self-Assembly of Amphiphilic Block Copolymers[END_REF] The lower adsorption of P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA compared to the literature and to P(PEGA 6 -co-BA 4 )-CTPPA is probably due to the presence of AA units.

At pH 8.7, both the silica surface and the AA units are negatively charged generating electrostatic repulsion that hinders the adsorption. [START_REF] Whitby | PAA/PEO comb polymer effects on rheological properties and interparticle forces in aqueous silica suspensions[END_REF] In contrast, the high adsorption of P(PEGA 6co-BA 4 )-CTPPA may be attributed to the presence of hydrophobic BA units in the structure which would adsorb on the silica surface in order to minimize the interaction between the BA units and the aqueous medium thus increasing the driving force for adsorption. 30

Synthesis of Silica/Polymer Hybrid Particles

Effect of the nature of the macro-RAFT agent

Previous studies in the literature showed that the composition of the macro-RAFT agent had a determinant impact on the stability and morphology of the resulting hybrid particles. 9a In order to assess the effect of the macro-RAFT composition on particle morphology, AA units were incorporated in the copolymer chains to tune their hydrophobic/hydrophilic balance. While the hybrid latex synthesized with P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA (EP01, Table 3) comprises multipod-like silica/polymer particles (Figure 2a), the hybrid latex synthesized with P(PEGA 6co-BA 4 )-CTPPA (EP02, Table 3) comprises polymer-encapsulated silica nanoparticles (Figure 2b). This can be attributed to the fact that this macro-RAFT is more hydrophobic, and hence displayed a higher affinity for the silica surface allowing a greater amount to be adsorbed on the inorganic particles, while simultaneously rendering the inorganic surface hydrophobic enough to efficiently shift the polymerization locus from the water phase to the surface of the silica particles. In both cases, free polymer particles were seen in the water phase. As in both cases there was free macro-RAFT agent in water since the beginning of the polymerization, these nonadsorbed chains may have undergone chain extension leading to self-assembling and further particle formation according to the PISA mechanism. [START_REF] Charleux | Polymerization-Induced Self-Assembly: From Soluble Macromolecules to Block Copolymer Nano-Objects in One Step[END_REF] The free polymer particles are however more abundant in the latex synthesized with P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA than when the AA-free macro-RAFT agent was used. This result is in agreement with the adsorption isotherms described above, and can be attributed to the fact that P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA displayed a lower affinity for the silica surface, and is also more hydrophilic, which would both contribute to the formation of a higher proportion of self-stabilized free latex particles. 

Effect of process type

The feasibility of encapsulating silica by RAFT-mediated emulsion polymerization performed in batch mode was checked. A stable latex could be synthesized in batch mode (EP03, Table 3) under similar conditions of experiment EP02 (Figure 2b and Figure 3c), however the cryo-TEM and TEM images of the latex EP03 show that encapsulation was not achieved (Figures 3a and3b). Snowman-like hybrid particles were identified instead, as well as a few free silica beads and a large number of free polymer particles indicating a decrease in polymer-silica interaction and a predominance of polymer particle formation in the water phase. This change in morphology was probably caused by the desorption of macro-RAFT agent from the silica surface due to partitioning of macro-RAFT agent between the inorganic surface, water and monomer droplets. Thus, the amount of macro-RAFT agent adsorbed on the silica surface was not enough to guarantee the complete encapsulation of silica particles. Besides, MMA-rich systems are prone to homogenous nucleation which may have also favored the formation of free polymer particles. [START_REF] Zhang | RAFT-mediated one-pot aqueous emulsion polymerization of methyl methacrylate in presence of poly(methacrylic acidco-poly(ethylene oxide) methacrylate) trithiocarbonate macromolecular chain transfer agent[END_REF] In addition, in batch mode, the high concentration of monomer in the growing latex particles promotes a plasticizing effect, which lowers the glass transition temperature (Tg) of the polymer facilitating the expelling of the hydrophilic inorganic particles from the polymer phase. 9a, 13, 33 Indeed, several reports have shown the importance of the effect of the Tg of the polymer shell on particle morphology. 5a, 5b Although encapsulation of silica particles was not achieved, this result suggests however that RAFT-mediated emulsion polymerization performed in batch mode can be explored as a potential tool for the synthesis of snowman-like particles.

Effect of the silica particle size

The effect of the size of the silica particles on the composite morphology was evaluated. Hybrid latexes were synthesized with 3.3 mmol L -1 of P(PEGA 6 -co-BA 4 )-CTPPA and a fixed silica concentration of 5.5 g L -1 using particles with 41, 101, 254 and 432 nm (EP04, EP02, EP05 and EP06, respectively, Table 3). The cryo-TEM analysis of the hybrid latex synthesized with 41 nm silica particles (Figures 4a andb) revealed the presence of core-shell particles (constituted of only one encapsulated silica bead) and multi-encapsulated silica particles constituted of two, three, four or more than four encapsulated silica beads. Das et al. [START_REF] Das | Synthesis of single-core and multiple-core core-shell nanoparticles by RAFT emulsion polymerization: Lead sulfide-copolymer nanocomposites[END_REF] As the silica surface area was reduced by increasing the silica particle size to 101 nm, the morphology of the hybrid latex particles became more uniform as almost only single-core-shell particles were observed with a very few number of double-core-shell particles and secondarynucleated latex particles (EP02, Figure 4c). The use of 254 nm silica particles resulted exclusively in single-core-shell nanocomposite particles, with a great number of free latex particles, as observed by cryo-TEM (EP05, Figures 4d and4e). The fraction of secondary nucleated polymer particles was quantitatively determined as described in the experimental section, and was found to increase from 18.4 to 78.2 wt% with increasing the silica particle size from 41 to 254 nm in agreement with the TEM observations (Table 3). When the 432 nm silica was used, a significantly different morphology was observed. The polymer shell formed around the silica particles presented a protrusion on one side of the particles formed by accumulated smaller latex particles (EP06, Figure 4f). This is to our knowledge the first time that such a morphology is reported in the literature. We suspect that latex agglomeration at the composite particles surface is due to a lack of stability. As a matter of fact, a rapid calculation shows that the amount of free macro-RAFT agent increases with increasing the silica particle size (for fixed macro-RAFT and silica concentrations). Due to its hydrophobic character, the excess macro-RAFT can partition between the monomer and water phases, 34 which decreases the amount of macro-RAFT that can effectively participate to latex stabilization resulting in latex particles aggregation. [START_REF] Save | Controlled Radical Polymerization in Aqueous Dispersed Media[END_REF] Indeed, a control experiment performed under the same conditions in the absence of silica beads showed the formation of 410 nm diameter latex particles (as determined by DLS), illustrating the poor stabilizing efficiency of the P(PEGA 6 -co-BA 4 )-CTPPA macro-RAFT agent under batch conditions, in agreement with the above-mentioned hypothesis.

To further demonstrate the importance of excess macro-RAFT on particle morphology, we performed another experiment in which the concentration of the 41 nm silica particles was decreased to 0.37 g L -1 (EP07, Table 3) so as to totalize an overall surface area equivalent to that of the 432 nm silica particles used in experiment EP06. The amount of free macro-RAFT was thus roughly the same in EP06 and EP07. The TEM image of sample EP07 (Figure 5b) suggests multi encapsulation of the silica particles while cryo-TEM showed the formation of large particles with a rough surface. Their diameter (around 500 nm) is in agreement with the DLS particle size. The morphology of these particles is remindful of the polymer protrusion observed in experiment EP06, which was performed using 432 nm silica particles. Thus, although a higher concentration of macro-RAFT agent in relation to the concentration of silica was used in experiment EP07, it was not possible to mono-encapsulate the small silica particles, which instead aggregated into larger particles as a consequence of a lack of stabilization due to partitioning of the excess macro-RAFT between the monomer and aqueous phases. Such a partitioning would decrease the amount of macro-RAFT effectively available for stabilization of the growing latex particles resulting in limited aggregation of the nucleated particles. This result clearly illustrates the effect of the macro-RAFT/inorganic particles complex on controlling not only the particle morphology but also the stability of the final latex suspension. The interest in using inorganic particles to support the controlling agent with regards to latex colloidal stability and living character of the polymerization has already been reported by Guimaraes et al. [START_REF] Rodrigues Guimarães | Synthesis of multi-hollow clay-armored latexes by[END_REF] during the synthesis of clayarmored latexes by RAFT-mediated emulsion polymerization.

Effect of the nature of the silica particles

In order to study the effect of the nature of the silica particles, a commercial silica sol (Klebosol 30N12, Z av = 32 nm, Table 1) was used for the synthesis of hybrid latexes. The TEM and cryo-TEM images of the latex samples synthesized with 0.09 g L -1 and 5.5 g L -1 of 32 nm silica are displayed in Figure 6. For the higher silica concentration (EP08, Table 3), the morphology of the hybrid particles suggests that silica is located at the surface of the particles (Figure 6a). Their diameter determined by DLS (165 nm) is slightly smaller than their cryo-TEM diameter, which suggests the presence of free polymer particles as confirmed by TEM analysis. However, no free silica particles were identified indicating that all silica particles were incorporated in the polymer matrix. Decreasing the silica concentration by a factor 10 again resulted in the formation of cauliflower-like composite particles with a hydrodynamic diameter of 559 nm (EP09, Table 3), which agreed well with the cryo-TEM observation (Figures 6b). commercial silica (S1 in Table 1) for two different concentrations: a) 5.5 g L -1 (EP08) and b) 0.09 g L -1 (EP09). [P(PEGA 6 -co-BA 4 )-CTPPA] = 3.3 mM.

As before, this unusual morphology likely originates from the limited coagulation of smaller particles formed in the early stages of polymerization due to a lack of stabilization. In contrast, EP08 performed at a higher silica concentration showed that immobilization of the macro-RAFT agent on the silica surface minimized its partitioning between the monomer droplets and the water phase, and significantly improved the latex colloidal stability resulting in smaller particles with an armored morphology. The armored structure suggests a different adsorption mechanism of the macro-RAFT agent on the silica surface likely due to different surface chemistries, and highlights the importance of the surface properties of the macro-RAFT-coated inorganic particles in determining hybrid particle morphology.

Film-forming formulation

Several studies employing amphipathic macro-RAFT agents to encapsulate inorganic particles showed that the composition of the monomer mixture played a key role in particle morphology.

While great success was obtained for monomer compositions whose Tgs of the corresponding polymers were above the reaction temperature, achieving the targeted encapsulated morphology proved to be more challenging when the Tg of the polymer shell was decreased in order to enable film-formation at room temperature. In this section, a film-forming latex was synthesized with a higher BA content in the comonomer mixture (MMA:BA = 1:1 by weight) (EP10, Table 3). This monomer composition was selected to target a polymer with a predicted Tg below room temperature to allow film formation under ambient conditions. The cryo-TEM images of the hybrid latex showed that encapsulation of silica particles was unexpectedly achieved (Figure 7). Some hybrid particles containing more than one silica bead were also identified and may have been formed upon coagulation of single encapsulated silica particles. Interestingly, the shell thickness was smaller than for the experiment performed under the same conditions using a 90:10 (wt:wt) MMA/BA mixture (EP02, Table 3), resulting in an increase of the proportion of free polymer from 39.7 to 68.2 wt% (Table 3) as determined using equation (2). The TEM images confirmed the formation of a greater number of free polymer particles in EP10 than in EP02, supporting the quantitative analysis. To our knowledge, this is the first example of film-forming hybrid latex with a core-shell morphology synthesized by RAFT-mediated emulsion polymerization. Indeed, in the previous literature examples, 9a, 13 a decrease in Tg led to a loss of control of the encapsulated morphology, the higher chain mobility of the polymer shell allowing migration of the hydrophilic inorganic particles to the polymer-water interface to minimize interfacial energy. Snowman-like or dumbbell morphologies, which would indicate a possible migration of silica to the polymerwater interface, were not observed in the cryo-TEM images of sample EP10. Although the Tg of the polymer shell was lower than the reaction temperature, a polymer shell could be formed around the silica particles resulting in transparent nanocomposite polymer films upon water evaporation of the latex suspension.

CONCLUSIONS

We have investigated the unprecedented synthesis of silica/poly(MMA-co-BA) hybrid latexes by surfactant-free emulsion polymerization mediated by poly(ethylene oxide)-containing macro-RAFT agents. Composite colloidal particles with different morphologies were achieved depending on the nature of the macro-RAFT agent, the process type, the silica particle size or concentration and the nature of the silica surface. The semi-batch emulsion polymerization of a comonomer mixture with MMA:BA = 10:1 (wt:wt) mediated by P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA allowed the preparation of multipod-like composite particles. This morphology was ascribed to the presence of AA units in this macro-RAFT agent decreasing its affinity for the silica surface and lowering its adsorption in comparison to the adsorption behavior of P(PEGA 6co-BA 4 )-CTPPA, which successfully mediated the encapsulation of size-monodisperse colloidal silica particles with diameters in the range 40 -450 nm. As the silica particle size increased (and the total silica surface area decreased), the morphology of the composite particles evolved from multi-encapsulated silica particles to individually encapsulated silica particles and polymerprotruded encapsulated particles. Decreasing the total silica surface area available affected the partitioning of the macro-RAFT agent between the monomer and the aqueous phase, which influenced the stability of the growing latex particles as less macro-RAFT agent effectively participated in latex stabilization, promoting aggregation. When RAFT-mediated emulsion polymerization was conducted in batch mode, snowman-like composite particles could be successfully achieved. The surface properties of the colloidal silica also played a decisive role on the morphology of the hybrid latexes as the use of a commercial silica led to the formation of silica-armored composite particles. In addition, we also reported for the first time the RAFTmediated synthesis of silica-containing film-forming hybrid latexes with core-shell morphology, which allowed the preparation of transparent nanocomposite films by water evaporation. This study not only brought new insights into the parameters influencing the morphology of hybrid latexes prepared by RAFT-mediated emulsion polymerization but also opened a new avenue for the preparation of polymer nanocomposite films with enhanced properties without the deleterious effects that surfactants can bring in the resulting materials.
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 2 Figure 2. Cryo-TEM images showing the effect of the composition of the macro-RAFT agent on the particle morphology in the semi-batch emulsion polymerization of MMA:BA (90:10 wt%) at 10.5 wt% solids content, using 5.5 g L -1 of 101 nm silica and 3.3 mM of macro-RAFT agents. a) P(AA 4 -co-PEGA 4 -co-BA 4 )-CTPPA (EP01) and b) P(PEGA 6 -co-BA 4 )-CTPPA (EP02).
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Table 1 .

 1 Experimental Conditions and Main Characteristics of the Silica Particles used in this Work. a

	Sample name	Synthetic procedure	Catalyst	[Catalyst] (mol L -1 )	[TEOS] (mol L -1 )	Solids content (%)	pH d Z av. (nm) (DLS)	Poly value	D n (nm) (TEM)	D w /D n (TEM)
	S1 b	Klebosol 30N12	/	/	/	19.9	8.7	32	0.45	/	/
	S2	Hartlen	L-arginine	6.0 x 10 -3	0.72	2.6	7.1	52	0.04	41	1.012
	S3 c	Seed regrowth	NH 3	0.6	0.30	1.3	8.7	116	0.09	101	1.002
	S4 c	Seed regrowth	NH 3	0.6	0.43	2.3	8.6	290	0.01	254	1.002
	S5 c	Seed regrowth	NH 3	0.6	0.40	2.4	8.8	553	0.14	432	1.002

a All suspensions were dialyzed against water before use in order to remove any non-reacted reagents.

b 

Aqueous commercial silica sols.

c 

Seed concentrations equal to 0.0129, 0.0013 and 0.0003 mol L -1 for S3, S4 and S5, respectively. d pH determined after dialysis. Scheme 1. Chemical Structures of the Chain Transfer Agent, the Hydrophilic Monomers and the corresponding Macro-RAFT Agents used in this Work.

Table 2 .

 2 Experimental Conditions and main Characteristics of the Macro-RAFT AgentsSynthesized in this Work.

	Macro-RAFT	Targeted composition	CTPPA (mM)	ACPA (mM)	AA (mM)	PEGA (mM)	BA (mM)	M n , theo (g mol -1 )	XM (%)	M n , SEC (g mol -1 )	M w / M n
	A1	P(AA 5 -co-PEGA 5 -co-BA 5 )-CTPPA	4.1	0.41	20.4	20.4	20.4	3100	87	3120	1.19
	A2	P(PEGA 7 -co-BA 4 )-CTPPA	3.8	0.38	/	26.5	15.1	3040	79	2900	1.12

Table 3 .

 3 Experimental Conditions and Characteristics of Silica/P(MMA-co-BA) Hybrid Latexes Synthesized by Surfactant-Free RAFT-Mediated Emulsion Copolymerization of MMA and BA using P(AA 5 -co-PEGA 5 -co-BA 5 )-CTPPA (A1) and P(PEGA 7 -co-BA 4 )-CTPPA (A2) as Macro-RAFT Agents.

	Entry Silica	D n silica (TEM, nm)	[Silica] (g L -1 )	Macro-RAFT	MMA:BA (wt:wt)	Operation mode	Conv. (%)	Z av latex (DLS, nm) a	Poly value	D n composite (TEM, nm) b	N p silica / N p composite	Free polym. (%)
	EP01 S3	101	5.5	A1	10:1	Semi-batch 79	114	0.23 /	/	/
	EP02 S3	101	5.5	A2	10:1	Semi-batch 75	183	0.23 266	1	39.7
	EP03 S3	101	5.5	A2	10:1	Batch	89	209	0.01 /	/	/
	EP04 S2	41	5.5	A2	10:1	Semi-batch 81	185	0.08 161	2.49	18.4
	EP05 S4	254	5.5	A2	10:1	Semi-batch 84	140	0.41 508	1	78.2
	EP06 S5	432	5.5	A2	10:1	Semi-batch 77	178	0.20 /	/	/
	EP07 S2	41	0.37	A2	10:1	Semi-batch 78	571	0.06 /	/	/
	EP08 S1	32 a	5.5	A2	10:1	Semi-batch 82	165	0.05 /	/	/
	EP09 S1	32 a	0.09	A2	10:1	Semi-batch 72	559	0.29 /	/	/
	EP10 S3	101	5.5	A2	1:1	Semi-batch 68	157	0.27 212	1	68.2

a Determined by dynamic light scattering. b Determined by cryo-TEM. c Calculated using equation (2). [MMA + BA] = 105 g L -1
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