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The application of ultrasound to crystallization (i.e., sonocrystallization) can dramatically affect the
properties of the crystalline products. Sonocrystallization induces rapid nucleation that generally yields
smaller crystals of a more narrow size distribution compared to quiescent crystallizations. The mecha-
nism by which ultrasound induces nucleation remains unclear although reports show the potential
contributions of shockwaves and increases in heterogeneous nucleation. In addition, the fragmentation
of molecular crystals during ultrasonic irradiation is an emerging aspect of sonocrystallization and nucle-
ation. Decoupling experiments were performed to confirm that interactions between shockwaves and
crystals are the main contributors to crystal breakage. In this review, we build upon previous studies
and emphasize the effects of ultrasound on the crystallization of organic molecules. Recent work on
the applications of sonocrystallized materials in pharmaceutics and materials science are also discussed.

� 2014 Elsevier B.V. All rights reserved.
1. Introduction

The application of ultrasound to crystallizations has afforded
substantially improved access to a wide variety of crystalline mate-
rials, but the mechanisms of action of the ultrasound remain
ambiguous. The chemical and physical effects of ultrasound do
not come from any direct interaction with molecular species.
Instead, sonochemistry arises from acoustic cavitation: the forma-
tion, growth, and implosive collapse of bubbles in a liquid [1–4]. In
homogeneous liquids, collapse of bubble clouds produces intense
local heating with a temperature of �5000 K, pressures of
�105 kPa, and enormous heating and cooling rates above 1010 K/s
within isolated sub-micron reactors [5–11]. The physical effects
of ultrasound that arise in heterogeneous, solid–liquid systems
are also derived from cavitation. When a cavitating bubble (i.e.,
�50 lm at maximum size under 20 kHz ultrasound) collapses in
the presence of a significantly larger surface, the bubble undergoes
a markedly asymmetric collapse, which generates a high-speed jet
of liquid with a velocity >100 m/s that smashes into the surface
[12,13]. The impingement of this jet can cause localized erosion,
surface pitting, ultrasonic cleaning, and enhancement of surface
chemistry [13]. Cavitational collapse also releases shockwaves that
have velocities as high as �4000 m/s and high pressure amplitudes
of 106 kPa, which can easily produce plastic deformation of
malleable metals and induce high velocity collisions between
micron-sized solid particles [14–16].

In 1927, Richards and Loomis reported the first examination of
the effects of ultrasound on crystallization (i.e., sonocrystallization)
[17], but found only limited results. Supersaturated solutions and
supercooled melts were ‘‘little affected’’ by ultrasonic irradiation,
or yielded inconsistent results. The scientific literature on sono-
crystallization remained relatively dormant until revitalization in
the 1950s and 1960s when many of the benefits of sonocrystalliza-
tion discussed in current literature were first observed. Kapustin,
for example, reviewed work by colleagues within the former Soviet
Union that emphasized the reduction of grain size in melt crystal-
lizations via ultrasound [18]. Turner et al. reported that a short
burst of high intensity ultrasound induced crystallization of sugar
syrups that were normally resistant to crystallization [19]. Several
other labs reported that micronized, uniform crystals of pharma-
ceutical agents were also achieved via ultrasound-based
approaches [20–22]. Over fifty years have passed since early
reviews on sonocrystallization discussed proposed mechanisms
of action [22,23]. The desire to understand the fundamentals of this
process and control the outcome of sonocrystallization has been a
driving force in the field. In this review, we build upon previous
studies and emphasize the effects of ultrasound on the crystalliza-
tion of organic molecules [24–29]. The current views on the
mechanisms of action of ultrasound will be discussed along with
the strides made towards optimizing sonocrystallization to achieve
a desired product. The impact of sonofragmentation on molecular
crystals will also be discussed. Additionally, the review highlights
recent applications of sonocrystallization products.
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Fig. 2. Roxithromycin crystallization induction time (tind) versus the degree of
supersaturation (S) in the absence (squares) or presence (triangles) of ultrasound
(20 kHz). Reprinted with permission from Ref. [34]. Copyright 2004 Elsevier.
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2. Effects of ultrasound on crystallization

2.1. Induction time and metastable zone width

Interest in ultrasound effects on crystallization largely origi-
nates from reports that ultrasound can induce crystal nucleation.
The challenge in translating experimental results into mechanistic
insight lies in the inherent complexity of crystal nucleation, a field
of active experimental and theoretical research [30,31]. Variations
in crystal nucleation are generally analyzed by measuring the
induction time and metastable zone width. Induction time is
defined as the elapsed time between the achievement of supersat-
uration and the formation and detection of crystals [32], as illus-
trated in Fig. 1. The solution concentration remains relatively
constant during this latency period until wide spread crystal
growth occurs and rapidly relieves the supersaturation. Induction
time measurements are greatly influenced by agitation, impurities,
solution viscosity, degree of supersaturation, and the cooling rate
(in any polythermal method of crystallization). In addition, the
induction time is dependent on the method used to detect crystal-
lization. The techniques employed vary from visual observations to
analytical techniques that utilize conduction measurements or
laser light scattering.

A number of groups have explored the induction time for organ-
ic molecules in the presence of ultrasound [33–35]. Among them,
Guo and coworkers investigated the induction time of roxithromy-
cin in antisolvent crystallization [34]. Starting from an acetone
solution of roxithromycin, water (i.e., the antisolvent) was rapidly
added to the solution and monitored for the onset of nucleation
using laser light scattering. In the case of sonocrystallization exper-
iments, water was added while simultaneously sonicating the
solution. In the absence of ultrasound, the induction time of roxi-
thromycin decreased with increasing supersaturation as expected.
When ultrasonic irradiation is employed the induction time de-
creases significantly for all supersaturations (Fig. 2). From a de-
tailed analysis, the authors conclude that it is an acceleration in
diffusion in the presence of ultrasound that causes the reduction
in induction times.

The ability of ultrasound to induce primary nucleation, and the
possibility of a threshold energy input, was investigated by
Miyasaka and coworkers [35–37]. In an initial investigation,
acetylsalicylic acid solutions were supercooled and then exposed
to ultrasonic irradiation with a titanium probe operating at
Fig. 1. Crystallization from a point of supersaturation (point A) followed by a lag
time before crystal nucleation (point B0). The initial nuclei continue to grow until
crystals reach a detectable size (point B). The solution concentration remains
relatively constant (point C) then crystal growth rapidly reduces solution concen-
tration (region D) until reaching equilibrium (region E). C⁄ = equilibrium saturation,
tn = nucleation time, tind = induction time, tlp = latent period. Reprinted with
permission from Ref. [32]. Copyright 2001 Elsevier.
20 kHz for variable times and powers. Optical microscopy was
used to determine the number of crystals formed after primary
nucleation and the total number of crystals after 72 h. In these re-
sults, a low amount of ultrasonic energy (i.e., <100 J) was found to
inhibit crystal nucleation when compared to crystallization per-
formed in the absence of ultrasound. When a threshold of ultra-
sonic energy was reached, an induction period was no longer
necessary to form stable nuclei and further increases in the ultra-
sonic energy input had little effect. By showing a correlation
between the parameters, it is proposed that ultrasonic irradiation
supplies the energy for primary nucleation. In a similar study,
the induction time of L-serine and L-arginine showed that the
induction time to crystallization decreases as ultrasonic power
increases up to a limiting threshold value (Fig. 3) [35].

The MZW is defined as the region between an equilibrium sat-
uration curve and the experimentally observed point of supersatu-
ration when nucleation (and hence crystallization) occurs
spontaneously. As an undersaturated solution is cooled, it will
reach its equilibrium saturation point at some temperature T0,
but crystals generally will not form until some lower temperature
at which point the solution is supersaturated. As the solution is
cooled further, crystals will be observed at a limiting lower tem-
perature Tlim. The MZW is simply defined as T0–Tlim. Although
the MZW is affected by a number of variables (e.g., presence of
impurities, seeded microcrystals, rate of cooling, etc.), the
experimentally determined value of MZW is a useful determina-
tion of the amount a solution can be cooled below its equilibrium
saturation limit before nucleation occurs (Fig. 4) [38].
Fig. 3. Effect of ultrasonic power on the induction time of L-arginine at increasing
supersaturation levels (S). Reprinted with permission from Ref. [35]. Copyright
2009 Elsevier.



Fig. 4. Solubility as a function of temperature. The solid line represents the
equilibrium saturation of a dissolved species in solution. For an initially undersat-
urated solution (point A with a concentration, Cmax), as we cool the solution, it will
reach its saturation point at temperature T0 (point B), but crystals generally will not
form until some lower temperature at which point the solution is supersaturated.
As the solution is cooled further, crystals will be observed at a limiting lower
temperature Tlim (point C). Crystal growth continues until the solution concentra-
tion reaches the equilibrium solubility curve (point D). The metastable zone width
(MZW) is defined as T0–Tlim for a polythermal crystallization. Reprinted with
permission from Ref. [38]. Copyright 2009 Elsevier.

Fig. 5. Optical micrograph showing both sulfamerazine polymorphs (Form-I and
Form-II) grew when ultrasound is applied during crystallization. Reprinted with
permission from Ref. [42]. Copyright 2008 Elsevier.
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A decrease in the MZW is often noted as a significant advantage
afforded by sonocrystallization. The supersaturation level employed
during crystallization affects purity, morphology, crystal size, and
crystal size distribution. Sugars and sugar derivatives provide an
example of the advantages observed when the MZW is reduced
[39]. In the absence of ultrasound, sorbitol hexaacetate crystallizes
as small, irregular crystals that are agglomerated. Repeating the
same cooling crystallization, this time with ultrasonic irradiation,
caused crystallization at 36.8 �C versus crystallization at 33.2 �C
in the absence of ultrasound. Optical micrographs of the
sonocrystallized sorbitol hexaacetate revealed large crystals with a
well-defined morphology. Improved crystals are attributed to
crystallization at a lower supersaturation, which favors slow,
controlled, crystal growth.

Reduced induction times and MZWs have also been exploited in
the controlled crystallization of polymorphs. Rasmuson and
colleagues reported p-aminobenzoic acid polymorphs were selec-
tively crystallized by adjusting the supersaturation and employing
ultrasound [40]. The p-aminobenzoic acid polymorphs are enantio-
tropic and exhibit a transition temperature of �25 �C, above which
the a-polymorph is energetically favored. Sonocrystallization of
p-aminobenzoic acid significantly reduced the induction time,
narrowed the MZW, and reproducibly yielded pure crystals of the
b-polymorph below the transition temperature. Interestingly, the
b-polymorph was crystallized above 25 �C when ultrasound was
used in combination with a low initial supersaturation. Ultrasound
was hypothesized to influence the intermolecular interaction
between molecules at the clustering phase prior to nucleation,
thus, altering the polymorphic outcome of sonocrystallization.
The effects of ultrasound on polymorphism have been reported
for additional molecular crystals [41–43]. In the case of sulfamer-
azine, ultrasound was used to promote the formation of the
Form-II polymorph (i.e., the stable polymorph below 51–54 �C)
[42]. In the absence of ultrasound, Form-I crystallizes from a super-
saturated solution and, despite extended suspension in acetoni-
trile, shows little conversion to the thermodynamically stable
Form-II. Ultrasonic irradiation promoted the nucleation of Form-
II from supersaturated solutions and expedited the conversion of
Form-I suspensions to Form-II (Fig. 5). In a related study, specific
lots of sulfamerazine Form-I failed to undergo phase transforma-
tion despite suspension for two weeks in acetonitrile, a strategy
previously shown to be highly successful [44]. An acetyl derivative
of sulfamerazine (i.e., N4-acetylsulfamerazine) was identified as an
impurity in the commercial lots that inhibited the transition from
Form-I to Form-II. It would be interesting to determine if N4-acet-
ylsulfamerazine was present in the ultrasound-assisted experi-
ments and if ultrasonic irradiation can overcome the inhibitory
effects of impurities in polymorphic conversions.
2.2. Nucleation rate

Nucleation rate is a crucial parameter to optimize when the goal
is production of small crystals (few micron- or nanometer sized),
as high nucleation rates will generally yield small crystals in large
numbers, rather than slower growth of fewer large crystals. Thus,
as will be further discussed later in the review, an optimized nucle-
ation rate can be crucial when striving for nanocrystals with a nar-
row size distribution. Dave and coworkers have investigated the
nucleation rate of pharmaceutical agents (PAs) during antisolvent
sonocrystallization and related the final crystal size and distribu-
tion to the nucleation rate [45–47]. Using a T-shaped experimental
rig to optimize the mixing of solution and antisolvent, five PAs
were precipitated and the classical theory of homogeneous nucle-
ation was used to derive nucleation rates [47]. While a high nucle-
ation rate resulted in smaller particles, an increase in
supersaturation did not necessarily yield an increase in nucleation
rate. Solvent polarity, specifically PA–solvent interactions, was
shown to be an important parameter in determining nucleation
rate, and thus, the crystal size in antisolvent sonocrystallization.
3. Optimization of sonocrystallization: process parameters,
ultrasound variables, and mechanistic insights

3.1. Process parameters

The impetus for many sonocrystallization studies has been to
crystallize monodisperse PAs of a particular size. Reducing the size
of PA-based crystals to micro- and nanometer dimensions offers
the potential to improve the physicochemical properties of a PA
(i.e., dissolution rate) via non-covalent processes. The attributes
of sonocrystallization (i.e., narrow MZW, high nucleation rate)
contribute to an ability to induce rapid, widespread, nucleation fol-
lowed by uniform crystal growth to obtain small crystals with a
narrow size distribution. To achieve minimum crystal size and
distribution researchers have focused on optimizing solvent
choice, supersaturation, solvent-to-antisolvent ratio, and crystalli-
zation temperature; ultrasonic parameters are also critical here,
and include power, frequency, and exposure time, but also the
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experimental configuration of the ultrasonic irradiation (e.g., horn
vs. bath vs. flow-through cell, etc.).

For instance, Hatkar and Gogate investigated the effects of pro-
cess parameters on the antisolvent crystallization of salicylic acid
[48]. The results showed the particle size was reduced when
increasing solution concentration, sonication time, power, and
when an ultrasonic horn was used instead of an ultrasonic bath.
Over the temperature range of 25–35 �C the particle size remained
constant whereas an increase in the solution injection rate yielded
larger crystals with an increased aspect ratio. Similar optimization
of sonocrystallization has been explored for molecules such as adi-
pic acid [49,50], lactose [51–57], sirolimus [58–60], roxithromycin
[34,61], and carbamazepine [62]. In the case of multi-component
solids, MacGillivray and coworkers reported the sonochemical
preparation of nano-cocrystals based on a pharmaceutical cocrys-
tal [63]. A combination of multiple-solvents and surfactant were
used in antisolvent sonocrystallization to overcome the solubility
disparity of the cocrystal components (Fig. 6).
3.2. Mechanistic insights

The origin of sonocrystallization benefits has been the subject of
speculation for over 50 years, with several proposed mechanisms
that cite different sources for increased nucleation [23]. As previ-
ously mentioned, ultrasound induces acoustic cavitation in liquids,
which simultaneously creates high local temperatures and pressure,
produces shockwaves in the liquid, and generates foreign particles
from erosion (e.g., of ultrasonic horns or of irradiated container sur-
faces); such multiple effects have prevented effective interpretation
of the mechanism of sonocrystallization. The effects of convection
on nucleation during sonication was the subject of a recent report
by Nalajala and Moholkar in which experimental work was com-
pared to simulations of bubble dynamics [64]. The components of
convection modeled included microturbulence of the liquid, caused
by the radial motion of cavitation bubbles, and shockwaves. The
results show shockwaves increase the nucleation rate by an order
of magnitude, possibly due to an increase in local concentration of
solute molecules in the shock, whereas microturbulence effects on
crystal growth were similar to mechanical stirring.

A recent report utilized high frequency sonocrystallization (i.e.,
44–645 kHz), via plate transducers, to crystallize sodium chloride
in the absence of the localized intense shear and turbulence inher-
ently associated with an ultrasonic horn (e.g., 20 kHz) [65]. The
ability to achieve a similar crystal size and distribution regardless
of the frequency used suggests the high shear and mixing caused
by an ultrasonic horn operating at 20 kHz may not be required
(Fig. 7). High frequency ultrasound (e.g., 200 kHz to 2 MHz) also
shows an ability to induce nucleation of molecular crystals,
enhance crystal growth and uniformity, and hasten polymorphic
conversion [66–68]. For example, sonocrystallization of adipic acid
Fig. 6. Scanning electron micrographs revealing the caffeine 2,4-dihydroxybenzoic acid m
and (b, scale bar 500 nm) a two solvent approach. Reprinted with permission from Ref.
using 355.5 kHz irradiation yielded a narrower MZW and crystal
size distribution than experiments performed with 204 and
610 kHz [67]; similarly, a recent paper by Nii and Takayanagi find
improvements at 1.6 MHz compared to 20 kHz. The effect of fre-
quency in these experiments is complicated, however, and may
represent the relative efficiency of the individual experimental
configurations (e.g., number of cavitation events per cc per sec
for a given reactor set-up) rather than an intrinsic effect of
frequency.

Induced nucleation via sonocrystallization is also believed to re-
sult from an increase in heterogeneous nucleation. Schembecker
and coworkers utilized gassing experiments as a means to evaluate
the surface of cavitation bubbles as potential nucleation sites
[67,69–71]. In a comparison of ultrasound and gas sparging, both
techniques were shown to reduce the MZW and affect the crystal
size distribution. Similarly, Lyczko and colleagues speculated the
existence of a segregation effect of a cavitation bubble that might
promote nucleation by concentrating solute clusters on the bubble
surface and act as a cluster attachment reactor [72]. An additional
mechanism of action proposes that localized heating and cooling
rates cause confined regions of increased supersaturation and that
cavitation events somehow supply the energy necessary to over-
come the energetic barrier to nucleation [27].
4. Sonofragmentation

The impact of ultrasound on molecular crystals plays a central
role in sonocrystallization. Despite the immense interest in sono-
crystallization, the effect of crystal breakage (i.e., sonofragmenta-
tion) on the product of sonocrystallization experiments remains
comparatively unexplored. Suslick and coworkers reported the
first studies of the effects of high intensity ultrasound on slurries
of metallic nanoparticles [15,16]. The shockwaves created in the li-
quid by cavitation drive interparticle collisions in the slurry at suf-
ficient speeds to cause intense localized heating, plastic
deformation, spot-welding or melting of relatively low-melting
point metals (e.g., Zn, Ni), but not refractory metals (e.g., W).
Achieving a velocity that causes localized melting and agglomera-
tion requires the metal particles to have a specific range of radii
(i.e., a few microns): too small and they are unlikely to collide,
too big and they are too difficult to accelerate. Literature reports
on the mechanical attrition of molecular crystals in an ultrasound
field also attribute crystal breakage to interparticle collisions, how-
ever, the intrinsic differences between molecular crystals and
metallic nanoparticles (e.g., tensile strength) suggests the need
for a detailed examination of molecular crystal breakage.

Recently, Zeiger and Suslick reported a series of experiments
that evaluate the contributions of four potential sources of sono-
fragmentation: interparticle collisions, particle-horn collisions,
particle-wall collisions, or particle–shockwave interactions [73].
onohydrate cocrystal prepared using (a, scale bar 3 lm) a single solvent approach
[63]. Copyright 2010 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.



Fig. 7. Scanning electron micrographs showing sodium chloride crystals prepared using (a) a 20 kHz ultrasonic horn and (b) 500 kHz plate transducers. Reprinted with
permission from Ref. [65]. Copyright 2013 Elsevier.

Fig. 9. Size of aspirin crystals after sonication for 30 s at 10 W using a constant
loading of 0.01 g/mL. The reactor volume was increased over a 6-fold range. In
addition, the distance between the ultrasonic horn and reactor wall was changed
from 1.0 to 2.4 cm. Reprinted with permission from Ref. [73]. Copyright 2011
American Chemical Society.
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Aspirin crystals suspended in dodecane (as the antisolvent) were
exposed to high intensity ultrasound at 10 W and 20 kHz using a
titanium horn. Cross-polarized optical micrographs revealed the
breakage of aspirin crystals (Fig. 8). The contribution of interparti-
cle collisions to aspirin breakage was evaluated by varying the
loading of aspirin crystals within the suspension. The average par-
ticle size after sonication lacked a dependence on aspirin loading,
which suggests interparticle collisions are not a dominating contri-
bution to sonofragmentation. To determine the contributions of
particle-horn and particle-wall collisions to sonofragmentation,
thin membranes were used to shield the suspensions from contact.
Despite isolation, aspirin crystals continued to undergo breakage
during sonication, in fact, when isolated from the vessel wall aspi-
rin crystals experienced greater breakage due to the close proxim-
ity to the cavitation zone. Further evidence that particle-wall and
particle-horn collisions are at best minor contributors was ob-
tained by varying the size of the sonofragmentation reactor
(Fig. 9). The minor change in particle size after sonication reaffirms
that direct particle–shockwave interactions are the main contribu-
tor to the sonofragmentation of molecular crystals. We anticipate
the impact of sonofragmentation on crystal morphology will play
a more prominent role in the design of sonocrystallization
experiments due to the effect of crystal morphology on properties
such as filterability.
5. Applications

A wide range of interesting materials can be obtained utilizing a
sonocrystallization approach. Of special interest, sonocrystalliza-
tion offers an alternative strategy to synthesize nanocrystalline
PAs. Preparation of PA-based nanocrystals offers a non-covalent
means to increase bioavailability due to the inherent properties
of nanocrystals (e.g., surface area to volume ratio) [74]. PA-based
nanocrystals have recently found utility in the field of inhalable
drugs. Inhalable medicine is generally formulated with an
Fig. 8. Cross-polarized optical micrographs revealing the effects of high intensity ultraso
3 min, and (d) 10 min. The micrographs were captured at the same magnification. Repr
aerodynamic radius of 1-2 lm to achieve deep-lung deposition
[75]; however, Berkland and coworkers showed flocculated nano-
crystals can attain the desired aerodynamic radius with the added
advantages of improved kinetics of solubilization, facile aerosol
formation, and improved bioavailability [76–79]. Antisolvent
sonocrystallization in the presence of surfactant was utilized to
prepare nanoparticles of budesonide. The nanosuspensions then
underwent controlled flocculation with L-leucine to achieve a
desired aerodynamic radius [76]. Similarly, sonocrystallization and
spray drying were coupled to obtain crystals of salbutamol sulfate
with a suitable aerodynamic radius for pulmonary delivery [80].

The effect of ultrasound on chirality also has potential implica-
tions in the pharmaceutical industry. In a controversial paper, Chen
and coworkers reported that crystallization of NaClO3 during
und (i.e., 10 W, 20 kHz) (a) before sonication then after irradiation for (b) 1 min, (c)
inted with permission from Ref. [73]. Copyright 2011 American Chemical Society.



Fig. 10. Young’s moduli for the 5-cyanoresorcinol trans-1,2,-bis(4-pyridyl)ethylene cocrystal (a) before and (b) after photoreaction. (c) AFM height measurement on a single
nano-cocrystal and (d) height profile of the same crystal after 60 s of UV irradiation. Reprinted with permission from Ref. [85]. Copyright 2011 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
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exposure to ultrasonic irradiation can break chiral symmetry [81].
Although cavitation is not expected to bias the chirality of crystal-
lizations, an increase in secondary nucleation could be promoted
[82]. In fact, follow up experiments revealed the enantiomeric ex-
cess of the product depended on the time interval between pri-
mary nucleation and the introduction of seeds with a particular
handedness. A short time interval between primary nucleation
and seeding lead to products with a high enantiomeric excess
which supports chiral symmetry breaking via ultrasound is a
self-seed inducing effect [83].

MacGillivray and colleagues utilized sonocrystallization to
study changes in mechanical properties when cocrystals are re-
duced to nanometer-scale dimensions [84,85]. Originally low-
intensity ultrasound was employed to synthesize nano- and micro-
sized cocrystals of trans-1,2,-bis(4-pyridyl)ethylene and resorcinol.
Scanning electron microscopy micrographs revealed that after
exposure to UV irradiation the nano-cocrystals remained intact
while larger crystals fractured [84]. The mechanical properties of
Fig. 11. Fluorescence spectra of a stilbene-based nano-cocrystal over two heating/
cooling cycles. Inset shows the intensity ratio at I465/I494 and I465/I532 over three
consecutive cycles. Reprinted with permission from Ref. [86]. Copyright 2013
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
nano-cocrystals were further examined using atomic force micros-
copy (AFM) [85]. In this instance, 5-cyanoresorcinol was used to ar-
range the reactive olefins such that a single-crystal-to-single-
crystal photoreaction was observed in millimeter and nano-scale
cocrystals. AFM was utilized to calculate the Young’s moduli of
millimeter-sized crystals before and after UV irradiation. The
results showed the crystals became less stiff after photoreaction.
Alternatively, the Young’s modulus of nano-cocrystals after UV
irradiation increased from 250 to 460 MPa which represents an
85% increase in crystal stiffness (Fig. 10).

In another application of sonocrystallization to prepare nano-
cocrystals, Yan and coworkers synthesized stilbene-based nano-
cocrystals that exhibit size dependent photoemission properties
[86]. Initial attempts to synthesize the cocrystal via milling yielded
aggregated particles with a broad size distribution; however, anti-
solvent sonocrystallization successfully formed well-dispersed
nano-cocrystals. The nano-cocrystals exhibit one- and two-phonon
emission and fluorescence lifetimes that are distinct when
compared to macro-sized cocrystals. In addition, the fluorescence
spectra of the nano-cocrystals are temperature dependent and
reversible within a temperature range, which has potential
applications as thermosensitive materials (Fig. 11).
6. Conclusions

Sonocrystallization has become a prominent method to prepare
organic crystals with a desired size and size distribution. Ultra-
sound provides a means of reducing the induction time and
MZW and of dramatically increasing the nucleation rate in crystal-
lization experiments. The modification of crystallization parame-
ters yields micro- and nanometer-sized crystals that are of
particular interest to the pharmaceutical industry due to the in-
crease in bioavailability associated with particle size reductions.
The literature contains a wealth of reports that establish empirical
control over sonocrystallization parameters (e.g., solution concen-
tration) to achieve monodisperse crystals of a minimal size. The
mechanism of action attributed to sonocrystallization, however,
continues to be unclear. Recent gassing experiments and simula-
tions of bubble dynamics suggest heterogeneous nucleation and
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shockwaves increase crystal nucleation. The impact of crystal
breakage during ultrasonic irradiation will continue to be of inter-
est especially in the design of sonocrystallization experiments with
prolonged sonication times (i.e., >3 min). The exploitation of PA-
based nanocrystals in the pharmaceutical industry is expected to
grow substantially, and thus, the ability of sonocrystallization to
serve as a bottom-up route towards nanocrystals will continue to
generate great interest. Recent reports show the material proper-
ties of organic crystals (e.g., hardness and solid-state lumines-
cence) can exhibit distinct, advantageous behavior even at sizes
of hundreds of nanometers. The continued expansion of sonocrys-
tallization applications will be greatly benefited by the develop-
ment of new technologies, including processes that couple
atomization and ultrasound to produce crystals with well-defined
size distributions and surfaces [87,88].
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