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            Abstract
Patches on the surfaces of colloidal particles1,2,3,4,5 provide directional information that enables the self-assembly of the particles into higher-order structures. Although computational tools can make quantitative predictions and can generate design rules that link the patch motif of a particle to its internal microstructure and to the emergent properties of the self-assembled materials6,7,8, the experimental realization of model systems of particles with surface patches (or â€˜patchyâ€™ particles) remains a challenge. Synthetic patchy colloidal particles are often poor geometric approximations of the digital building blocks used in simulations9,10 and can only rarely be manufactured in sufficiently high yields to be routinely used as experimental model systems11,12,13,14. Here we introduce a method, which we refer to as colloidal fusion, for fabricating functional patchy particles in a tunable and scalable manner. Using coordination dynamics and wetting forces, we engineer hybrid liquidâ€“solid clusters that evolve into particles with a range of patchy surface morphologies on addition of a plasticizer. We are able to predict and control the evolutionary pathway by considering surface-energy minimization, leading to two main branches of product: first, spherical particles with liquid surface patches, capable of forming curable bonds with neighbouring particles to assemble robust supracolloidal structures; and second, particles with a faceted liquid compartment, which can be cured and purified to yield colloidal polyhedra. These findings outline a scalable strategy for the synthesis of patchy particles, first by designing their surface patterns by computer simulation, and then by recreating them in the laboratory with high fidelity.
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                    Figure 1: Liquid-core colloidal clusters.[image: ]


Figure 2: Colloidal fusion.[image: ]


Figure 3: Liquid patches.[image: ]


Figure 4: Predictable patchy motifs.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Synthesis of the constituent building blocks of the LCCs.
a, Schematic representation of the spontaneous emulsification and subsequent polymerization of 3-(trimethoxysilyl)propyl methacrylate. b, Bright-field microscopy image showing monodispersed emulsion droplets prepared from 3-(trimethoxysilyl)propyl methacrylate oil precursor. c, Fluorescence microscopy image showing emulsion droplets labelled with rhodamine B. d, SEM image of a polymerized emulsion. eâ€“g, SEM images documenting the growth of positively charged PS particles during the three steps of seeded emulsion polymerization. h, PVPâ€“PS particles prepared by dispersion polymerization. Scale bars are 1â€‰Î¼m.


Extended Data Figure 2 Self-assembly on a LCC.
a, Schematics showing the assembly of an LCC via electrostatic attraction. Rapid parking of PS spheres on droplets followed by slower wetting dynamics ensures high yields of regular tetrahedral clusters. b, Bright-field microscopy image showing tetrahedral LCCs isolated by density splitting. c, SEM image showing a micrometre-sized cluster next to a nanometre-sized cluster. Scale bars are 1â€‰Î¼m.


Extended Data Figure 3 Tuning of the oilâ€“PS contact angle.
a, Zeta potential of oil droplets (3-(trimethoxysilyl)propyl methacrylate, TPM) and amidinated PS particles as a function of pH (Malvern Zetasizer Nano Series). b, Wetting behaviour of a fluorescent oil droplet on an amidinated PS sphere at different pH. c, d, Left, schematics of the recovery of solid cores (green) from LCCs. Right, SEM images of recovered cores (polymerized), imprinted by PS shells at low (c) and neutral (d) pH. Scale bars are 1â€‰Î¼m.


Extended Data Figure 4 Design and realization of faceted tetrahedra.
Simulated fusion of a tetrahedral LCC into a spherical coreâ€“shell particle is shown for Î³PSl/oâ€‰=â€‰40 mNâ€‰mâˆ’1. The snapshot sequence reveals the morphological transformation of the liquid core (red) in great detail. During the intermediate stages of the transformation, the core is gradually reshaped into a faceted tetrahedron. This intermediate deformation stage can be targeted experimentally to fabricate the colloidal tetrahedra shown in the SEM images. Scale bar is 1â€‰Î¼m.


Extended Data Figure 5 Simulated fusion of tetrahedral LCCs.
a, Surface Evolver simulations probing the effect of Î³PSl/o (red surface) on the evolution pathway of the cluster. The values of Î³PSl/wâ€‰=â€‰50 mNâ€‰mâˆ’1 (green surface), Î³o/wâ€‰=â€‰36 mNâ€‰mâˆ’1 (yellow surface) and Vo/VPSâ€‰=â€‰0.125 are chosen to match the corresponding experimental values. We can follow the morphological evolution of the liquid cores experimentally by fixing intermediate states by radical polymerization. The hardened cores are isolated by dissolving the PS matrix and analysed using SEM (right). Scale bar is 1â€‰Î¼m. b, A comparison between simulations and experiments suggest a two-step evolution process in which Î³PSl/o increases during the deformation. Experimentally, this could be rationalized by considering the change in the THF concentration during the evaporation process or the ageing of the oil phase. c, Phase diagram showing how Î³PSl/o and Vo/VPS can predictably change the evolutionary fate of a tetrahedral LCC undergoing colloidal fusion.


Extended Data Figure 6 Simulated fusion of octahedral LCCs.
The simulated evolution proceeds in two consecutive steps (see also Extended Data Fig. 5b). The first step, with Î³PSl/oâ€‰=â€‰2 mNâ€‰mâˆ’1, correctly evolves the cluster into an eight-patch particle; the second step, with Î³PSl/oâ€‰=â€‰20 mNâ€‰mâˆ’1, further refines the patch morphology to a nearly perfect match with the experimental results. On the right is a fluorescence microscopy image of eight-patch particles and SEM images showing the patchy particle before and after coordination with PS singlets. Scale bars are 1â€‰Î¼m.


Extended Data Figure 7 Supracolloidal assembly via liquid bonds.
False-colour SEM images of patchy particles (red) mixed with PVPâ€“PS singlets (green). The images (at increasing magnification) show supracolloidal architectures assembled via liquid bonds. Scale bar is 5â€‰Î¼m.


Extended Data Figure 8 Patch-swelling and formation of patch-to-patch liquid bridges.
Bright-field and fluorescence microscopy images are shown. The patchy particles are first exposed to Pluronic L61, which selectively swells the patches, which tend to coalesce and thus form liquid bonds under acidic conditions. Scale bar is 5â€‰Î¼m.





Supplementary information
Colloidal fusion visualised by microscopy
Tetrahedral liquid-core colloidal clusters transform into spherical patchy particles when plasticized by THF. (MP4 25816 kb)
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        Editorial Summary
Particle patching turned inside-out
'Patchy' particles are colloidal particles with patches, usually in predetermined geometries, on their surfaces. These patches can be used to directionally bond particles together or for other applications where different surface chemistries are valuable. Introducing patches in geometrically ordered locations on a spherical surface can involve multistep processes, potentially limiting the scale on which such particles can be made. Now Stefano Sacanna and colleagues have developed a methodâ€”'colloidal fusion'â€”that involves the controlled coalescence of colloidal clusters into a single particle. At the core of the original cluster is a plasticizable particle, which is extruded outwards to eventually form the patches on the final particle. The location of the patches is therefore defined and controlled by the packing geometry of the original cluster.
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