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In crystallization from solution, a ubiquitous process in both industry and the natural world, nucleation is usually the rate-
DOI: 10.1039/x0xx00000 determining step, followed by faster crystal growth. Consequently, crystals typically exist in the nm-size range for such
limited times that their investigation and manipulation is hindered. Here, we show that, owing to a degree of restricted
diffusion, crystallization in structured ternary fluids can proceed via higher nucleation rate and slower crystal growth
pathways. This enables structured ternary fluids to act as nanocrystal incubators, with the nanocrystals existing for extended
times. We demonstrate that this generates enhanced crystallization control, with the three ambient pressure polymorphs
of glycine, the a-, y- and B-form, all crystallizing from the octanol/ethanol/water structured ternary fluid, despite the well-
known difficulty in crystallizing the slow growing y-form and the instability of the B-form. The ability of structured ternary
fluids to produce notoriously hard to crystallize polymorphs should make them a versatile tool, ideal for polymorph
discovery. This may enable a step change in the current, scatter-gun approach to polymorph screening. Furthermore, we
show that aliquots of the nanocrystal-containing fluids can successfully seed metastable solutions. Hence, STFs may
ultimately help provide a generic methodology for producing crystals and seed suspensions of any desired polymorph to

supersede current targeted crystallization and seeding strategies.

Introduction

Crystallization is ubiquitous in both nature and industry; the formation of nanomaterials, ceramics, pharmaceuticals, biominerals
and rocks all rely on this process. Despite this prevalence, crystallization mechanisms remain poorly understood and controversial.*
Here we introduce crystallization studies in a class of materials, structured ternary fluids (STFs), to help address these fundamental
issues.

STFs consist of two immiscible liquids, typically an oil and water, and an amphi-solvent that is miscible with both liquids. Although
they were first reported in 1977, little research was conducted on these systems until recently,313 when the presence of dynamic
nano-sized domains of aqueous and oil regions was convincingly shown via small angle X-ray and neutron scattering,37 and static
and dynamic light scattering.®8 NMR, conductivity, UV-vis spectrometry of probe molecules and molecular dynamics have provided
additional evidence to support the existence of STFs.?3 The presence of the ~2—10 nm-sized domains means that these STFs are
mimics of surfactant-based microemulsions. Consequently, STFs are also known as surfactant-free microemulsions and
ultraflexible microemulsions, with the latter emphasizing the more flexible, longer-range and less distinct interface between the
oil and aqueous regions, which means the nanostructuring, though always present, is more dynamic and less defined.

To-date, there have been only a few studies on particle formation in STFs. These studies involved inorganic or metal
nanoparticles, and focused on the particle morphologies obtained, rather than the crystallization kinetics.241° Consequently, the
effect of STF nanoconfinement on crystallization has not been considered. In this work, we reveal the unique crystallization kinetics
in these systems and demonstrate the extensive potential these systems have for understanding and controlling crystallization.

In our experiments, the immiscible liquids octanol and water were mixed in combination with the amphi-solvent, ethanol. The
octanol/ethanol/water STF has been well studied,3%! with the nanostructuring occurring close to the two-phase boundary (Fig.
1a). At low water volume fractions, dynamic hydrogen-bonded hydroxyl networks of nm-size occur, which swell as the water
content increases, whereas nm-sized globular pockets of octanol are present at high water fractions.” For similar oil and water
volume fractions, more bicontinuous structures form. The ethanol is proportioned approximately equally between the aqueous
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and octanol domains, with a slight excess in the interfacial regions.” The lifetime of the nanodomains in STFs is not currently.knewn.
However, the structures must exist for times greater than the 10-100 ns correlation times of dynamic light scB&teHhPéRpeinments®
Consequently, we hypothesized that the nanoconfined regions may be sufficiently long-lived to radically impact crystallization and
provide greater polymorph control. This contrasts with the ~1 nm clusters in binary water- alcohol systems that have lifetimes of
<50 ps?° — too short to impart noticeable nanoconfinement effects on crystallization.

The problem of crystallizing a desired polymorph in many systems is well established.?'22 In the case of glycine, it is difficult to
crystallize the stable, but slow-growing, y-form from aqueous solutions.?3-2> |nstead, the metastable a-polymorph typically
crystallizes.?® The metastable B-form can crystallize by rapidly adding the antisolvent ethanol to aqueous glycine solutions, thereby
achieving high supersaturations so as to nucleate the B-form, but solution-mediated transformation to the more stable a-
polymorph is rapid, particularly for solutions with high water content.?”28 Therefore, glycine was an ideal candidate to test the
effect of STFs on crystallization. Here we reveal that using an STF dramatically alters the crystallization outcome compared to
unstructured solutions.

The rate-determining step in crystallization from solution is the initial nucleation process, owing to its larger energy barrier, with
crystal growth proceeding more quickly. We show here, for the first time, that crystallization can proceed in STFs via higher
nucleation rate and slower crystal growth regimes that are impossible to achieve in normal unstructured solutions. This enables
enhanced control over the crystallization process such that all three polymorphs of glycine can be produced from the same STF.
The origins of this higher nucleation rate/ slower growth mechanism lie in the soft nanoconfinement of the glycine, characterized
by the extent of its restricted diffusion. Furthermore, the higher nucleation rate/ slower growth mechanism means nanocrystals
can exist for extended times in the STF. We exploit this and show that aliquots of the STF can successfully seed metastable
solutions. We hope that the significant advantages that crystallization in STFs provide over current targeted crystallization and
seeding strategies lead to their adoption throughout the crystallization field.

Results and discussion

To investigate the extent of the glycine nanoconfinement, we measured the apparent diffusion coefficient, D, of each component
in different STF mixtures using NMR diffusiometry. When molecules rebound from boundaries, as in nanoconfined systems, the
measured diffusion coefficient is smaller than its value in an unrestricted solution because the apparent travel distance is shorter.
Hence NMR diffusiometry provides a direct probe of the degree of confinement of the different components.

The diffusion coefficient of a component in a liquid mixture with viscosity, 7, is given by the Stokes-Einstein equation,

kgT
D=
6mrn

where kg is Boltzmann’s constant, T is temperature and r, the Stokes radius, is the radius of a hard sphere that diffuses at the same
rate as the component particle. The Stokes radius for a given component will depend upon the surrounding solution, but for
formulations containing the same constituents at the same temperature, D77 is approximately constant for a particular component
in the absence of nanoconfinement. In nanoconfined systems, D7 will decrease because of the smaller apparent diffusion
coefficient. To facilitate comparison between the different STFs, Dn values are plotted in Fig. 1b relative to the corresponding
binary mixture, with values significantly decreased from 1 showing greater levels of nanoconfinement. D, 77and absolute Dn values
are shown in Fig. S1.

From Fig. 1a, we expect water to be the confined phase in mixtures with low water mass fraction. Therefore, the apparent Dn
should decrease as the water content reduces. This is what we observe (Fig. 1b); there is a =40% decrease in the apparent D7 for
water at low water mass fractions relative to the 0.60 water/0.40 ethanol mass fraction binary system, consistent with soft
nanoconfinement. Even at water mass fractions of 0.25, the values are reduced by ~20% compared to the binary system. We
expect octanol to be confined in STFs with high water content and, again, this is what we observe. Ethanol, on the other hand,
remains unconfined at all compositions. We note here that although ethanol’s D7 value increases slightly in the bicontinuous
region, it never decreases significantly, indicating that there is no restriction. The magnitude of these D7 changes are similar to
those reported in a STF composed of an ionic liquid, ethanol and toluene.® Thus, in agreement with previous studies,3>%! these
findings confirm that soft nanoconfinement is present in the ternary 0.40 mass fraction ethanol systems studied.

Note that Fig. 1a shows that nanoconfinement is lost as ethanol content increases in the ternary mixtures. For ternary fluids
with a greater ethanol mass fraction of 0.60, the relative D7 values reflect this as they remain similar for all components in all
compositions (Fig. S2).

Crucially, Fig. 1b shows that the relative D7 values for glycine closely follow those of the water component, the only difference
being slightly lowered relative D7 values at low water content. This is consistent with glycine diffusion being restricted because
the glycine resides primarily within dynamic water pockets and is largely excluded from the interfacial regions, as expected due to
glycine’s poor solubility in both ethanol and octanol (Fig. S3 and Table S1).

2| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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Nanoporous materials and droplet microemulsions provide considerably greater restricted diffusion compared to SIfs,223% ko
instance, in droplet microemulsions, diffusion coefficients can be reduced by 1-2 orders of magnitude.3? stddd 0tR& J&gret Bf
restricted diffusion here is more similar to that of oils and aqueous phases in bicontinuous surfactant-based microemulsions.3!
Nevertheless, this degree of restricted diffusion is sufficient to cause transformative effects on the crystallization behaviour, as we
show below.

Crystallization of y-glycine

Crystallization experiments were conducted on the 0.40 ethanol mass fraction octanol/ethanol/water formulations, since these
are close to the 2-phase boundary and hence show nanostructuring, as demonstrated above. The glycine polymorph was
principally determined by ATR-FTIR, with characteristic peaks for o, B and y-glycine occurring at 909, 914 and 928 cm™,
respectively.323327 powder X-ray diffraction data on selected samples fully corroborated the ATR-FTIR results (Fig. S4).

We first used slow cooling to induce y-glycine crystallization. This will typically favour thermodynamically stable polymorphs
because the system spends sufficient time at higher temperatures where only the stable polymorph is supersaturated. This
strategy fails for y-glycine in aqueous solution, however, because the metastable a.-polymorph is only slightly less stable than the
stable form,?® and y-glycine has a much lower growth rate.?>2* Consequently, nanocrystals of a-glycine can grow to larger
dimensions more rapidly, ultimately becoming more stable than the much smaller y-glycine nanocrystals, which then dissolve
whilst the a-glycine crystals continue to grow. Therefore, to selectively crystallize y-glycine, specific additives, or a pH away from
the isoelectric point, are required.34-36

In our water-in-oil STF compositions containing 0.10 mass fraction of water, y-glycine was successfully crystallized as the sole
product by using slow cooling for supersaturations with c¢/cs;: = 1.30 (Fig. 2), where c.,; and ¢ are the saturation and actual
concentrations, respectively; this was also confirmed by powder X-ray diffraction (Fig. S4). For water-in-oil STF compositions of
0.15 mass fraction of water, y-glycine crystallized as the majority polymorph, with only a minor amount of a.- glycine present. In
bicontinuous STF compositions of 0.20 and 0.25 mass fraction of water, both a- and y- glycine typically crystallized concomitantly,
with y-glycine usually being the predominant polymorph at supersaturations with c¢/cs,t = 1.30. At higher water mass fractions,
where octanol replaces water as the nanoconfined phase to give oil-in-water structures (Fig. 1a), the ability to crystallize y-glycine
was markedly reduced, as expected. In particular, in formulations containing 0.30 and 0.35 mass fraction of water, a-glycine was
the majority polymorph, with some y-glycine still evident, whilst for mass fractions of water >0.40, only a-glycine was evident at
¢/csat values of 1.30. Note that a faster-cooling method was also able to crystallize y-glycine, provided STFs with water mass
fractions of <0.25 were used at ¢/c,; values of 1.30 (Fig. S5). This is consistent with the nanocrystals growing more independently
from one another in the same STF due to the restricted diffusion, enabling smaller, less stable nanocrystals to persist. In contrast,
when octanol/ethanol/water unstructured solutions containing 0.60 mass fraction of ethanol were used, only a-glycine crystallized
(Fig. S6).

Crystallization of B-glycine

Whilst the stable y-glycine polymorph could be crystallized in our STFs by using low supersaturations, the metastable B-glycine
polymorph could be targeted at higher supersaturations. We focused on the 0.35 octanol/0.40 ethanol/0.25 water mass fraction
formulation since, although in the bicontinuous region, it was sufficiently close to the water-in-oil boundary for 3D
nanoconfinement effects to be apparent, as demonstrated by its ability to crystallize y-glycine. This formulation was preferable to
lower water mass fraction water-in-oil STFs, even though these possessed greater 3D nanoconfinement, because of the
significantly greater glycine amounts that could be dissolved (Table S1), and the ease with which we could tailor the system to
produce all three ambient pressure polymorphs of glycine.

B-glycine crystals could be extracted alongside the more stable a-glycine from STFs with 0.25 mass fraction of water at
supersaturations with ¢/c,; of >1.90 for up to 3.5 hours (Fig. 3). Here, the ability of nanocrystals within the same STF to exist more
independently of one another is beneficial. In particular, the restricted diffusion in STFs hinders crystal growth and Ostwald
ripening, allowing less stable forms that nucleate to survive alongside more stable, faster growing polymorphs. Furthermore, the
restricted diffusion of the nanoconfined immiscible liquid and its solute means that any locally high supersaturations will be
prolonged, facilitating the nucleation of polymorphs that would normally be difficult to nucleate.

For instance, assuming a Poisson distribution of solute molecules amongst aqueous swollen pockets of mean size 4 nm, then for
a supersaturation with c¢/c,,; of 2, a 100 ml 0.25 water mass fraction STF would have =0.1% of aqueous pockets with
supersaturations with ¢/cg in excess of 4, i.e. #10% pockets that could act as sites for nucleation of high energy polymorphs.
Consequently, even if a metastable polymorph were significantly more soluble than the stable form, locally high supersaturations
sufficient for nucleation of this highly metastable form should be present within the STF. In solutions lacking this aqueous
nanoconfinement, such locally high supersaturations would be transitory because they would be rapidly dissipated by the osmotic
pressure arising from the concentration gradient. Hence, only a-glycine crystallized from the binary 0.60 water/0.40 ethanol mass
fraction solution at this supersaturation level. Indeed, significantly higher supersaturations with c/cg,; of >2.4 were required before

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 3
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B-glycine nucleated concomitantly with a-glycine in this binary system, and this B-glycine did not persist, as it ynderwent, 2
solution-mediated phase transformation to a-glycine within 30 minutes (Fig. S7). DOI: 10.1039/D2SC04413G

We could also obtain virtually 100% B-glycine, as verified by powder X-ray diffraction (Fig. S4), by simply scaling up the STF with
0.25 mass fraction of water and c¢/cs,; of 2.2 from 25 ml to 100 ml. This, we suspect, is because the hydrophilic glass walls are
wetted more by the aqueous phase of the STF, thereby reducing the nanoconfinement in the vicinity of these walls so that local
a-glycine crystallization is more likely here. Accordingly, crystallization from larger volumes that have smaller surface area to
volume ratios minimizes this container wall effect. The formation of a-glycine crystals adhered to the vertical glass sides supports
this hypothesis.

Crystallization mechanism

The crystallization outcomes for the STFs containing <0.25 mass fraction of water are consistent with a mechanism that is markedly
altered compared to crystallization in normal, unstructured solutions. If a solute is soluble in only one of the immiscible liquids of
an STF, and specifically the minor component one, the solute is largely confined to the nm-sized pools of that liquid and a degree
of restricted diffusion arises, as we have shown. Then, as a crystal nucleus grows in a nm-sized pool, there is a significant
supersaturation depletion, both from the limited amount of solute in the nm-sized pool, and the restricted diffusion that impedes
additional solute molecules entering the pool. This supersaturation depletion hinders the emergence of stable nuclei.
Consequently, to achieve crystallization, a higher initial supersaturation is required, which in turn, results in a higher nucleation
rate. We hypothesize that the higher nucleation rate will be further enhanced by two additional factors. First, the large amount of
interface, albeit diffuse, in the STF can help induce solute ordering. Secondly, the restricted diffusion of the immiscible liquids and
the solute means that any locally high supersaturations will be prolonged, further facilitating nucleation.

Although the nucleation rate is higher in the STFs, crystal growth of the nuclei is quickly reduced due to the rapid supersaturation
depletion as the nuclei grow in their nanoconfined regions. This reduced crystal growth continues until the nuclei or nanocrystals
are surrounded by nm-sized pools of saturated solution. Further growth of the larger, more stable nanocrystals is then expected
to occur predominantly via Ostwald ripening through the dissolution of smaller, less stable nuclei or nanocrystals. However, this
process is severely hampered by the restricted diffusion of the solute. Hence, the crystallization profile in the STFs is distinctly
different to crystallization in normal, unstructured solutions. In unstructured solutions, nucleation is usually the slow step, resulting
in a limited population of nuclei that then grow rapidly past the nm-size range; in STFs, the higher nucleation rate and slower
crystal growth create numerous nuclei that will then grow exceedingly slowly past the nm-size range if the local supersaturation
has been depleted. Essentially, the STF can act an as an array of nanocrystal incubators when a suitable initial supersaturation is
used.

The higher nucleation rate and slower growth profile for glycine crystallization within our STFs is readily apparent from simple
visual observation, optical micrographs and turbidity measurements when supersaturations with c/c.,; of 1.90 are employed in the
0.25 water mass fraction STF (Fig. 4). The optical micrographs showed several a- and - glycine crystals in the field of view, and
whilst these crystals initially grew quite rapidly, their growth rate soon plummeted owing to their local supersaturation being
significantly decreased. This is evident from the growth rate plots of the a- and B-glycine shown in Fig. 4a. Note that the 3-glycine
growth plummets more rapidly, and this is expected, owing to the increased solubility of this less stable form. In the turbidity
experiments, elevated Nephelometric Turbidity Unit (NTU) readings interspersed with large spikes were consistent with the
presence of suspended glycine crystals of size ~50-100 um that grew relatively slowly and then sedimented, causing a large NTU
increase as they traversed the laser beam (Fig. 4b).

In contrast, for glycine crystallization at the same 1.90 c/c,,: value in the binary 0.60 water/0.40 ethanol mass fraction system,
the samples had to be scanned in the optical microscope to locate the much rarer crystals, which then grew at a faster rate to
produce larger crystals that rapidly sedimented; hence the crystals mainly just appeared at the base of the vial (Fig. S8). These
findings confirm our premise that crystallization in the STFs proceeds by a novel higher nucleation rate and slower growth pathway.
At the lower c/cs,: value of 1.30, the depletion of local supersaturation occurs in the nm crystal size-range for the 0.25 water mass
fraction STF, and hence the STF then acts as an array of nanocrystal incubators, with the slowly growing nanocrystals remaining
suspended throughout the fluid for extended periods of 16 hours to over a day. We exploited this capability in our seeding
experiments.

Seeding capabilities

Aliquots of the nanocrystal-containing STFs were used to seed metastable3’ supersaturated glycine solutions to induce
crystallization of the desired polymorph. The metastable binary solutions contained 0.40 water and 0.60 ethanol mass fractions
and had a relative glycine concentration, c/cs., of 1.30. If left undisturbed, these metastable binary solutions eventually produced
a-glycine after ~1 day. In agreement with previous studies?®3438 y- and B-glycine crystallization was never observed. Despite this,
seeding these metastable binary solutions with aliquots of the y-glycine nanocrystal-containing STFs resulted in visible y-glycine
crystals forming within a shortened timeframe of 1-2 hours (Fig. S9a). Similarly, seeding with higher glycine concentration STFs

4| J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx
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containing B-glycine nanocrystals produced B-glycine in the metastable binary solutions within 10 minutes, whilst.seedipg with
STFs containing a-glycine nanocrystals produced o-glycine, again within a shortened timeframe of 1-R20KH&W#§3FH g2 SSOH1é)
Consequently, there is an excellent correlation between the seed nanocrystal polymorphs and the macroscopic crystals produced
in the metastable binary solutions (Fig. 5).

Importantly, this suspended nanocrystal seeding method offers distinct advantages over traditional methods that frequently use grinding
of macroscopic crystals to produce the seeds. Grinding is an energy-intensive process that often produces high energy defects on the seeds’
surfaces, which can then act as sites for secondary nucleation of unwanted polymorphs. In contrast, the isolated suspended nanocrystals
grow slowly under the restricted diffusion conditions in the STFs to produce well-formed single crystals that are bounded by low energy
faces, even under high supersaturation conditions. This differs from crystallization in unstructured fluids, where attempts to produce
nanocrystals from a soluble component by inducing a high supersaturation through crash cooling invariably produce poorly crystalline
colloidal particles that rapidly aggregate. Of course, seed suspensions in unstructured solutions can be obtained by antisolvent addition,
reactive crystallization, or the use of e.g. ultrasound or lasers.3® However, these methods do not provide a generic capability for producing
longer-lived nanocrystal suspensions of any desired polymorph. STFs may provide this generic capability.

Polymorph screening capabilities

To gauge the likely polymorph screening capability of the STFs, we conducted trial experiments at high supersaturation on the
highly polymorphic compound, 5-methyl-2-[(2-nitrophenyl)amino]-3-thiophenecarbonitrile, which is commonly known as ROY
because of its Red, Orange and Yellow polymorphs. ROY is extremely soluble in toluene and virtually insoluble in water, so the
toluene/isopropanol/water STF*® was used for these crystallization studies. We successfully crystallized three metastable
polymorphs of ROY, the YN, ON and R forms, and the stable Y polymorph within the same STF consisting of 0.10 toluene, 0.525
isopropyl alcohol and 0.375 water mass fractions (Fig. 6), while only the stable Y form was obtained in the binary 0.475 toluene
and 0.525 isopropanol mass fraction system. This is noteworthy because the YN polymorph was not reported until 5 years after
the Y, ON and R forms,*42 whereas here it appeared at the first attempt. Subsequent crystallizations within this STF were then
able to target a particular metastable form because the YN and ON forms appeared prior to R.

The melt crystallized*® ROY polymorphs and the most unstable ROY polymorphs obtained through high throughput methods*344
and the use of specific additives*> were not crystallized in this initial STF trial. To induce their STF crystallization, these would likely
need, for example, switching to a different STF or inclusion of the specific additives. However, such unstable polymorphs would
not be suitable drug candidates. Consequently, these trials suggest that STFs can be used to rapidly identify polymorphs suitable
for drug marketing by adopting the following strategy: performing a rapid screening test at high supersaturation to crystallize as
many forms as possible, followed by an optimization stage to target each polymorph using specific supersaturation ranges and
crystallization times. There is a growing library of STFs comprising several different oils,2-194¢ and whilst water is usually the other
immiscible liquid, with typically either ethanol or propanol as the amphisolvent, non-aqueous STFs have also been reported.*” This
should enable a suitable STF to be rapidly identified for a particular drug given the key requirement that the crystallizing compound
is soluble in one of the immiscible liquids and virtually insoluble in the other. Hence, the method should be generally applicable.

Comparison with other nm-confined systems

Droplet microemulsions334830 and nanoporous systems>->6 have been used previously for selective polymorph and allotrope
formation. STFs provide significant advantages over both these systems. In particular, crystals grow exceedingly slowly in droplet
microemulsions so that the crystals are often limited to sub-um sizes and, in addition, are significantly contaminated with
surfactant that is challenging to remove. In nanoporous systems, the difficulty in extracting sub-pum crystals from the surrounding
solid matrix limits applications. In contrast, crystals grow in the STFs at a slowed but reasonable rate, with the choice of either
growing crystals to sedimentable dimensions for easy extraction, or restricting the growth to the nm range by using lower initial
supersaturations to obtain a nanocrystal suspension. The STF experimental procedure is similar to normal solution crystallization,
but with the advantage of a higher nucleation rate and slower growth profile that aids selectivity and early-stage crystallization
analysis. Furthermore, the ability to target polymorphs with vastly different stabilities and growth rates from the same formulation
is a key benefit.

Conclusions

In summary, we have revealed that a degree of restricted diffusion in STFs enables crystallization to occur under higher nucleation
rate and slower crystal growth regimes that are impossible to access in normal bulk solution crystallization. This restricted diffusion
prolongs the lifetime of locally high supersaturations and reduces the rate of Ostwald ripening so that polymorphs that are difficult
to nucleate, transitory and/or have slow growth can be targeted. In particular, under relatively low supersaturation conditions,
crystallization occurs under thermodynamic control and slow-growing, stable polymorphs, such as y-glycine, can be obtained.
Under higher supersaturation conditions, the even higher local supersaturations generated in STFs lower the nucleation energy

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
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barriers to all polymorphic forms, making them more accessible, whilst the restricted diffusion makes them less sysgeptible,te
dissolution in the presence of lower energy forms. Hence, metastable polymorphs that are hard to nucleatédnd B EPaASIEAE
such as B-glycine, can be readily extracted. The greater potential for multiple polymorph discovery within a single STF formulation
means that STFs should prove a potent and versatile tool for polymorph discovery, and selective crystallization in general,
particularly because they are able to target both stable and metastable polymorphs with vastly different stabilities and crystal
growth rates. This could transform the current, scatter-gun approach to polymorph screening, which involves using many different
solvents with different cooling profiles to hopefully obtain different polymorphs, but without any guarantee of success.

Furthermore, the STF can act as an array of nanocrystal incubators, with the nanocrystals remaining suspended in the fluid for
extended periods of time. Accordingly, aliquots of the nanocrystal containing STF can seed metastable solutions to induce
crystallization of the desired polymorph. Here, the longevity of these nanocrystal suspensions, the slow nanocrystal growth so that
crystal perfection is maintained, and the ability to target specific polymorphs are key advantages over current seeding capabilities.
Finally, the slow, restricted crystal growth rate in STFs should enable unprecedented study of early-stage crystallization to provide
new insights. For all these reasons, we hope that this helps initiate a new field of crystallization in STFs.
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