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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
processes1–3, and is important for obtaining institutional approvals of new drugs for
which high-quality crystallographic data are required4–7. Typically, single crystals
suitable for such processes and analyses are grown for hours to days during which any
mechanical disturbances—believed to be detrimental to the process—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 quantity8–14). 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, metal–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 ‘salt out’ (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.

Although the phenomena we describe are observed even in solutions
stirred by an ordinary magnetic stir bar (Supplementary Video 1), most
experiments were performed in a standardized Couette cell, with a gap
of d = 1 mm and the inner cylinder (ri = 4 mm in radius) rotating at a
constant angular velocity, usually ω = 400 rpm, corresponding to shear
rate γ ̇ = 167 s−1 (Fig. 1) but down to 60 rpm in some control experiments
(see Fig. 4a). In all experiments, the Reynolds number (for the inner
cylinder) Re = rωd
/ν (where ν is kinematic viscosity) was smaller than
i
2, ensuring simple Couette flow rather than the more complicated flow
regimes expected for Re ≥ 100 (ref. 15). The typical procedure described
here is for simple trimesic acid (TA), but is similar to that for other
systems discussed later (see Fig. 3 and Supplementary Information
section 2.2).
In brief, we start by mixing an undersaturated solution of a crystallizing substance in a solvent (47 mg of TA per 0.4 ml of dimethylformamide

(DMF)) with 0.35 ml of the same solvent containing a polyionic liquid polymer (300 mg of poly(3-cyanomethyl-1-vinylimidazolium
bis(trifluoromethanesulfonyl)imide); henceforth PIL-1, molecular
weight 4.02 × 105 g mol−1, Fig. 2; Supplementary Video 2). The concentration of TA in the 0.75 ml of solution thus prepared exceeds the saturation
level by 15.5 mg, even though approximately twice as much TA can be
dissolved in pure DMF (92.6 mg per 0.75 ml), which indicates that PIL-1
and TA are competing for shared DMF. The TA/PIL-1/DMF mixture is
poured into the Couette cell and, when the inner cylinder begins to
rotate, is subject to uniform shear flow (Supplementary Information
section 4.4). First, needle-shaped crystals become visible to the naked
eye after about 30 s of rotation, move with the fluid, and gradually grow
to about 440 μm after 10 min and about 740 μm after one hour (Fig. 1c
and blue line in Fig. 1d). Spectroscopic signatures (from powder X-ray
diffraction and 1H nuclear magnetic resonance (NMR) of washed and
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Fig. 1 | Shear-enhanced growth of TA crystals in the presence of an ionic
polymer. a, Illustration of experimental set-up. b, c, Optical images of TA
crystals grown within 10 min from the same TA/PIL-1/DMF solution without (b)
and with (c) applied shear. We note that the scale bars are different. Image b is
taken with bright-field illumination; image c is taken with crossed polarizers.
d, Average sizes of TA crystals increasing with time under shear in the presence
of PIL-1 (blue; statistics based on n = 49–58 crystals analysed for each time
point), without shear but in the presence of PIL-1 (black; n = 35–43), and with
shear in pure DMF (green; n = 236–391). Error bars indicate standard deviations
of sizes, not the errors of the mean. The green line corresponds to control
experiments without PIL-1 but under shear, in which 15.5 mg oversaturation of
TA in DMF was achieved by adding 108.1 mg of TA powder to 0.75 ml of pure
DMF before application of shear (we verified separately that the saturation
level of TA in pure DMF is 92.6 mg per 0.75 ml). The outcome was not sensitive
to the time it took most of the TA powder to dissolve: the average size of the
crystals obtained was the same in another experiment whereby 85 mg of TA was
first completely dissolved in 0.75 ml of pure DMF at 25 °C, and an additional
23 mg of TA powder was added to the solution immediately before the start of
cell rotation (open green square). Finally, the open yellow circle corresponds to

an experiment in which 108.1 mg of TA (but no PIL-1) was first completely
dissolved in 0.75 ml of DMF at a slightly elevated temperature of 36 °C and then
subjected to shear at 25 °C for 10 min. In other words, oversaturation in this
experiment was achieved by cooling. In all experiments with non-zero shear,
the mean shear rate was γ ̇ = 167 s−1. e, 1H NMR spectra of the washed and
redissolved TA single crystals grown in PIL-1/DMF at γ ̇ = 167 s−1 shear flow (blue)
and by evaporation of DMF from the TA/DMF solution without any PIL (black).
The chemical structure in the inset is TA. f, Powder X-ray diffraction spectra of
TA crystals grown in PIL-1/DMF at γ ̇ = 167 s−1 shear flow (blue) compared to
literature data40 for pure TA crystals grown in DMF (black). g, h, Scheme of the
conjectured mechanism: the polymer (blue) and the crystallizing substance
(green) compete for shared solvent (grey). When shear flow is absent (g), the
amount of solvent sufficient to solvate the entangled polymer is lower than
that to solvate the polymer disentangled by shear flow (h). The disentangling
polymer ‘steals’ this additional solvent from the molecules of the crystallizing
substance, causing these molecules to attach to the nearby crystal (the purple
arrow in both panels points to the same particle). Orange arrows illustrate the
vector field of fluid velocity in the case of a mean shear flow. For effects of shear
on nucleation, see the discussion in the main text and Fig. 4.

redissolved crystals in Fig. 1e, f; see also Fourier-transform infrared
spectroscopy in Supplementary Fig. 13 and single-crystal X-ray diffraction in Supplementary Information section 2), are free of any PIL-1,
match the spectra of TA·2DMF crystals reported in the literature, and are
of crystallographic quality (in terms of single-crystal X-ray diffraction)
as good as those of TA crystals grown by conventional recrystallization
or solvent evaporation (Supplementary Fig. 12c). In sharp contrast, if
the same solution or protocol is used but no rotation is applied, the
ill-shaped (Fig. 1b) crystals are only about 2 μm long after 10 min of
growth (black line in Fig. 1d). When PIL-1 is absent but shear is applied,
the needle-like crystals are about 44 μm long at 10 min (green line in
Fig. 1d). None of these and also none of some other control experiments summarized in Fig. 1d (see also Fig. 4 for growth from powders
using different shear rates, monomers or polymers of different length)
yield crystals of sizes comparable to those grown under shear and with
PIL-1 present.
Importantly, similar growth enhancement is observed for other,
structurally diverse substances. This claim is supported by the size
comparisons (shear + PIL versus no-shear + PIL, same growth times,
all at room temperature) in Fig. 3a as well as the corresponding images

of crystals of various small molecules, inorganic salts, metal–organic
complexes, and even some proteins (Fig. 3b and Supplementary Figs.
12–35). The average increase in the longest linear dimensions of the
crystals is about 16-fold, as high as 42-fold for NaI, 171-fold for TA, and
never smaller than 2-fold. The phases and crystallinities of the crystals
match those grown over much longer times via traditional solvent
evaporation (crystallinities are annotated as percentages in Fig. 3a and
plotted in Supplementary Fig. 12; powder X-ray diffraction spectra are
shown in Supplementary Figs. 16–28 and 31–35). BET surface areas of
porous functional materials are improved with respect to synthesis
by conventional methods (without PIL) by 51% for both the porous
organic cage 17 and the covalent organic framework 20, and by 24% for
the metal–organic framework 19. Although absolute values generally
depend on the synthetic protocol and activation method, the increase
we observe is systematic (with the same activation method for each
pair; see Supplementary Fig. 41), and may reasonably be attributed to
defects present in the samples grown under shear16.
Regarding the choice of polymers used in the growth experiments (Fig. 2a), uncharged ones—such as poly(methyl metacrylate),
PMMA, or polyvinylidene fluoride, PVDF—also give similar results
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Fig. 2 | Various polymers used for shear-enhanced crystallization. a, Most
reliable results were obtained using polyionic liquid polymers bearing either
positive (PIL-1–PIL-5 and PIL-7) or negative (PIL-6) charges. PIL-1 is poly(3cyanomethyl-1-vinylimidazolium bis(trifluoromethanesulfonyl)imide); PIL-2 is
poly(3-cyanomethyl-1-vinylimidazolium tetraphenylborate); PIL-3 is poly
(3-hexyl-1-vinylimidazolium iodide); PIL-4 is poly(1-methyl-4-vinylpyridinium
bis(trifluoromethanesulfonyl)imide); PIL-5 is poly(3-methyl-1-(4-vinylbenzyl)
imidazolium chloride); PIL-6 is poly(tetrabutylammonium 4-styrenesulfonate);
and PIL-7 is quaternary ammonium polyethyleneimine. For synthetic details
and characterization, see Supplementary Information section 1. PMMA and
PVDF were also used but were not suitable for all solutes, with some of which
(for example, TA and NaI) they gelated. (11 refers to NaI.) b, Representative size
distributions of TA crystals grown from approximately 2-μm TA powder in
PMMA/DMF and PVDF/DMF. c, Box plots of crystal sizes for the systems in b as
well as for the PIL-1 and no-polymer conditions. For all cases, the concentration
of polymer was 75 mg per 0.75 ml, growth time 3 h, and mean shear rate γ ̇ = 85 s−1
(that is, twice as low as in Fig. 1; for effects of γ ̇ on crystal size, see Fig. 4).
Molecular weights were 996 kg mol−1 (PMMA), 275 kg mol−1 (PVDF), and 402
kg mol−1 (PIL-1). In c, the elements of the box plots are: 25% and 75% quartiles
(edges of the boxes), median (midlines), and maximum/minimum values
(whiskers). Numbers of crystals on which these statistics are based are: no PIL,
248; PIL-1, 235; PMMA, 284; PVDF, 242.

(see Fig. 2b, c), although with some solutes (for example, TA and NaI)
they gelate. Both negatively and positively charged PILs are more
robust, confirming previous reports that ionic liquids are versatile
solvents compatible with a wide range of solutes17,18 and suitable for
growing crystals19 (though never before in shear flow). Conveniently,
with the selection of PILs shown in Fig. 2a, we have been able to make our
method compatible with solvents ranging from polar (DMF, dimethyl

sulfoxide (DMSO), water and methanol) to less polar (dichloromethane, DCM) by changing the polarity (or sign) of the pendant-chain
charges or by varying counterions from small halogen anions to the
large tetrabutylammonium (TBA) cation (see specific experimental
procedures in Supplementary Information section 2.2).
To better understand the mechanism of shear-enhanced crystal
growth, we performed a series of experiments in which we systematically varied the shear rates and polymer chain length. In these experiments, summarized in Fig. 4, we aimed to eliminate any effects of initial
nucleation, whose dependence on shear may be convoluted and whose
mechanisms are still unclear (see refs. 10,11 and references therein).
Accordingly, we grew the crystals by ripening of TA powders (average
particle size 2 ± 0.5 µm) in PIL-1/DMF, in contrast to growing the crystals
from uniform solutions (see above and Figs. 1, 3). The histogram in
Fig. 4a provides evidence that, when other parameters are kept constant, the size of the crystals increases with increasing shear rate and
already at γ ̇ = 167 s−1 further growth becomes limited by the 1-mm gap
between the walls of the Couette cell. The distributions in Fig. 4b demonstrate that at a given shear rate, for the same concentration of PIL-1
monomers and same excess (15.5 mg per 0.75 ml of DMF) of TA mass
over saturation level (Fig. 4c), crystal sizes increase when the lengths
of the PIL-1 polymer chains increase. In parallel, the rheological data
in Fig. 4d demonstrate that the viscosities of the solutions also increase
in the same order, while the solubility cs of TA plotted in Fig. 4c
decreases. This is an important observation as it strongly indicates
that the phenomena we describe cannot be rationalized simply by
mixing accelerating transport between crystallites and thus facilitating
Ostwald ripening. Both diffusion of macromolecules and mixing slow
down in viscous media, whereas the diffusion of small molecules in
polymer solutions is either unaffected by increased polymer length or
slows down slightly20,21. The solubility cs of TA in PIL-1/DMF solutions
is 3.5 times lower than in pure DMF and 1.7 times lower than in monomer/DMF solution (Fig. 4c). Therefore, from the scaling arguments
presented in Supplementary Information section 7, we would expect
that classical, transport-limited Ostwald ripening of TA in PIL-1/DMF
mixtures is at least (3.5)3/7 ≈ 1.7 times slower than in pure DMF and
(1.7)3/7 ≈ 1.25 times slower than in monomer/DMF solution (opposite
to the actual trend in Fig. 4b) and should slow down with (or, at least,
not be affected by) the polymer’s molecular weight, which is not the
case. We also ruled out potential thermal effects from viscous heating
(see Supplementary Information section 4.3). Finally, the curves in
Fig. 4d, e capture the decrease of viscosity with increasing shear rate.
This so-called ‘shear thinning’ can be ascribed to polymers or their
aggregates disentangling or unfolding in elongational and shear flows;
this phenomenon was predicted by de Gennes22 and experimentally
confirmed by analyses of bulk properties23–26 and even by direct singlemolecule imaging27. We note that the decrease in viscosity shown in
Fig. 4d, e, owing to some changes of polymer solution microstructure,
necessarily begins at shear rates below 10 ÷ 100 s−1, and therefore these
local microstructure changes must be activated by the shear
(25 ÷ 167 s−1) that we apply in crystal growth experiments (for a detailed
discussion of rheology, see Supplementary Information section 6).
In this context, we observe that prolonged shearing of the PIL-1/DMF
solution reduces the number-averaged hydrodynamic radius rh
observed by DLS (for example, from about 800 nm to 60 nm at
γ ̇ = 167 s−1 for 3 h), although these experiments themselves do not provide detailed insight into the microscopic changes in the polymer’s
structure (disentanglement, unfolding, breaking of gel-like structures
or destruction of the aggregates the PILs are known to form28 and
which may break under shear flow29).
All of these observations substantiate a plausible mechanism involving (1) shear-dependent solvation changes and (2) differences in the
local shear rates around larger (rather than smaller) crystals. Specifically, as the polymer chains disentangle or their aggregates distort
or break under shear, they become better exposed to the solvent and
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dilution (50 s−1 for 2 mM versus 115 s−1 for 1 mM). For a more dilute, 1 mM sample,
the ‘secondary’ thinning (e) begins at an even lower shear rate and merges into
the first, low-shear thinning process, thus showing no clear plateau of viscosity.
Curves from the yellow rectangle in d are plotted in e on a semi-logarithmic
scale with viscosity η for each curve normalized by its value η0 at 9 s−1. Viscosity
of pure DMF (grey dashed line) is taken from literature39. The curve for the
monomer (green) is measured at higher concentration (2 g / 0.75 ml DMF) than
for PILs, since more dilute monomer solution has even lower viscosity and
could not be reliably measured by our rheometer.
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Fig. 5 | Effects of particle size on local shear rates. a, Maximum values of
shear rate near an object (a rod as in panel b) in Couette flow (d = 1 mm, mean
γ ̇ = 167 s−1 indicated by the horizontal dotted green line) as a function of the
object’s size and corner sharpness (rc is the radius of corner curvature). Dashed
curves were calculated for a non-rotating rod (with two of its faces kept parallel
to the cell walls). Solid curves were calculated for a rod that is being freely
rotated by the flow. b, Theoretical map of shear rate near a long, freely rotating
rod in horizontal Couette flow (distance between walls d = 1 mm, mean
γ ̇ = 167 s−1). The rod’s axis points into the page; the rod’s cross-section is a square
(20 μm per edge) with rounded corners (rc = 2 μm). Being freely rotated by the
shear flow, the rod maintains a constant angular velocity (clockwise, as
indicated by the circular grey arrow). Black curves are streamlines. Black cones
indicate velocity direction and magnitude. This map depicts one instant of
time; as the object rotates, maximal local shear rate oscillates in phase with this
rotation, but regions of high shear rate remain mostly localized near the sharp
corners at all times. The liquid is assumed to be newtonian, although very
similar results were obtained when we used realistic dependence of viscosity
on shear rate (from Fig. 4d, solid blue curve). Details of all these calculations are
described in Supplementary Information section 4 (see also Supplementary

their effective volume of solvation layer30,31 increases. This phenomenon is in line with previous experiments on both polymers and ionic
liquids29, whereby adding more solvent enhances shear thinning, hinting that shear may cause greater demand for solvent by the polymer
or ionic liquid; we found that this trend also holds for PIL-1/DMF (see
blue curves in Fig. 4d). What this means for our experiments is that the
disentangled polymers can effectively compete for solvent with the
solute which, upon losing the solvent, starts to crystallize (this effect
is loosely analogous to ‘salting out’, which causes the precipitation
and crystallization32,33 of various solutes, including biomolecules34,35).
We observe that this mechanism explains why some other polymers
are less robust or less general than PILs (such as PMMA and PVDF;
see Fig. 2b, c), because they gelate or precipitate before the solute can
develop large crystals. By contrast, PILs do not precipitate easily and
are known to be versatile solvents, not unlike molten salts17,18.
78 | Nature | Vol 579 | 5 March 2020

The second part of the proposed mechanism rationalizes the
preferential growth of larger (rather than smaller) crystals which, as
we mentioned above in the context of crystal sizes increasing with
viscosity and decreasing with solubility, cannot be ascribed to classical Ostwald ripening. Instead, the explanation might lie in the fact
that in a mean shear flow, the local shear near a particle with sharp
edges increases with particle size36,37. For our system, such an increase
is supported by the results of computational fluid dynamics simulations of liquid flows around rod-shaped particles with square crosssections ranging from 2 μm to 1 mm and moving freely in a Couette cell
(Fig. 5b, c). Therefore, the disentanglement of PILs and ‘competition’
for solvent are expected to be more pronounced near larger particles,
which therefore grow preferentially; conversely, the smaller particles
remain more soluble. Experimentally, we found that a mean shear of
γ ̇ = 167 s−1 indeed decreases global solubility of TA in PIL-1/DMF (molecular weight 8.49 × 105 g mol−1) from 167.2 ± 2.8 mM to 161.6 ± 0.8 mM
(see Supplementary Table 1 in Supplementary Information section
2.1). We note that this 1%–5% modulation of solubility is an order of
magnitude larger than the typical values sufficient to drive Ostwald
ripening (for example, <0.1% for 10-μm crystals of TA, assuming a
surface energy of 100 mJ m−2 in the Ostwald–Freundlich/Kelvin
equation).
However, if it were just simple disentanglement or single-chain
unfolding, it would have been reversible, and therefore some portion
of crystals such as TA would re-dissolve shortly after stopping the rotation of the Couette cell: PIL-1 microstructure would have returned to
its original state, releasing the captured solvent. In experiments, TA
crystals did not re-dissolve even 15 h after the rotation had ceased,
indicating that relaxation of PILs to the initial state is inhibited—perhaps
owing to a gel-like macromolecular crowding in the concentrated solutions we use (this would be in line with onset of shear thinning already at
very low shear rates <10−4 s−1 shown in Fig. 4d, as well as linear response
domain at very low strains (around 0.03) shown in the dynamic relaxation data in Supplementary Fig. 50a).
Finally, if the mechanism we propose for shear-enhanced ripening of powders (Fig. 2b, c and Fig. 4) is correct, it should also apply to
the growth starting from oversaturated solutions (Fig. 1 and Fig. 3)—
although, in the nucleation phase, it would strongly suppress smaller
nuclei in favour of the larger ones, and we would expect large crystals
to grow from such solutions faster than from powders. This is indeed
the case and solution growth is approximately an order of magnitude
faster. For instance, TA crystals reach a size of 440 µm on average
after 10 min of growth from solution (Fig. 1d) versus an average size
of 336 µm after only 3 h of growth from powder (Fig. 4a, bottom panel).
Furthermore, the impact of this mechanism during nucleation phase
must far outweigh the previously reported effects of shear flow on
nucleation9–11,38, since those effects predict the negative effect of
shear on the final crystal size—that is, the opposite of what we observe
(Fig. 4a).
In summary, we showed that good-quality crystals of various kinds
can grow larger and more rapidly when subject to shear in the presence
of polymers. Since this trend is observed for crystals and polymers
of various types, it can reasonably be explained by physical effects
rather than the nuances of specific polymer–solute chemical interactions. At the same time, such interactions might have more subtle
effects—we have seen, for instance, that linear PIL-1 and branched PIL-7
can give crystals of the same space group but different habits (see Supplementary Fig. 37). Such effects and also more detailed theoretical
models certainly merit further study of this interesting non-equilibrium
system. From a practical point of view, we anticipate that our technically straightforward, constant-temperature method will be useful as
a means of accelerating crystal growth, especially for substances that
must be kept within a narrow temperature range (for example, proteins)
or cannot be recrystallized (such as metal–organic frameworks and
covalent organic frameworks).
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