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Silica nanoparticles with four circular surface patches made of polystyrene (PS) and arranged in a tetrahedral symmetry are synthesized through the multi-step growth of the silica core of silica/PS tetrapods.

Transmission electron microscopy and energy dispersive X-Ray analysis studies indicate that, as the silica core regrows, its surface conforms to the shape of the polystyrene nodules, allowing good control of the size of the emerged fraction of these. Patches with an angular width as small as 49° were achieved, which is a prerequisite for their assembly in the form of a diamond crystal phase.

Introduction

In recent decades, the development of functional and programmable materials via the self-assembly of colloidal particles has become a major challenge, which could ultimately compete with additive manufacturing technologies. One famous example is the fabrication of colloidal crystals from sub-micrometer, mostly spherical, particles suspended in a colloidal solution, which have important technological applications such as photonic crystals [START_REF] Meseguer | Colloidal crystals as photonic crystals[END_REF][START_REF] Kim | Self-assembled colloidal structures for photonics[END_REF], optical filters [START_REF] Fleischhaker | Photochemically and thermally tunable planar defects in colloidal photonic crystals[END_REF], optical sensors [START_REF] Fenzl | Photonic crystals for chemical sensing and biosensing[END_REF] and non-bleachable color materials [START_REF] Galisteo-López | Self-assembled photonic structures[END_REF]. In order to form more complex colloidal structures, it has been shown that the shape anisotropy of the particles, their size ratio or their antagonistic interactions (essentially ionic) are parameters on which it is possible to play. Shevchenko et al. have for instance shown that by mixing two types of colloidal atoms with opposite surface charges and different sizes, crystal structures similar to those of NaCl, AlB 2 , MgZn 2 , CaB 6 or NaZn 13 are obtained [START_REF] Shevchenko | Structural characterization of self-assembled multifunctional binary nanoparticle superlattices[END_REF]. Motivated by previous studies that showed that diamond and other percolating open dielectric lattices possess a full omnidirectional photonic bandgap at optical frequencies [START_REF] Ho | Existence of a photonic gap in periodic dielectric structures[END_REF][START_REF] Maldovan | Diamond-structured photonic crystals[END_REF][START_REF] Ngo | Tetrastack: Colloidal diamond-inspired structure with omnidirectional photonic band gap for low refractive index contrast[END_REF], Ducrot et al. fabricated diamond and pyrochlore structures by the DNA-directed assembly of tetrahedral clusters and spheres [START_REF] Ducrot | Colloidal alloys with preassembled clusters and spheres[END_REF]. Another envisaged strategy to realize a diamond structure by self-assembly is to use building blocks with four patches in a tetrahedral geometry [START_REF] Nelson | Toward a tetravalent chemistry of colloids[END_REF]. Theoretical studies showed that this route is far to be straightforward [START_REF] Doye | Controlling crystallization and its absence: proteins, colloids and patchy models[END_REF][START_REF] Zhang | Self-assembly of patchy particles into diamond structures through molecular mimicry[END_REF] but can lead to a diamond cubic crystal phase for a very narrow range of pressures when the opening angle  of the patches is sufficiently narrow, ca. smaller than 28.7° [START_REF] Smallenburg | Liquids more stable than crystals in particles with limited valence and flexible bonds[END_REF]. Many routes for the production of tetrahedral patchy particles have been reported [START_REF] Ravaine | Synthesis and assembly of patchy particles: Recent progress and future prospects[END_REF][START_REF] Li | Colloidal molecules and patchy particles: complementary concepts, synthesis and self-assembly[END_REF][START_REF] Perro | A chemical synthetic route towards "colloidal molecules[END_REF]. For instance, Gong et al. produced particles with four liquid patches from hybrid liquid-solid clusters through the addition of a plasticizer [START_REF] Gong | Patchy particles made by colloidal fusion[END_REF]. Kraft et al. obtained particles with four patches through the assembly of polymer particles with a liquid protusion and the subsequent polymerization of the liquid [START_REF] Kraft | Self-Assembly of Colloids with Liquid Protrusions[END_REF]. The patch size could be determined by controlling the wetting angle between the liquid protrusion, the aqueous phase, and the polymer seed particles and by choosing the diameter of the latter ones.

Herein, an efficient way to synthesize tetrahedral patchy silica nanoparticles (NPs) with PS patches of controlled size is demonstrated. The strategy is based on the controlled enlargement of the silica core of binary tetrapods that have been synthesized by a seeded-growth emulsion polymerization reaction through successive cycles of tetraethoxysilane addition and removal of unreacted species. The morphology of the NPs after each cycle has been carefully characterized by transmission electron microscopy (TEM) and energy dispersive X-Ray analysis (EDX) mapping experiments, paying particular attention to estimating the value of the opening angle of the patches.

Experimental details

Materials

We used styrene (Sigma-Aldrich, 99%), methacryloxymethyltriethoxysilane (MMS, ABCR, 98%), sodium persulfate (Sigma-Aldrich, 99%), Symperonic® NP30 (Aldrich), sodium dodecylsulfate (SDS, Sigma-Aldrich, > 90%), tetraethoxysilane (TEOS, Sigma-Aldrich, 99%), ammonia (28-30% in water, SDS), as we received them.

We systematically used ultrapure water with a resistivity of 18.2 cm at 25°C obtained from a Milli-Q system (Millipore). We purchased absolute ethanol from VWR Chemicals.

Synthesis of the silica/PS tetrapod-like templates

We prepared a batch of tetrapods, consisting of a central silica core surrounded by four PS satellite nodules, by seeded-growth emulsion polymerization of styrene, according to a procedure we published previously [START_REF] Désert | High-yield preparation of polystyrene/silica clusters of controlled morphology[END_REF]. We used silica seeds with a diameter of 53 ± 2 nm, previously surface-modified with MMS (0.5 molecule.nm -2 ), a 95%/5% w/w surfactant mixture (3 g.L -1 ) of Symperonic® NP30 and SDS, and sodium persulfate as initiator (0.5 % w/w relative to monomer). The polymerization was performed at 70°C for 6 h. The morphological yield in tetrapods was 76% and the average diameter of the PS satellites was 135 ± 3 nm.

Controlled growth of the silica core 9.1 mL of absolute ethanol, 0.7 mL of ammonia and 0.2 mL of the dispersion of silica-polystyrene tetrapods were introduced into a 25 mL flask and the mixture was homogenized using a magnetic bar. In the one-step approach, 20 µL, 200 µL or 2 mL of TEOS were added all at once after 5 minutes. The reaction was left under stirring at 0 °C, 20 °C or 50 °C (see text) and a 50 µL fraction of the mixture was taken every 5 minutes during one hour and then dispersed in 1 mL of absolute ethanol for TEM analysis. In the iterative approach, 200 µL of TEOS were added all at once after 5 minutes. The reaction was left under stirring at 20 °C for 15 minutes. The reaction medium was poured into a 50 mL Falcon tube containing 15 mL of absolute ethanol. After 3 cycles of centrifugation (12,000 g / 5 minutes) and redispersion in absolute ethanol, the particles were finally redispersed in 10 mL of a previously prepared hydro-alcoholic solution (absolute ethanol/ammonia/water volume ratio: 91%/7%/2%). This protocol was renewed to obtain the next generation.

Characterization techniques

Transmission electron microscopy and energy dispersive X-Ray analysis mapping experiments were performed using a Hitachi H600 microscope operating at an acceleration voltage of 75 kV and a JEOL JEM 1400 Plus microscope operating at 120 kV, respectively. We prepared the samples by depositing one drop of the colloidal dispersion on conventional carbon-coated copper grids. We let the liquid evaporate in the open air at room temperature and placed the grids in a box away from dust.

Results and discussion

The first route we explored to fabricate silica NPs with four PS patches of controlled size was based on our previous studies [START_REF] Désert | Synthesis and site-specific functionalization of tetravalent, hexavalent, and dodecavalent silica particles[END_REF][START_REF] Hubert | Regioselective functionalization of dimpled silica particles[END_REF]. Indeed, we have already shown that the addition of a small amount of tetraethoxysilane 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. We thus decided to follow this pathway by increasing the quantity of TEOS in order to encapsulate almost all of the PS nodules with silica. TEM images of Fig. 1 show that for a low volume of TEOS added (20 L), the morphology of tetrapods barely changed in one hour. The silica core grew slightly from 53 ± 2 nm to 85 ± 3 nm. For a TEOS volume of 200 L, the silica core diameter reached 208 ± 4 nm after one hour but silica protuberances appeared on the polystyrene nodules after 20 minutes of reaction. Such silica bumps appeared after only 5 minutes and further grew with time when the added TEOS volume is ten times larger. The formation of these silica bumps can be explained by the migration of part of TEOS inside the PS nodules, which is realistic as long as it remains organophilic, that is to say slightly hydrolyzed. Above a certain concentration of TEOS in the PS nodules, TEOS molecules would be forced to polycondense in the form of excrescences on the surface of the nodules. We also studied the influence of temperature on the growth of the silica core. Fig. 2 shows that silica bumps only appeared after 45 minutes at 0 °C, whereas they appeared as early as 10 minutes when the reaction was conducted at 50 °C. The temperature thus accelerates the kinetics of the silica bumps formation, in agreement with the improvement of the polymerization of silane derivatives by using higher temperatures [START_REF] Issa | Kinetics of alkoxysilanes and organoalkoxysilanes polymerization: a review[END_REF]. the morphology of the tetrapods after a series of eight stages (Generations 1 to 8). It is noted that the silica core grew by strictly following the shape of the PS nodules and no silica bump formed on the surface of these. We have calculated morphological yields by statistical analysis of low-magnification TEM images (Fig. 3(c)) over about 100 clusters. Yields were equal to 66 %, 58 %, 62 % and 60 % for generation 2, 4, 6 and 8, respectively.

The values of the opening angle of the patches,  (Fig. 3(d)), were determined for each generation from the TEM images. Fig. 3(e) shows the evolution of cos  with the silica core diameter. The experimental values (red dots) are in a good agreement with those calculated using a geometric model (blue line), based on the space filling between four 135 nm PS nodules forming a contact angle of 143° with a central silica core of 53 nm (see supplementary material). This result confirms the conformational growth of the silica core. Remarkably, a value of cos as high as 0.91 could be obtained for generation #8, which corresponds to a regrown silica core of 288 nm in diameter. This value is required for the spontaneous formation of a diamond crystal phase, as it cannot be achieved by assembly of particles with wider patches [START_REF] Smallenburg | Liquids more stable than crystals in particles with limited valence and flexible bonds[END_REF]. of ~20 particles for each generation. For the calculation of cos θ(blue line), we considered that the PS nodules have an average diameter of 135 nm and initially form a contact angle of 143° with a silica core of 53 nm [START_REF] Taveau | New insights into the nucleation and growth of PS nodules on silica nanoparticles by 3D cryo-electron tomography[END_REF] The synthesis of NPs with patches of controlled size was further evidenced by EDX experiments. The EDX maps of generations 2, 4, 6 and 8 (Fig. 4) clearly show an enlargement of the silica NP with the number of stages, the silica core progressively encapsulating the PS nodules. 
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Conclusions

In conclusion, silica NPs with four circular PS patches of controlled size with a tetrahedral geometry have been synthesized through the conformational enlargment of the silica core of binary tetrapods. A multi-step process has been developed in order to avoid the undesired formation of silica bumps at the surface of the PS nodules during the silica growth. PS patches characterized by an opening angle as small as 24° have been obtained. Such a possibility to control not only the position but also the size of the surface patches opens the way to the fabrication of new colloidal clusters or different crystal phases, including the diamond structure [START_REF] Smallenburg | Liquids more stable than crystals in particles with limited valence and flexible bonds[END_REF], by self assembly. For example, the assembly of the patchy silica NPs could be triggered by making their PS patches sticky through incubation in a suitable mixture of a good and a bad solvent for PS [START_REF] Li | Clustering of asymmetric dumbbell-shaped silica/polystyrene nanoparticles by solvent-induced self-assembly[END_REF].
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Fig. 1

 1 Fig.1 TEM image showing the morphological evolution of the tetrapods over time after adding different TEOS volumes at 20 °C: 20 L(top), 200 L (b) and 2 mL (bottom). Scale bars: 100 nm

Fig. 2

 2 Fig.2 TEM image showing the morphological evolution of the tetrapods over time after adding 200 L of TEOS at 0°C (top) and 50°C (bottom). Scale bars: 100 nm

Fig. 3

 3 Fig. 3 (a) Synthetic route for the preparation of the tetrahedral patchy particles. (b) TEM images of the particles obtained after 1 to 8 iterative silica growth steps. The bottom rows show colorized images (silica in blue and PS in pink). Scale bars: 100 nm. (c) Low-magnification TEM images of the particles obtained after 2, 4, 6 and 8 silica growth steps. (d) Cartoon showing that the patches size can be characterized by a spherical cone of angular width 2θ; (e) Evolution of cos θ with the diameter of the silica core. Errors bars were deduced from the analysis

Fig. 4

 4 Fig. 4 TEM images and EDX maps of the particles obtained after 2, 4, 6 and 8 generations. The distributions of silicon, oxygen and carbon are colored in green, red and blue, respectively. Scale bars: 100 nm
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