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            Abstract
The ability to grow properly sized and good quality crystals is one of the cornerstones of single-crystal diffraction, is advantageous in many industrial-scale chemical processes1,2,3, and is important for obtaining institutional approvals of new drugs for which high-quality crystallographic data are required4,5,6,7. Typically, single crystals suitable for such processes and analyses are grown for hours to days during which any mechanical disturbancesâ€”believed to be detrimental to the processâ€”are carefully avoided. In particular, stirring and shear flows are known to cause secondary nucleation, which decreases the final size of the crystals (though shear can also increase their quantity8,9,10,11,12,13,14). Here we demonstrate that in the presence of polymers (preferably, polyionic liquids), crystals of various types grow in common solvents, at constant temperature, much bigger and much faster when stirred, rather than kept still. This conclusion is based on the study of approximately 20 diverse organic molecules, inorganic salts, metalâ€“organic complexes, and even some proteins. On typical timescales of a few to tens of minutes, these molecules grow into regularly faceted crystals that are always larger (with longest linear dimension about 16 times larger) than those obtained in control experiments of the same duration but without stirring or without polymers. We attribute this enhancement to two synergistic effects. First, under shear, the polymers and their aggregates disentangle, compete for solvent molecules and thus effectively â€˜salt outâ€™ (that is, induce precipitation by decreasing solubility of) the crystallizing species. Second, the local shear rate is dependent on particle size, ultimately promoting the growth of larger crystals (but not via surface-energy effects as in classical Ostwald ripening). This closed-system, constant-temperature crystallization driven by shear could be a valuable addition to the repertoire of crystal growth techniques, enabling accelerated growth of crystals required by the materials and pharmaceutical industries.
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                    Fig. 1: Shear-enhanced growth of TA crystals in the presence of an ionic polymer.[image: ]


Fig. 2: Various polymers used for shear-enhanced crystallization.[image: ]


Fig. 3: Shear-enhanced growth of additional 19 different crystals in the presence of polyionic liquids.[image: ]


Fig. 4: Effects of shear rates and polymerâ€™s chain length on crystal growth.[image: ]


Fig. 5: Effects of particle size on local shear rates.[image: ]
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All data used in the calculations are available in GitHub repository (https://doi.org/10.5281/zenodo.3533635).



Code availability
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Video 1: Growing crystals in shear flow created using conventional stirring bar.
We start by pouring undersaturated solution of TA in DMF (47 mg of TA / 0.4 mL of DMF) on top of 0.35 ml of the same solvent containing a polyionic liquid polymer (300 mg of PIL-1, MW 402 kg/mol) in a glass vial containing a stirring bar and placed on a magnetic stirrer. The video begins when the stirrer is turned on (at 400 rpm). Right side of the frame shows enlarged part from the red rectangle on the left. Real time is shown in the top left corner. After the 0:30 mark, video jumps forward by increments of 10 minutes, showing 5 seconds at real-time speed after each jump. At the end of the video, microscope images (taken under crossed polarizers) of the produced crystals are shown


Video 2: Growth of TA crystals in PIL-1/DMF solution under shear.
We start by mixing undersaturated solution of TA in DMF (47 mg of TA / 0.4 ml of DMF) with 0.35 ml of the same solvent containing a polyionic liquid polymer (300 mg of PIL-1, MW 402 kg/mol). Time indicated at the top of the frame is measured from the beginning of stirring. Needle-shaped crystals become visible to a naked eye after ~30 sec of rotation. First two minutes of the experiment are presented at real-time speed. It is followed by a fast time-lapse of snapshots at one-minute intervals obtained by briefly stopping the rotation of the Couette cell (to minimize the motion blue) and taking a photo. Final snapshot of the video (at 2:39) corresponds to 63 minutes of real time after the start of Couette cell rotation. At the end of the video, microscope images (taken underÂ crossed polarizers) of the produced crystals are shown


Video 3: Simulated evolution of local shear rate during particle rotation in the Couette flow.
Shear rate is indicated by colour (colour scale is on the left). Streamlines show velocity field. Arrow cones indicate direction and magnitude of velocity. Particle size here is L= 0.2 mm, and corner curvature rc = 2 Î¼m, but the picture is qualitatively similar for other values of L and . This movie corresponds to Figure S46a-d. Maximum local shear rate is plotted against time in Figure S46e. For implementation details and discussion, see SI Section 4.
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