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Functional Silica Nanoparticles Synthesized by Water-in-Oil Microemulsion Processes

Colloid-in-Water-in-Oil (C/W/O) microemulsion is a wellsuitable confined reacting medium for the synthesis of structured functional nanoparticles of controlled size and shape.

Introduction

Multi-functional silica nanoparticles (NPs) have tremendous potential applications as magnetic indicators and/or photon sources for a number of biotechnological and information technologies. Indeed, the chemistry of silica gained recently in interest in the design of new nanosized particles with functional architecture for applications in biotechnology and photonics [1,2].

Silica NPs are actually very promising candidates in the fields of bio-labelling, imaging, separation, diagnosis and therapy [3][4][5] and band-gap photonic materials when assembled in colloidal crystals [6,7]. These applications all require size-controlled, monodispersed, bright and/or magnetic NPs that can be specifically conjugated to biological macromolecules or arranged in higher ordered structures. Also the preparation of such functional NPs involves a very good understanding of the influence of the synthesis parameters in order to control the properties of the final product such as size, morphology, effects of the shell on the core particle, etc. Considering those demands, synthesis in microemulsions appeared as a promising route for the preparation of such complex silica NPs with a diameter below 100 nm [8]. Such a confined environment was involved during the last decade in our research activities to synthesize silica NPs with several types of nanostructures and properties [START_REF] Mornet | Ferrites: Proceedings of the 8 th International Conference on Ferrites (ICF8)[END_REF][START_REF] Grasset | [END_REF][11][12][13][14][15][16]. This contribution summarizes our own results on the synthesis through water-inoil (W/O) microemulsion and characterization of core-shell morphologies M@SiO 2 (M = γ-Fe 2 O 3 , ZnFe 2 O 4 , CeO 2 , Cs 2 Mo 6 Br 14 ) in the form of colloids or functional thin films. The different materials were studied by UV-Vis-NIR spectroscopy and dynamic light scattering (DLS) and characterized by X-ray diffraction data (XRD), transmission electron microscopy (TEM), scanning electron microscopy (SEM) and magnetometer SQUID analysis.

Microemulsions for M@SiO 2 NPs synthesis

Microemulsions are thermodynamically stable dispersions of two immiscible fluids stabilized by the arrangement of surfactant molecules at the interface [17] : water-in-oil (W/O), oilin-water (O/W) and water-in-supercritical CO 2 (W/sc-CO 2 ). Three factors characterize a microemulsion: transparency (optical isotropy), droplet size (6 to 80 nm) and stability (thermodynamic) [START_REF] Kumar | Handbook of Microemulsion Science and Technology[END_REF]. This microreview focuses on w/o microemulsions for the preparation of inorganic nanoparticles, which consist of nanodroplets of pseudo-water phase dispersed in an oil phase and stabilized in spherical reverse micelles created by the surfactant molecules. Those water droplets can then be considered as nanoreactors and by controlling the molar ratio of the mixture oil/water/surfactant, it is possible to predetermine the size and shape of those droplets and, as a consequence, to tailor the size and shape of the final product [START_REF] Pileni | [END_REF]20]. Let us point out that microemulsion is a dynamic system because of the Brownian motion of the water droplets. When two droplets collide, they can fuse and interchange reactants [21,22] (scheme 1). This phenomenon is called intermicellar exchange and is strongly dependent on the elasticity of the surfactant film [START_REF] Kumar | Handbook of Microemulsion Science and Technology[END_REF]. Then classically the microemulsion exchange characteristic time τ ex is in the range ≈ 10 μs<τ ex <1 ms depending on the film flexibility i.e. the used surfactant [22]. Nevertheless, the exchange of particles (core nanoparticles and/or condensed nanoparticles) is generally inhibited, depending on the size of the particles, by the inversion of the film curvature [21,22]. Although no information was collected in the synthesis described here about the importance of these intermicellar exchange phenomena and the film flexibility, it is expected to act up on reactants exchange during the hydrolysis process [START_REF] Grasset | [END_REF].

Microemulsion was first used at the end of the 80's by several groups in order to control the synthesis of monodispersed SiO 2 nanoparticles [23][24][25]. The synthesis of silica requires an alkoxyde precursor, water and often a base for catalyzing the hydrolysis and condensation steps [13,[23][24][25][26].

The size of the monodispersed silica nanoparticles can be controlled from few ten nanometers to hundred nanometers. Moreover, since Chang et al. proposed to use microemulsion process to synthesize CdS@SiO 2 nanoparticles [8], a lot of studies have been published on the synthesis of functional silica nanoparticles with magnetic and/or optical properties [START_REF] Grasset | [END_REF]12,14,15,[27][28][29][30][31][32][33][34][35][36][37]. In the most common microemulsion processes, nanoparticles are obtained by simple mixing of two waterin-oil microemulsions, one containing a salt or a complex of metal (reactant #1) while the other contains a precipitating agent (reactant #2) [see scheme 2 from 38]. Nevertheless, a major drawback with this process remains the effect of the reactants and products on the microemulsion stability domain, particularly the metal concentration in the aqueous pseudo-phase used for precipitation reactions [START_REF] Kumar | Handbook of Microemulsion Science and Technology[END_REF]21,22].

That is why, to avoid this precipitation process, we have proposed an original method to design functional silica nanoparticles, using a colloid-in-water dispersion as the starting water pseudo-phase instead of the metal salt aqueous solution (see scheme 3) [START_REF] Mornet | Ferrites: Proceedings of the 8 th International Conference on Ferrites (ICF8)[END_REF][START_REF] Grasset | [END_REF][11][12][14][15][16]. This colloidal suspension allows the increase of the metal concentration without destabilizing the microemulsion, and avoids a subsequent calcination stage [39,40]. All the syntheses reported in this section were designed to prepare M@SiO 2 monodispersed nanoparticles by W/O microemulsions. Those syntheses are based on a sol-gel reaction in two steps confined into the water nanodroplets: (i) hydrolysis of an alkoxyde precursor, (ii) polycondensation of the hydrolyzed monomers.

Those reactions occur inside the pseudo-water phase droplets and at their interfaces with the oil phase. In more details, our W/O microemulsion process is based on three major reactants: an oil phase, a surfactant with a possible co-surfactant, and complex water phase (acid colloid, TEOS and ammonia). In all the synthesis described here, n-heptane was always chosen as the oil phase because of its low toxicity in comparison with other similar reactants like hexane. Many previous publications report studies on the influence of the surfactant depending on its alkyl chain length, head group size or ionic character. It is well assumed that the choice of the surfactant has a critical influence on the final shape and size of the product synthesized in the microemulsion [START_REF] Kumar | Handbook of Microemulsion Science and Technology[END_REF]22]. It is also recognized that using a co-surfactant leads to a higher fluidity of the interface film between the droplets and the oil phase, resulting in a higher rate of intermicellar exchange, but also in a higher curvature of the droplets, resulting in smaller final particles [41]. For most of the syntheses described here, the chosen non-ionic surfactant was Brij30® (Polyoxyethylene (4) lauryl ether), since it showed the best results in preliminary trials avoiding the use of any co-surfactant. By using Brij30® as the surfactant or co-surfactant, the temperature should be kept below 25°C in order to avoid any possible thermally induced phase inversion. The precursor was chosen to be tetraethylorthosilicate (TEOS) since it can be easily handled in the ambient air, contrary to other precursors like the air-sensitive tetramethoxysilicate (TMOS). As explained below, and contrary to the other published methods, in the present process, the hydrolysis of TEOS was firstly acid catalyzed thanks to the acidic water colloids whereas condensation was base catalyzed with final addition of ammonia. Ammonia has been chosen since it preferentially dissolves in the water phase and easily decomposes without any possible contaminant, contrary to other bases like sodium hydroxide which releases Na + ions that can be adsorbed at the surface of the synthesized particle and form sodium silicate.

The main interest of this proposed W/O microemulsion process is the preparation of multifunctional silica coated nanocrystals M@SiO 2 . Several types of M nanocrystal cores with interesting catalytic, magnetic or luminescence properties have been coated with silica, in order to get functional nanoparticles such as: ZnFe 2 O 4 @SiO 2 [START_REF] Grasset | [END_REF], CeO 2 @SiO 2 [12], Cs 2 [Mo 6 X 14 ]@SiO 2 (X = Cl, Br, and I) [14] and γ-Fe 2 O 3 -Cs 2 Mo 6 Br 14 @SiO 2 [15]. Detailed description of synthesis process are given in cited corresponding papers. In all those cases, the major key-point is the stability of the starting acidic aqueous sols containing the core. Then they play the role of the aqueous phase in the heptane/surfactant/water mixture with a precisely controlled molar ratio defining the microemulsion. By choosing an appropriate concentration of the sol, it is possible to control the number of nanocrystals as core embedded in the silica nanoparticles. After their addition, organophilic TEOS molecules are more readily dissolved in heptane than in the aqueous droplets. While diffusing into the acidic aqueous droplets, TEOS is hydrolyzed:

Si-(OC 2 H 5 ) 4 + mH 2 O → Si-(OC 2 H 5 ) 4-m (OH) m + mC 2 H 5 OH
It is well-known that the number of nuclei will increase with rapid hydrolysis [26]. Thus, as for this microemulsion technique an acid catalysis is involved in the first step, a large number of nuclei are quickly generated resulting in a decrease of the final particle size. After completion of the hydrolysis process, aqueous ammonia solution is added to the mixture in order to base-catalyze the condensation of the hydrolyzed monomers inside the droplets by increasing the pH. The condensation induces the formation of Si-O-Si or Si-OH-Si bonds via olation, oxolation or alcoxolation. According to Finie et al. [26], after 30' in acidic condition, all the monomeric species of TMOS have been hydrolyzed and consequently have migrated into the droplets for condensation and formation of SiO 2 . Base catalysis of silica sol-gel reactions promotes condensation. Rapid condensation results in fast consumption of all precursors inside the micelles and in the formation of a dense silica structure. Moreover, a high dissolution rate ensures the production of spherical and dense particles by the ripening of potential aggregates formed during the collision of droplets containing nuclei. This leads to the production of a fairly homogeneous and monodisperse population of particles which are subsequently washed with n-heptane, ethanol and acetone in order to remove oil and surfactants. The particles are separated from the liquid phase by centrifugation and finally dried in a vacuum oven at 60°C or simply in the air at room temperature. The procedure for the CeO 2 @SiO 2 nanoparticules synthesis is summarized in figure 1 [12]. The scattering is due to the size of the CeO 2 core (diameter centered around 40 nm, see figure 2).

Characterization of the prepared NPs

Size and morphology

As previously explained, one of the most important issue in this microemulsion process is the stability of the colloid-in-water dispersion used as starting pseudo-water phase. Dynamic Light Scattering (DLS) technique is widely used to characterize the size of the performed nanocrystals as well as the size of the droplets in the microemulsion since this parameter is reliable to that of the final particles. The DLS technique measures the particle or droplet light diffusion due to Brownian motion and relates it to its hydrodynamic diameter by using the Stokes-Einstein equation. This technique gives useful informations about the hydrodynamic diameter and polydispersity of the nanocrystals dispersed in the droplets. An example is given in figure 2 showing two different CeO 2 dispersions with a hydrodynamic diameter of 7 nm and 40 nm respectively [12].

Microscopy techniques such as Scanning Electron Microscopy (SEM) or High resolution

Transmission Electron Microscopy (HRTEM) are also useful to get data about the shape and morphology of the prepared silica nanoparticles. The size of the monodispersed silica nanoparticles can range from few ten-nanometers to hundred nanometers with a good control as observed by SEM in figure 3a. HRTEM with HAADF-STEM mode (High-Angle Annular Darkfield-Scanning TEM) in particular is very powerful to determine the arrangement of the core particles within the silica shell. Figure 3b shows examples of ferrite nanocrystals and [Mo 6 Br 14 ] 2-clusters embedded in a silica particle [15].

Magnetic properties

For nanoparticles with interesting magnetic properties (γ-Fe 2 O 3 @SiO 2 [11] ; ZnFe 2 O 4 @SiO 2 [START_REF] Grasset | [END_REF]42] and γ-Fe 2 O 3 -Cs 2 Mo 6 Br 14 @SiO 2 [15]), the evolution of magnetization versus temperature was studied in both DC (ZFCM (Zero Field Cooled Magnetization) and FCM (Field Cooled Magnetization)) and AC modes with a SQUID magnetometer. Through this study, we demonstrated clearly that the surface of SiO 2 induced systems with a minimum degree of aggregation and modified strongly the interactions between magnetic nanocrystals and most likely surface effects.

After the coating of each magnetic nanocrystals, significant changes in the magnetic behavior could be highlighted, particularly with regard to the blocking temperature [START_REF] Grasset | [END_REF]42].

As first example, a system consisting of aggregated or silica coated zinc ferrite nanocrystals was studied using DC and AC magnetization measurements [START_REF] Grasset | [END_REF]42]. The temperature dependence of the ZFCM and FCM curves of an aggregated or silica coated sample recorded under 10 Oe are presented in figure 4. The ZFCM increases with increasing temperature, passing through a broad maximum at Tmax = 32.5 K. On cooling, the FCM coincides with the ZFCM down to 30 K and then both curves significantly differ on cooling. As a result, the FCM also passes through a maximum at Tmax, but much less pronounced than in the ZFCM mode. One of the striking features of the silica coated nanocrystals is that the broad maximum on the FCM curve has disappeared compared to the uncoated ones. The FCM increases as the temperature is lowered and tends to saturate in the low-temperature limit as usual for superparamagnetic entities (figure 4).

For the aggregated nanocrystals, a superparamagnetic-super-spin-glass phase transition at Tg was identified and explained clearly these behaviors. The relaxation time diverges at Tg and the nonlinear susceptibility shows an abrupt increase. This critical behavior vanishes when the nanocrystals are not in close contact in case of silica coating particles or dispersed sols [START_REF] Grasset | [END_REF]42].

Moreover, the first observation of the memory effect in oxide nanocrystals is identical to what has been already discovered in canonical spin-glass, supporting the existence of a true thermodynamic transition in agglomerated zinc ferrite magnetic nanoparticles (figure 5).

As second example, it was demonstrated that the silica coating of single γ-Fe 2 O 3 nanocrystal induced a shift of the transition temperature of maghemite (γ-Fe 2 O 3 ) into hematite (α-Fe 2 O 3 ). Indeed, classically maghemite turns hematite at 450°C [START_REF]De la solution a` l'oxyde[END_REF] while after coating it remains stable until 1000°C [11]. The magnetic studies realized on non-coated and coated nanocrystals have shown (i) a shift to lower value of the blocking temperature as observed in the magnetic curve recorded as a function of temperature by cooling the sample in zero-field (ZFCM) revealing a significant decline of magnetic interactions between the nanocrystals after coating; ii) the preservation of inverse spinel structure with ferromagnetic behavior up to 1000°C (figure 6).

Moreover, we should notice that in addition to these magnetic characterizations, studies by X-ray diffraction showed that the silica shell acts as well as a diffusion barrier up to 1000°C.

In conclusion to this part, it has been clearly shown through several examples that the average magnetic behavior for magnetic nanocrystals depends on their environment and that the magnetic properties of these nanocrystals at low temperature are essentially governed by the interface particle-habitat.

Potential application of the prepared NPs

Superscratch-resistant glass [13]

Silica nanoparticles can also be used to prepare functional thin films. Tartivel et al. made thin films of pure silica particles on glass slides in order to get superscratch-resistant transparent glasses [13]. Thin films were obtained by dip-coating of a soda-lime silica (SLS) glass slide directly in the microemulsion. Then, the samples were heated for 15 min at 400°C in air, both to drive silica condensation and particle formation and to remove the organic phases. Indentation (Vickers) scratching experiments were conducted to estimate the resistance toward mechanical damage, with a load increasing from 0 to 2.5 N and a loading rate of 0.01 N.s -1 . The loading cycle typically leads to three different regimes as the load increases: the micro-ductile regime, the micro-cracking regime and the micro-abrasive regime. Figure 7 shows pictures of the resulting glass slides after application of this loading cycle for both coated and uncoated samples. It appeared that coated samples show a longer micro-ductile regime, with the micro-cracking and micro-abrasive regimes occurring at higher load compared to uncoated SLS slides. As a consequence, the coated samples did not show any sub-surface lateral crack and remain optically transparent, while the uncoated samples exhibit large cracks that scatter light.

CeO 2 @SiO 2 anti-UV nanoparticles [12]

CeO 2 @SiO 2 dispersible nanopowders and thin films were prepared with the same procedure as previously described. The CeO 2 nanocrystals display very promising UV-absorption properties.

However, three important issues must be previously solved: a refractive index equal to 2.50 at λ = refractive index of such nanoparticles is to coat them by a thin layer of a material displaying a much lower refractive index such as silica (n = 1.45) [46]. Another way is to replace a part of the CeO 2 network anionic O 2-ion by low-polarizability anions such as F - [START_REF] Sronek | [END_REF].

In our recent study, it was possible to prepare core-shell and monodispersed spherical silica nanoparticles with a core of CeO 2 by the technique of w/o microemulsion. The thickness of the silica shell could be controlled and ranges from 5 to 20 nm [12]. The use of concentrated colloidal solutions of CeO 2 allowed preparing CeO 2 @SiO 2 systems containing more than 25% (weight mass) of CeO 2 . Figure 8 shows UV-Vis absorption spectrum of those prepared CeO 2 @SiO 2 nanopowders, which confirms the absorption in the UV domain. These functional nanoparticles could be useful (i) for reinforcement of glassy surface materials (ii) during the chemical-mechanical planarization (CMP) process in semiconductor industry. Nanoparticles with simultaneous luminescent and magnetic properties should find interesting applications in nano-biotechnologies . Magnetic properties could make the particle suitable for bio-imaging techniques such as Magnetic Resonance Imaging (MRI) or hyperthermia therapy [72] and luminescence properties could allow an optical tracing of the particles [73]. Moreover silica coated particles are good candidates for such applications since silica is a particularly inert material, it could prevent the diffusion of toxic metal cations from the cores and its surface could be easily functionalized by further treatment in order to get a bio-compatible, targetable and dispersed material at neutral pH. Indeed, for imaging applications, the current probes (organic dyes or Quantum Dots) encounter several challenges, such as limited tissue penetration and potential toxicity. To address these needs, it is important to develop new low toxicity near-infraredemitters coupled with silica coating in order to improve tissue penetration depth and colloidal stability [14,15,37,[74][75][76]. Recently, we have demonstrated the preparation of stable colloidal acidic sols containing [Mo 6 Br 14 ] 2-1 nm size cluster units and their dispersion in silica to form luminescent Cs 2 Mo 6 Br 14 @SiO 2 nanoparticules [14]. Let us recall that [Mo 6 Br 14 ] 2-units are based on a rigid Mo 6 Br i 8 cluster core additionally bonded to six apical ligands (Br a ). They are obtained by solid state chemistry route and can be used as soluble building blocks either directly or after functionalization, for the synthesis of various hybrid architectures including dendrimers and extended molecular arrays [77][78][79]. Particularly interesting are their photoluminescent properties characterized by a large emission region in the red and near infrared window (580-900 nm) [80,81].

Such wavelengths are weakly absorbed by tissues and blood constituting the human body [76,81].

Bifunctionnal magnetic and luminescent γ-Fe 2 O 3 -Cs 2 Mo 6 Br 14 @SiO 2 structured nanoparticles were recently obtained by a one pot synthesis by C/W/O microemulsion [15]. γ-Fe 2 O 3 magnetic nanocrystals are located in the core of the nanoparticle and [Mo 6 Br 14 ] 2-are homogeneously dispersed in the silica matrix.

Figure 9 shows the emission spectrum of the particles after an irradiation at λ exc = 546 nm producing an intense red luminescence corresponding to the emission of the [Mo 6 Br 14 ] 2-units. The insert in figure 9 shows nicely the effect of an applied magnetic field along the wall of a cell containing a dispersion of such nanoparticles in an aqueous ethanolic solution (pH=8) as a function of time. The magnetization of those particles was also checked in both ZFC and FC modes, and the magnetic behavior was found to be typical of moderately monodispersed superparamagnetic ferrite nanocrystals dispersed in silica matrix [15].

Conclusion and Perspectives

This work has demonstrated that the W/O microemulsion method is sufficiently robust and efficient to be complementary with other techniques such as the Stöber's method for the preparation of monodisperse functional silica particles with a diameter below 100 nm. This highly reproducible technique can be used to prepare successfully complex M@SiO 2 nanoparticles (ZnFe 2 O 4 @SiO 2 , γ-Fe 2 O 3 @SiO 2 , CeO 2 @SiO 2 , Cs 2 Mo 6 Br 14 @SiO 2 ) with a high control in shape and size in the nanometric range (< 60 nm). The advantage of this W/O microemulsion process as compared to the Stöber's method is well demonstrated in the preparation of monodispersed bi-functional nanoparticles with complex architecture like γ-Fe 2 O 3 -Cs 2 Mo 6 Br 14 @SiO 2 nanoparticles. Moreover, this method should be very useful for the encapsulation of polymer particles or unstable particles in acidic media. Such particles present a real interest for a wide range of applications such as bionanotechnology, catalysis, mechanical reinforcement of substrates, etc... However, further improvements remain to be done like, for example, bio-imaging applications: the actual excitation wavelengths used to observe an efficient luminescence of the clusters are located in the absorption band of tissues and organs constituting the human body. One solution could be to combine those clusters with rare earth elements to form an up-conversion system and allow the excitation of the clusters at low-energy wavelengths which would not be absorbed by the human body (e.g. Near-IR range). Finally, the toxicity of such particles should also be thoroughly investigated. 
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 9 Fig. 9: Red emission of γ-Fe 2 O 3 -Cs 2 Mo 6 Br 14 @SiO 2 particles after an irradiation at λ exc = 546 nm. Insert : Optical microscope images using λexc = 405 nm of dispersed nanoparticles under a magnetic field (1.5 T) showing the growth of a nanoparticles layer along the wall of a cell as a function of time.