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We show that low-frequency audible sound drives the crystallisation
of distinct solid forms of organic compounds in solution crystal-
lisation. In contrast to silent crystallisation, ROY and anthranilic acid
crystallized as distinct polymorphs, concomitant forms, and with
novel morphologies resulting in preferred orientation depending on
the sound frequency and amplitude.

Audible low frequency sound (ALFS) in the range of 20-20 000 Hz
is not expected to interfere directly with matter at atomic or
molecular levels due to its long wavelengths. The usual ALFS
outcomes are the occurrence of patterns over liquid surfaces
and from materials which are spread upon plates, termed
Chladni figures or Faraday instability."»> However, there is evi-
dence that ALFS can promote rearrangements and assemblies
of molecules in solution,** regulate biological processes, and
enhance the rate of crystallisation of proteins.>® In addition,
Wang and coworkers found a significant influence of ALFS on
the redox-reaction of viologen molecules forming spatio-
temporal patterns related to oxidation or reduction process.”
Closely related studies have captured acoustic sounds derived
from solution crystallisations and applying acoustic levitation
to evaluate crystal growth.*® ALFS differs from ultrasound
because it is not expected to give rise to acoustic cavitation.
Ultrasonic waves of frequencies between 20 kHz and 100 kHz
and at sufficient amplitude can form and collapse microscopic
bubbles within liquids,'® delivering high thermal energy and
shock waves which may provide sonochemically induced trans-
formations as well as impact the assembly of molecules and
macromolecules.’™'?* Hence, ultrasound has resulted in acceler-
ated crystallization, controlled size distribution and morphology,
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and polymorphic outcome.”™"” There are many crystallisation
techniques such as antisolvent crystallisation, vapor diffusion,
melt crystallisation, evaporation, cooling and rapid evaporation.'®"®
All of these approaches at a certain point create a supersaturation
domain whereby molecules may nucleate and grow to bulk crystals.
Upon crystallisation molecules may pack in distinct arrangements
and conformations giving rise to the occurrence of polymorphs
whose physicochemical properties such as melting point, solubility,
electrical conductivity and colour can be significantly different from
one another.”®2° Such a structure-property relationship brings
about the need for exhaustive screening looking for desired features,
particularly for active pharmaceutical ingredients which have parti-
cular requirements for solubility, processing characteristics, and
bioavailability. Herein, we have conceived an unprecedented ALFS
crystallisation (sound crystallisation) technique based on the pre-
mise that ALFS passing through the crystallising solution may
perturb and drive all stages of crystallisation, since it is an out-of-
equilibrium process. To test this hypothesis we chose the popular
5-methyl-2-[(2-nitrophenyl)Jamino]thiophene-3-carbonitrile ~ (ROY)
as a model because it provides a range of colours and specific
morphologies for each of its fourteen polymorphs including yellow
prisms (Y), red prisms (R), orange needles (ON), orange plates (OP),
yellow needles (YN), orangered plates (ORP), and red plates
(RP),>'%° Fig. 1A. The seven most commonly accessible ROY poly-
morphs are stable at room temperature and crystallise from solvent-
based processes, which leads to the occurrence of concomitant
polymorphism.”*?* A homemade acoustic apparatus comprising
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Fig. 1 (A) ROY torsion angle g between the aromatic rings accounts for
different colours; (B) crystals of ROY form Y produced in silent crystal-
lisations without ALFS from isopropanol (left) and from ethanol (right).
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wave-generator, sub-woofer, amplifier, and an acrylic plate was built
up for performing the ROY sound crystallisations. Crystallisations
were performed in ethanol (EtOH) and isopropanol (i-Prop) and
were found to give rise to concomitant forms, preferred orientation,
and unexpected polymorphs depending upon the ALFS setup and
the interplay of frequency, amplitude and solvent (see SI, Section SI-
1 for experimental and sound standardisation details). In this work
typical solvent-based crystallisation is termed ‘silent crystallisation’
and was carried out as a control in order to compare with crystal-
lisation under ALFS conditions (‘sound crystallisation’). Addition-
ally, we extended the ALFS setup to crystallise anthranilic acid (AA)
in water, giving rise to the unexpected form I in this solvent. To the
best of our knowledge this is the first report of the use of ALFS for
controlling the crystal characteristics of organic compounds and,
hence, we anticipate that sound crystallisation may offer a new tool
in solid form screening and control and may serve as key technique
in process industries dealing with molecular crystallisation.

The silent ROY crystallisations in both EtOH and i-Prop gave
rise to crystals with the same powdery appearance as the
purchased material, Fig. 1B, and the powder X-ray diffraction
(PXRD) patterns showed it to be the Y form (monoclinic, space
group P2,/n - CSD refcode QAXMEHO01,> SI-2). This polymorph
has a torsion angle (0) of 104.7° and its structure is dominated
by n-n stacking of the nitrophenyl and thiophenyl substituents.
This polymorph is the most stable polymorph in the solid state
at room temperature.*® Moreover, the Y polymorph is expected
to nucleate in alcohols like MeOH, EtOH and i-Prop as well as
the YN and OP ROY forms.””*® Sound crystallisation signifi-
cantly modifies the crystal morphologies and colours of ROY
samples depending upon the acoustic setup and whether the
crystallisation vessel is either placed on the plate or simply
hung on the subwoofer. This suspended arrangement is simply
influenced by the acoustic field passing through it, whereas
that settled on the plate must be seen as a mechanically coupled
acoustic crystallisation because the whole system, i.e. vessel wall,
plate, and subwoofer, is interconnected and vibrates as the sound
parameters change. The suspended arrangement gave rise to the
same Y polymorph as the silent procedures but with different
crystal colours and preferred orientation depending mainly upon
the solvent, but not significantly on the ALFS parameters. Dark
yellow prisms (Fig. 24, Y1) came out from ethanol while fibre-like
structures were obtained from i-Prop (Fig. 2B, Y2) regardless of the
amplitude or frequency used. Thermal analysis of these two solids
shows very similar melting onset temperatures, 110.1 °C and
110.7 °C, respectively, for the prismatic- and fibre-like ROY,
Fig. 2A and B; this difference is within experimental error. The
pictures in Fig. 2 highlight the distinct appearance of the Y1 and
Y2 ROY morphologies, and Fig. 3 shows the diffractogram of
these solids after grinding. An SEM image of this needle-like
structure is shown in detail (Fig. SI-3B). Combining ALFS and
isopropanol, therefore, an unexpected morphology and hence
preferred orientation arises for the Y form whose usual habit is
prismatic. The morphology of the sound-crystallized ROY resem-
bles the YN form (triclinic, space group P1 - CSD QAXMEH04)*
but PXRD analysis confirms it to be the thermodynamically
stable Y polymorph (QAXMEHO01). Hence, the ALFS induces a
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Fig. 2 DSC thermograms showing the melting onset of ROY crystals
(polymorph Y) produced using ALFS crystallisation in suspended mode
(A) Y1 and (B) Y2.
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Fig. 3 PXRD of the ROY obtained by suspended ALFS crystallisation;
(A) Y1 from EtOH, and (B) Y2 from i-Prop.

preferential growth of one of the facets of the Y crystal resulting
in (010) preferred orientation (SI-3).

On the other hand, the mechanically coupled crystallisa-
tions were more sensitive to the ALFS parameters and to the
solvents as well, providing a variety of ROY forms, Fig. 4A and B.
In i-Prop at varying intensities of 80 dB, 90 dB, and 100 dB, and at
frequencies of both 40 and 80 Hz, three different solid forms
or mixtures were obtained, respectively: ON form (monoclinic,
P24/c, CSD QAXMEH),?® ON and Y concomitant forms, and the Y
polymorph. In EtOH, however, distinct frequencies led to different
results. At 40 Hz only the Y polymorph is formed when using
80 dB and 100 dB, whereas at 80 Hz the low amplitude delivers
predominantly the ON polymorph while the high amplitude
one the Y one. Fig. 5 depicts the diffractograms of pure ROY
polymorphs ON and Y. The ON form is unexpected when
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Fig. 4 Mechanically coupled crystallisations: (A) ROY polymorphs formed
in isopropanol at different sound amplitudes regardless frequency, (B) ROY
forms obtained in ethanol in which sound frequency and amplitude prove to
be significant parameters; dashed lines indicate concomitant crystallisation.
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Fig. 5 Diffractograms of the ROY, (A) Y and (B) ON polymorphs obtained
at different ALFS parameters.

crystallising in alcohols from which the most common form is the
OP polymorph.>® However, the most significant outcome is the
selective crystallisation of ROY polymorphs as the amplitude is
changed, and in ethanol different frequencies of 80 or 40 Hz
nucleate distinct polymorphs. The tendency is at low intensity
80 dB the ON form is preferred over any other while at 100 dB the
Y form is prevalent. Notably, at 90 dB, for all the ALFS parameters
the two ON and Y forms always solidified out, hence resulting in
consistent concomitant polymorphism (see PXRD and pictures of
these solid forms in Section SI-4). These outcomes demonstrate a
significant impact of ALFS on crystallisation result, whether just
passing the wave through the solution or mechanically coupling it.

In order to rule our extraneous factors we measured the
amount of evaporation and cooling rate of the solvents, as well
as determined the possible water sorption under both ALFS and
silent conditions for 60 min (SI-5). Fig. SI-5 shows temperatures
obtained at different frequencies and amplitudes at 80 and
100 dB, and those for silent conditions. In all cases, the starting
temperatures at 60 °C decrease by approximately half of their
initial value after 10 min then drops smoothly to room tem-
perature (at 22 °C), but the solutions remain around 2° to 4 °C
warmer under ALFS than in silent mode. The solvent loss by
evaporation averaged 0.7 mL for both silent and ALFS crystal-
lisation systems and with no significant water uptake by Karl
Fischer titration, indicating the same supersaturation regime
during the crystallisation processes. Given that ROY crystalli-
sation begins in a range of 5 to 10 min, and taking into account
distinct results obtained by changing the ALFS parameters,
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we can rule out differences in the cooling, evaporation rate, and
water absorption on the ALFS crystallisation results.
Anthranilic acid (AA, 2-aminobenzoic acid) has three known
polymorphs.®®*! Forms I and II (CSD refcodes AMBACOO07 and
AMBACO005)**** are orthorhombic structures in space groups
P2,cn and Pbca, while polymorph III adopts P2;/c (CSD
AMBACO008).** Form I is a zwitterionic polymorph with one
neutral and one ionic hydrogen bond in the asymmetric unit
(Z' = 2), whereas forms II and III have the centrosymmetric
carboxylic acid dimer synthon (Z’ = 1).>* Form I has been
reported to crystallise from ethanol and methanol, and form
II in protic polar and aprotic dipolar solvents as water, metha-
nol, ethanol, acetic acid, acetonitrile and nitrobenzene mainly
by using slow evaporation, whereas thermal techniques such as
sublimation and melt crystallisation have been the best way to
prepare form IIL.°°** Recently, Bag and coworkers obtained the
kinetically crystallised form I from water by a fast evaporation
technique that avoids conversion into the most stable form I1.*°
We attempted to prepare AA polymorphs by mechanically
coupled ALFS crystallisation in water at varying intensities of
80 dB and 100 dB, and at frequencies of 40 and 80 Hz. Single
and concomitant crystallisation of forms I and II was observed
depending on the ALFS configuration, and were confirmed by
PXRD, Fig. 6. In addition, these polymorphs can be easily
identified by their intrinsic solid-state fluorescence since form
I exhibits a bright blueish colour while form II is off-white when
exciting at 4 = 365 nm, Fig. 7. Variation of the ALFS parameters
provides distinct and opposite results. At 40 Hz, crystallisations
performed at low (80 dB) and high (100 dB) amplitudes give
rise, respectively, to form II and to the occurrence of concomi-
tant polymorphs, with form I being quite prevalent. Conversely,
at 80 Hz, form I crystallises out at low amplitude while form II
is formed at high amplitude, with single polymorphs obtained
in each case. Silent crystallisation in water leads to the expected
form 11.°>%* Therefore, beyond driving a selective occurrence of
two anthranilic acid polymorphs, sound crystallisation is allow-
ing the crystallisation of the metastable form I in water.
Audible low frequency sound has a very significant effect on
the solvent crystallisation of ROY and anthranilic acid and is
likely to have a significant influence on the crystallisation
outcomes of many substances including those of pharmaceu-
tical interest. The results of both the suspended and mechani-
cally coupled crystallisations gave rise to different polymorphs,
influenced preferred orientation and resulted in concomitant
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Fig. 6 PXRD of the AA crystals obtained by sound crystallisation; (A)
diffractogram of the form | and (B) of the form I1.3°
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Fig. 7 Mechanically coupled crystallisations of the anthranilic acid in
water: (A) at 40 Hz, form Il formed at 80 dB and concomitant forms |
and Il at 100 dB, (B) at 80 Hz, form | obtained at 80 dB and form I
at 100 dB.

crystallisation of multiple forms depending on the ALFS ampli-
tude and frequency as well as the solvent. In the ROY crystal-
lisation system, polymorphs ON and Y selectively crystallised
out from ethanol and isopropanol, and an unusual needle-like
morphology of Y was obtained in preference to the prismatic
one in the suspended ALFS arrangement, resulting in pro-
nounced preferred orientation. In the anthranilic acid system,
both the forms I and II were selectively formed in water, hence,
giving rise to the unexpected formation of the less stable form I
which does not usually crystallise from water due to its conver-
sion to the most stable form II. These results highlight the
promising application of the ALFS on such out-of-equilibrium
process although it remains very difficult yet to predict in
advance which ALFS parameters will result in the crystallisation
of a particular polymorph. Nevertheless, these results indicate
that ALFS represents a potentially significant new crystallisation
tool in the polymorph screening arsenal.
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