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Regioselective functionalization of dimpled silica particles
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Multipod-like particles made of a silica core surrounded by polystyrene nodules have been used as precursors to synthesize silica particles with 3 or 12 dimples through the selective growth of the dielectric core. Using the polymer nodules as temporary protecting masks, we regioselectively grafted amino groups onto the unprotected silica surface, as revealed by the adsorption of gold markers. After dissolution of the PS nodules, some polymer chains remained grafted onto the silica surface, forming organic bumps at the bottom of the dimples. These residues were also selectively functionalized, leading to silica particles with both entropic and enthalpic patches.

Introduction

The self-assembly of size-monodisperse isotropic colloidal particles to form colloidal crystals is one of the existing examples that justifies the analogy between atoms and hard spherical particles, that may be called colloidal atoms. Going one step further, one can consider the molecular world as a source of inspiration for designing colloidal analogues of simple molecules. Such colloidal molecules (CMs) are defined as robust discrete clusters of colloidal atoms. Many different strategies have been developed during the last decade to produce such "colloidal molecules" [START_REF] Van Blaaderen | Chemistry: Colloidal molecules and beyond[END_REF][START_REF] Yi | Monodisperse micrometer-scale spherical assemblies of polymer particles[END_REF][START_REF] Zerrouki | Preparation of doublet, triangular, and tetrahedral colloidal clusters by controlled emulsification[END_REF][START_REF] Stöber | The aerodynamic diameter of aggregates of uniform spheres[END_REF][START_REF] Duguet | Design and elaboration of colloidal molecules: an overview[END_REF]. One approach is to start with preformed spherical particles and to control their aggregation into polyhedral clusters. Examples of this approach include colloidal aggregation on micro-patterned substrates [START_REF] Masuda | Self-assembly and micropatterning of sphericalparticle assemblies[END_REF] or in evaporating emulsions droplets [START_REF] Manoharan | Dense packing and symmetry in small clusters of microspheres[END_REF].

Another strategy consists in nucleating and growing satellite particles on a preformed seed.

We have recently reported the high-yield synthesis of binary polystyrene (PS)/silica multipods with a controlled morphology by a seeded-growth emulsion polymerization of styrene [START_REF] Perro | A chemical synthetic route towards "colloidal molecules[END_REF][START_REF] Désert | High-yield preparation of polystyrene/silica clusters of controlled morphology[END_REF][START_REF] Désert | Synthesis and site-specific functionalization of tetravalent, hexavalent, and dodecavalent silica particle[END_REF][START_REF] Désert | Multipod-like silica/polystyrene clusters[END_REF].

In this paper, we show that these multipod-like particles can be used as endotemplates to produce silica particles with 3 or 12 dimples. Using the PS pods as temporary masks [START_REF] Perro | Towards large amounts of Janus nanoparticles through a protection-deprotection route[END_REF], we regioselectively functionalized the unprotected silica surface. We also report that we are able to selectively functionalize the organic residues located at the bottom of the dimples that remain after the dissolution of the PS nodules. From a technological point of view, particles with heterogeneously patterned surfaces can offer a route to the production of target materials with specific (ordered as well as disordered) structures, thus being amenable in many technological applications.

Materials and methods

Materials

Tetraethoxysilane (TEOS, ≥ 99 %, Fluka), N- [3-(trimethoxysilyl)propyl]ethylenediamine (EDPS, 97%, Aldrich), n-propyltriethoxysilane (PTES, 97%, Aldrich), paraformaldehyde (reagent grade, crystalline, Sigma-Aldrich), tin(IV) chloride (98%, Aldrich), ethylenediamine (99.5%, Fluka), hydrochloric acid (37%, Sigma-Aldrich) and ammonia (28-30% in water, SDS) were used as received. Deionized water with a resistivity of 18.2 MOhm.cm at 25°C was obtained with a MilliQ system (Millipore). Tetrahydrofuran (THF), dimethylformamide (DMF), chloroform and absolute ethanol were purchased from Sigma-Aldrich.

Methods

Synthesis of dimpled silica particles.

Multipods made of a central silica core and three, or twelve PS satellite nodules were prepared by seeded-growth emulsion polymerization of styrene, according to an already published procedure [START_REF] Perro | A chemical synthetic route towards "colloidal molecules[END_REF][START_REF] Désert | High-yield preparation of polystyrene/silica clusters of controlled morphology[END_REF]. The regrowth of the silica cores was performed in the following conditions: a certain volume of TEOS, V TEOS , was diluted ten times in absolute ethanol. The resulting solution was introduced continuously in a mixture made of 1 mL of an aqueous suspension of multipods, 45.5 mL of absolute ethanol and 3.2 mL of ammonia thanks to a single-syringe pump (0.5 mL.h -1 ). The mixture was stirred at room temperature during 12 h. The dissolution of the PS nodules was performed in 100 mL of THF at room temperature under stirring for 1 h. After washing by three cycles of centrifugation/redispersion in THF, the multivalent silica particles were finally redispersed in absolute ethanol.

Functionalization of the surface area between the dimples.

To graft amino groups onto the unprotected silica surface, a given volume of EDPS corresponding to a nominal surface density of 20 functions.nm -2 was added directly into the particle suspension and the mixture was let to age at 40°C for 2 hours. The particle dispersion was purified by 3 cycles of centrifugation/redispersion in absolute ethanol. 5-nm gold nanoparticles, synthesized as previously described [START_REF] Duff | A new hydrosol of gold clusters[END_REF], were added into 20 mL of the functionalized multipod-like particles dispersion. The mixture was stirred at room temperature overnight, and then the particle assemblies were collected by centrifugation and washed three times with absolute ethanol. The dissolution of the PS nodules was performed in 100 mL of THF at room temperature under stirring for 1 hour. After washing by three cycles of centrifugation/redispersion in THF, the multivalent silica particles were finally redispersed in absolute ethanol.

Functionalization of the PS residues at the bottom of the dimples.

To graft propyl groups onto the unprotected silica surface, a given volume of PTES corresponding to a nominal surface density of 20 functions.nm -2 was added dropwise into the particle suspension and the mixture was let to age at room temperature for 3 h. The solvents were removed by using a rotavapor. An excess of THF was added to the solid residue to dissolve the PS nodules.

After washing by three cycles of centrifugation/redispersion in THF, the silica particles were redispersed in chloroform. Finally, the particles were washed by three cycles of centrifugation/redispersion in 40 mL of chloroform. The chloromethylation of the PS chains was done by adding 5 mL of a 3M butyl chloromethylether solution in chloroform, prepared according to Warshawsky et al. [START_REF] Warshawsky | Halomethyl octyl ethers: Convenient halomethylation reagents[END_REF], and 0.3 mL of SnCl 4 into 20 mL to the silica particles and the mixture was aged overnight at 45°C. After washing by three cycles of centrifugation/redispersion in HCl solution (4 wt.% in water) and three cycles of centrifugation/redispersion in a water/EtOH (50/50 wt %), the silica particles were redispersed in 20 mL of DMF. Then, 1 mL of ethylenediamine was added and the mixture was aged overnight at 90°C. After three cycles of centrifugation/redispersion in water, the pH was adjusted to 4 with HCl. Finally, 5-nm gold nanoparticles were added into the suspension.

The mixture was stirred at room temperature overnight, and then the particle assemblies were collected by centrifugation and washed three times with absolute ethanol.

Characterization techniques. Electron microscopy experiments and statistical

calculations. TEM images were obtained with a Hitachi H600 microscope operating at 75 kV and with a Hitachi H7650 operating at 120 kV. Typically, the collected samples were diluted 100 times in ethanol and one drop was deposited on a copper grid coated with a carbon membrane. Statistical analyses of the cluster morphology were performed on a minimum of 100 clusters per batch.

Results

Synthesis of the tripod-and dodecapod-like particles

We have already described the seeded-growth emulsion polymerization of styrene in the presence of silica [START_REF] Perro | A chemical synthetic route towards "colloidal molecules[END_REF][START_REF] Désert | High-yield preparation of polystyrene/silica clusters of controlled morphology[END_REF][START_REF] Taveau | New insights into the nucleation and growth of PS nodules on silica nanoparticles by 3D cryo-electron tomography[END_REF][START_REF] Reculusa | Hybrid dissymmetrical colloidal particles[END_REF][START_REF] Perro | Planar submicronic silica-polystyrene particles obtained by substrate-directed shaping[END_REF][START_REF] Chaduc | Towards a one-step method for preparing silica/polymer heterodimers and dimpled polymer particles[END_REF][START_REF] Bourgeat-Lami | Nucleation of polystyrene latex particles in the presence of gammamethacryloxypropyltrimethoxysilane: functionalized silica particles[END_REF]. When the surface of the silica seeds is treated by a compatibilizer, e.g. methacryloxymethyltriethoxysilane (MMS), some organophilic loci promoting the surface capture of the growing macromolecules are created. Therefore the nucleation/growth of the PS nodules occurs preferentially onto the surface of the seeds. As previously shown, using the optimal nominal surface density of MMS onto the silica seeds, i.e. 0.5 fct.nm -2 , we observed the preferential surface nucleation and growth of a limited number of PS nodules per seed. We also reported that the size of the silica seeds, D silica , influences the final number of PS nodules per seed, , as it conditions the maximal number of satellites which can co-exist on the same seed for steric reasons. For instance, when the fraction of sodium dodecyl sulfate (SDS) was equal to 5 wt.%, tetrapods and hexapods were obtained with morphology yield over 80 % from 55-nm and 85-nm silica seeds, respectively (Figures 1a and1c and Table 1, Entries #1.2 and #1.3) [START_REF] Désert | High-yield preparation of polystyrene/silica clusters of controlled morphology[END_REF].

In order to get clusters with a small number of PS satellites, e.g. tripods, as the main population, we explored a route by rendering the nucleation process less favorable to decrease the number of initial nuclei per seed . Assuming that the higher the SDS fraction in the surfactant mixture, the smaller and the more numerous the PS particles, we performed an experiment with 55-nm silica seeds by decreasing the fraction of SDS from 5 to 1 wt.% (Table 1, Entry #1.1). The statistical analysis of the TEM images showed that the distribution morphology was dramatically narrowed with essentially tripods (70 %) (Figure 1b).

Another challenge was to produce already-observed clusters but for a different seed size. For instance, we attempted the synthesis of dodecapods from 85-nm silica seeds, while these multipods were previously obtained with 255-nm seeds when no SDS was used [START_REF] Perro | A chemical synthetic route towards "colloidal molecules[END_REF]. We first performed an experiment by increasing the fraction of SDS from 5 to 10 wt.% but a complex mixture with mostly octopods (38 %) and "multi-silica" clusters (26 %) was obtained. We thus developed another strategy to increase the value by lowering the monomer concentration, i.e. increasing the surfactant-to-monomer ratio. An experiment was performed by decreasing the styrene concentration from 100 to 45 g.L -1 and dodecapods were indeed readily obtained with a yield of 74 % (Table 1, Entry #1.4, and Figure 1d). 

Dimpled particles

We have already shown [START_REF] Désert | Synthesis and site-specific functionalization of tetravalent, hexavalent, and dodecavalent silica particle[END_REF] that (i) the slow addition of a dilute solution of tetraethoxysilane in ethanol into a hydroalcoholic suspension of multipods, in presence of ammonia, led to the growth of the silica core conforming to the shape of the polystyrene nodules, (ii) the subsequent dissolution of the PS nodules gave rise to silica particles with a fixed number of dimples. We studied the influence of the quantity of silica precursor by running a series of experiments during which 100 L, 200 L or 300 L of TEOS were added to a suspension of dodecapods. As shown in Figure 2, the size of the dimpled silica particles increases with V TEOS . The dependence of the size of the silica particles on V TEOS is reported in Erreur ! Source du renvoi introuvable.. Table 2. Average diameter values of the silica particles with 12 dimples after the injection of various volumes of TEOS and dissolution of the PS nodules using THF.

Regioselective functionalization

In order to regioselectively functionalize the surface of the silica particles, we first used the PS nodules as temporary protecting masks (Figure 3, route A). We added EDPS at the end of the TEOS condensation to graft amino groups onto the unprotected silica surface. We then mixed the functionalized multipods with an aqueous suspension of THPC-stabilized 5-nm gold nanoparticles [START_REF] Duff | A new hydrosol of gold clusters[END_REF], which are known to adsorb specifically on amine groups. After the dissolution of the PS nodules, Figure 4a-b shows that the gold nanoparticles packed densely on the amine-modified silica surface, whereas no gold nanoparticles was visible on the nonmodified surface of the concave faces of the silica particles, indicating highly selective functionalization.

We also took benefit of the fact that the PS chains which are covalently bonded to the silica surface thanks to the copolymerization of the methacrylate groups of the MMS grafts with styrene remain at the bottom of the dimples after the dissolution of the PS nodules [START_REF] Hubert | Synthesis of multivalent silica nanoparticles combining both enthalpic and entropic patchiness[END_REF].

Indeed, the dissolution of the PS nodules by THF molecules consisted in the disentanglement of the chains and especially from those which remained covalently bonded to the silica surface. Therefore, the structure of the dimpled silica particles was more complex than initially expected: to their complex shapes shall be added their biphasic nature. The silica dimples can be considered as entropic patches as well as potential enthalpic ones due to the discrepancy in term of chemical reactivity exhibited by the silica from one side and the residual PS chains on the other side. We selectively modified the residual PS chains located at the bottom of the dimples through a chloromethylation reaction of their phenyl groups (see inset of Figure 4c) and the subsequent grafting of ethylenediamine molecules onto the chloromethylated macromolecules (Figure 3, route B). Here again, this regioselective functionalization was revealed by the specific adsorption of gold nanoparticles within the dimples (Figure 4c-d). 

Silica core regrowth
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Conclusion

In summary, we synthesized tripods and dodecapods by modifying the SDS fraction in the surfactant mixture and of the styrene concentration during the emulsion polymerization in the presence of silica seeds. Silica particles with 3 or 12 dimples were synthesized through the growth of the silica core of the corresponding binary PS/silica multipods and the subsequent dissolution of the PS nodules. The size of these new dimpled silica particles can be easily controlled by adjusting the volume of the injected TEOS solution. We also demonstrated the successful functionalization of both the non-protected surface of the grown silica core and of the organic residues remaining at the bottom of each dimple, thereby providing the possibility of getting particles with patches combining both enthalpic and entropic characters. These particles are promising building blocks for the fabrication of new lattices by self-assembly or as "lock" particles able to be combined with a precise number of "key" particles in each dimple in order to obtain new supracolloids [START_REF] Sacanna | Lock and key colloids[END_REF][START_REF] Sacanna | Engineering shape: the novel geometries of colloidal self-assembly[END_REF][START_REF] Wang | Threedimensional lock and key colloids[END_REF]. 
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Figure 1 .

 1 Figure 1. Typical TEM images of multipods obtained by styrene emulsion polymerization

Figure 2 .

 2 Figure 2. TEM images of silica particles with 12 dimples obtained after the addition of: V TEOS = 100L, 200L and 300L (from left to right). Scale bars: 100 nm. On the bottom row, the white dotted circle represents the initial 85-nm silica seed and the yellow, orange and red dotted circles illustrate the sizes of the particles after the addition of the different amounts of TEOS.

Figure 3 .

 3 Figure 3. Schematic representation of the regioselective functionalization of dimpled silica particles.

Figure 4 .

 4 Figure 4. Top row: TEM images of the gold-decorated dimpled silica particles after the dissolution of the polystyrene nodules. Bottom row: TEM images of silica particles with c) 3, d) 12 gold-decorated bumps at the bottom of the dimples. The inset shows an Electron energy loss spectroscopy (EELS) mapping after chloromethylation of the residual PS chains (Silicon in red, Carbon in blue and Chlorine in green).
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Table 1 .

 1 Influence of the SDS fraction in the surfactant mixture and of the styrene concentration on the morphology and geometrical parameters of the PS/silica clusters ([Na 2 S 2 O 8 ]

	Entry		#1.1	#1.2	#1.3	#1.4
		D silica (nm)	55	55	85	85
		N silica (10 15 L -1 )	19	18	7.3	7.3
	Experimental conditions	S silica (m 2 .L -1 ) [styrene] 0 (g.L -1 )	174 100	171 100	166 100	166 45
		wt.% of SDS	1	5	5	5
		Conversion (%)	90	89	92	89
		% mono/bipods	17	2	-	-
		% tripods	70	11	-	-
	Final batch composition in clusters a	% tetrapods	2	84	3	-
		% pentapods % hexapods	--	--	13 83	}4

0 = 0.5 g.L -1 ; [surfactant] = 3 g.L -1 ). Bold numerals concern the main cluster population.

a as extracted from the statistical analysis of TEM images