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ABSTRACT: Mechanochemistry, the interface between the chemical and the mechanical
worlds, includes the relationship between the chemical and mechanical properties of solids.
In this work, fragmentation of organic molecular crystals during ultrasonic irradiation of
slurries has been quantitatively investigated. This has particular relevance to nucleation
processes during sonocrystallization, which is increasingly used in the processing and
formulation of numerous pharmaceutical agents (PAs). We have discovered that the rates of
sonofragmentation are very strongly correlated with the strength of the materials (as
measured by Vickers hardness and Young’s modulus). This is a mechanochemical extension of the Bell-Evans−Polanyi Principle or
Hammond’s Postulate: the kinetics (i.e., rates) of solid fracture correlate with thermodynamic properties of solids (e.g., Young’s
modulus). The mechanism of the particle breakage is consistent with a direct interaction between the shockwaves or localized
microjets created by the ultrasound (through acoustic cavitation) and the solid particles in the slurry. Comparisons of the
sonofragmentation patterns of ionic and molecular crystals showed that ionic crystals are more sensitive to sonofragmentation than
molecular crystals for a given Young’s modulus. The rates of sonofragmentation are proposed to correlate with the types and
densities of imperfections in the crystals.

■

INTRODUCTION1
The age-old question of how things break remains an active area
of modern research.2,3 The chemical consequences of fracture
and breakage are a major theme in current mechanochemical
research.4−10 Mechanochemical eﬀects change solids physically
and chemically and can be induced by a variety of mechanical
actions, including trituration, grinding, milling, and ultrasound.11,12 When mechanical actions are applied to molecular
solids, the fracture can also occur, but our fundamental
understanding of the nature of the breakage of organic molecular
crystals as a function of their chemical and mechanical properties
remains limited. This is not surprising, given that molecular
crystals are not generally structural materials (such as ceramics,
metals, or polymers) and consequently have not been subjected
to an extensive examination of their mechanical properties.
Speciﬁcally, the fragmentation of solid particles in liquid slurries
subjected to mechanical action (e.g., ultrasonic irradiation) has
received relatively little attention.13−18 Sonofragmentation of
pharmaceutical agents (PAs, or active pharmaceutical ingredients, APIs), however, plays a critical role in sonocrystallization,
which has proved extremely eﬃcacious in PA processing,
formulation, and crystallization.16,17,19−22 To examine and
control the fundamental events during sonofragmentation, we
examine here fundamental experiments on the fragmentation of
organic molecular crystals during sonication of slurries and
compare the kinetics of the resulting fragmentation with the
strength of the materials.
The eﬀects of ultrasound on slurries of malleable metal
powders have shown surface modiﬁcations in the morphology,
agglomeration, and removal of passivating coatings with
© XXXX American Chemical Society

dramatic increases in surface chemical reactivity.23−29 In
contrast, ultrasonic treatment of slurries of brittle molecular
and ionic crystals leads to rapid fracture and is important for our
understanding of sonocrystallization, a process of increasing
importance to the pharmaceutical industry.17,18,21,30−33
When a liquid is irradiated with high-intensity ultrasound,
acoustic cavitation (the formation, growth, and implosive
collapse of bubbles) occurs.23,34,35 During the bubble collapse,
intense localized heating occurs, and shockwaves emanate from
the bubble rebound. Hot spots are created with extreme local
temperatures (∼5000 K) and pressures (∼1000 atm), but with
extraordinary heating/cooling rates (>1010 K s−1).36,37 The
propagating shockwave velocity and pressure can be as high as
∼4000 m/s and 1 GPa, respectively,38 and, therefore, possess
enough energy to change materials both physically and
chemically. In addition, at extended surfaces (greater than
∼200 μm at 20 kHz), cavitation collapse is asymmetric and can
generate a high-speed microjet directed at the surface.23,34,35
When ultrasound is applied to a slurry of molecular or ionic
crystals, sonofragmentation of the crystals occurs, and we have
previously shown that the fragmentation mechanism results
from a direct interaction between crystals and cavitationSpecial Issue: Enabling Techniques for Organic Synthesis
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induced shockwaves or microjets and not from interparticle
collisions or impaction.15,16 This is an important part of the
sonocrystallization process.16−22,30,32,39 By fracturing existing
crystals, new secondary nucleation sites are created,19,40−43 and
overgrown crystals are reduced in size.15,16 Sonocrystallization
thus provides control over crystallization (both in time and
space) and produces smaller crystals more rapidly and with
narrower size distributions than traditional crystallization
methods: all particularly desirable traits for the processing of
pharmaceutical agents.

■

RESULTS AND DISCUSSION
The eﬀects of various control variables (e.g., acoustic power
density, frequency, solvent, etc.) on sonofragmentation of
particles have been reported.16,20,22,44−47 The relationship,
however, between the physical properties of molecular crystals
(e.g., the strength of materials) and ease of sonofragmentation
has not previously been reported. We have sonicated slurries of
ten diﬀerent molecular crystals, speciﬁcally of six pharmaceutically relevant hydrogen-bonding molecules (HBM) and of four
polycyclic aromatic hydrocarbons (PAH). The Vickers hardness
(Hv) and Young’s modulus (a measure of the stiﬀness of a
material, E)48−50 were determined for each of these crystals and
the relationship between the strength of these crystals and ease
of sonofragmentation compared for both classes of molecular
crystals and for ionic crystals as well.
As described in detail in the Experimental Procedures section
below, all sonications were done with 0.15 wt % slurries of the
crystals using a 20 kHz titanium horn operated at 10 W/cm2.
The steady state temperatures during sonication were 25 °C
using a 20% duty cycle to minimize temperature variation. The
HBM crystals were selected to span a range of hardnesses,
speciﬁcally we examined sucrose, lactose, acetaminophen (i.e.,
paracetamol, a common analgesic), phenacetin (analgesic),
sulfadimethoxine (a sulfonamide antibiotic), and hexamethylenetetramine (i.e., hexamine, a common reagent and preservative). The PAH crystals were of anthracene, pyrene, chrysene,
and 9,10-diphenylanthracene.
The rate and extent of sonofragmentation were determined by
direct observation using optical microscopy (Figure 1 and
Figures S1 and S2) from aliquots taken for analysis. Size
distributions were measured using the longest dimension (i.e.,
length) of particles from each aliquot using approximately 200
particles with Image-J software. The rate of fragmentation for
the molecular crystals is shown in Figure 2. The data revealed an
exponential reduction in particle size as a function of sonication
time.
The eﬀects of initial crystal size on sonofragmentation were
also evaluated. Sucrose was chosen partly due to its low cost and
partly due to its high hardness and stiﬀness. Seven diﬀerent
particle sizes of sucrose were prepared by sieving in a sonic sifter
(Figure S3) and, for the smallest particles, grinding prior to
sieving. Figures S4 and S5 show the morphologies and crystal
sizes of particles in each sucrose group. The mean crystal sizes
were determined by direct measurement and counting of the
longest dimension (i.e., length) of particles through optical and
SEM micrographs. The initial mean lengths of crystals in size
groups 1 through 7 were 1054 μm, 680 μm, 310 μm, 140 μm, 68
μm, 14 μm, and 0.56 μm, respectively (Figure S6).
For slurries of particles larger than ∼20 μm in initial crystal
size, no eﬀects of initial size were observed on the rates of
fragmentation of molecular crystals (Figure 3). Sonofragmentation, however, was suppressed for initial crystals smaller than

Figure 1. Optical micrographs of representative molecular crystals
before and after sonication showing rapid sonofragmentation. Hydrogen-bonding crystals: (a) Sucrose before sonication and (b) after
sonication 480 s, (c) acetaminophen before sonication and (d) after
sonication 380 s, and (e) hexamethylenetetramine before sonication
and (f) after sonication for 210 s. Each slurry of hydrogen-bonding
molecular crystals contained 0.15 wt % of molecular crystals in
dodecane and was sonicated by using a titanium horn (10 W/cm2 and
20 kHz). PAH crystals: (g) 9,10-diphenylanthracene before sonication
and (h) after sonication for 300 s and (i) anthracene before sonication
and (j) after sonication for 270 s. Each slurry of PAH crystals contained
0.15 wt % of PAH crystals in DI water and was sonicated by using a
titanium horn (10 W/cm2 and 20 kHz). Figure S1 and S2 show further
examples.

about 10 μm (Figure 3, group 6 after 240 s sonication and group
7). Indeed, no fragmentation at all was observed with slurries of
crystals whose initial mean size was 0.56 μm (group 7). When
the molecular crystal slurries are irradiated by ultrasound, the
crystals were broken by direct interaction with shockwaves or
microjets created by acoustic cavitation.15,16 Forming microjets
during cavitation, however, requires a rather large particle
B
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crystals smaller than roughly 10 μm in length are no longer
prone to sonofragmentation.
The Vickers hardness (Hv) and Young’s modulus (E) values
for all crystals were determined by standard methods,48−50 using
a Vickers indenter and an Agilent nanoindenter, respectively
(Table 1). The ranges of Vickers hardness and Young’s modulus
Table 1. Vickers Hardness (Hv) and Young’s modulus (E) vs
the Sonofragmentation τ1/2 (i.e., Length of Sonication Time
Necessary to Halve the Initial Crystal Size) of Molecular
Crystals

Figure 2. Kinetics of sonofragmentation. The size of crystals
normalized to the initial crystal size is shown versus sonication time
for various molecular crystals. Slurries containing 0.15 wt % of these
hydrogen-bonding molecular crystals in dodecane were sonicated using
a titanium horn (10 W/cm2 at 20 kHz). Solid lines are exponential ﬁts
to the data. Experiments were run in quadruplicate, and relative
standard deviations of the particle length determinations are <4%.

molecular crystalsa

τ1/2
(sec)b

Hv
(GPa)c

E
(GPa)c

initial crystal size
(μm)d

sucrose
lactose
acetaminophen
sulfadimethoxine
phenacetin
chrysene
9,10-diphenylanthracene
pyrene
anthracene
hexamethylenetetramine

480
440
380
340
310
310
300
270
270
260

0.64
0.54
0.36
0.24
0.172
0.180
0.210
0.071
0.052
0.133

32.3
24.1
18.1
N/A
N/A
13.6
12.8
7.6
9.4
9.0

678
664
561
442
1162
677
793
748
925
507

a

Hydrogen-bonding molecular crystals (bold) and polycyclic
aromatics (italic). bRelative standard deviations are <4%. cRelative
standard deviations are <5%. dLongest dimension.

of the HBM crystals partially overlapped with those of the PAH
crystals were used in this project. For each of the molecular
crystals, Hv and E were compared to τ1/2 (the length of
sonication required to reduce the crystal size distribution to half
of the initial size), as shown in Table 1.
The relationship between sonofragmentation kinetics and
either the Vickers hardness (Hv) or Young’s modulus (E) is
plotted in Figure 4. There is a tight linear relationship between
Hv and τ1/2 and between E and τ1/2. Interestingly, the HBM and
PAH crystals are colinear. These results are consistent with
similar correlations between the mechanical properties of
various molecular crystals and ﬁnal size reduction by mechanical
milling or particle impaction during jet-milling.52−55
Ionic, hydrogen-bonding molecular, and polycyclic aromatic
hydrocarbon crystals are held together by various types of
intermolecular and interatomic interactions.56 In ionic crystals,
the major forces are ion-to-ion electrostatic attractions, which
are strong long-range interactions. In contrast, in molecular
crystals, that lattice is held together by weak intermolecular
forces, primarily polarization (e.g., dipole−dipole) interactions,
and van der Waals (dispersion) forces and, in some cases,
hydrogen-bonding between molecules. For molecular solids, the
local length scales of these intermolecular forces are relatively
short, especially hydrogen bonding.57−60 PAH crystals generally
have the weakest intermolecular interactions since intermolecular hydrogen bonds generally give greater stability to HBM
crystals and ion−ion electrostatic interactions are the strongest.
Thus, the strength of intermolecular interactions in the materials
evaluated here compared with our earlier work on ionic
crystals15 is generally ionic crystals > HBM crystals > PAH
crystals, which of course follows the crystal melting points for
similar molecular weight components.
Intuitively, one might have expected that there would
therefore be a universal correlation between rates of
fragmentation and the strength of intermolecular interactions

Figure 3. Eﬀect of initial crystal size on the fragmentation of sucrose
crystals. For each size group, a slurry containing 0.15 wt % sucrose in 10
mL of dodecane was sonicated using a titanium horn (10 W/cm2 and 20
kHz). The longest dimensions of the crystals for each size group are
given in the legend. Relative standard deviations for each data point are
<7%.

(greater than ∼200 μm for 20 kHz) to cause bubble distortion
during collapse;23,34,35 the fracture of smaller particles (down to
20 μm) here suggests that microjets are likely to be only a minor
contributor to particle fracture. Under the sonication of slurries,
crystals keep breaking until they are too small to be fragmented
by shockwaves passing through the slurry, and this has been wellﬁt by simple population models.51 When the crystals reach a
critical small size, however, the shock-induced stress over the
length of the crystal that cavitation creates no longer exceeds the
tensile strength of the crystal. The minimum size for
sonofragmentation will depend on the frequency and intensity
of the irradiated ultrasound. In these experiments, with
ultrasonic irradiation at 20 kHz and 10 W/cm2, molecular
C
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Figure 4. Relationship between rate of sonofragmentation of molecular
crystals and either Vickers hardness or Young’s modulus. (a) Vickers
hardness (Hv) vs log τ1/2 (i.e., the time necessary to halve the initial
crystal size) and (b) Young’s modulus (E) vs log τ1/2. Blue markers are
hydrogen-bonding molecular crystals, and green markers are polycyclic
aromatic hydrocarbon crystals. A linear ﬁt to the data is shown.

Figure 5. Comparison of the relationships between (a) Vickers
hardness (Hv) and the time necessary to halve the initial crystal size
(τ1/2) of ionic, hydrogen-bonding molecular (HBM), and PAH crystals
and (b) Young’s modulus (E) and the time necessary to halve the initial
crystal size (τ1/2) of ionic, hydrogen-bonding molecular, and PAH
crystals. The dashed lines are linear ﬁts. Relative standard deviations are
<5%. The ionic solids used here (listed from lowest E or Hv to highest)
are NaF, LiCl, NaCl, NaBr, KCl, and KBr.15

within the crystals. As we will see, however, the nature of
fragmentation is more complex. For either ionic crystals or
molecular crystals, we do indeed observe excellent linear
relationships between the observed rate of fragmentation with
either the measured hardness or stiﬀness of the crystals, as
shown in Figure 5. It is rather striking, however, that the ionic
crystals and the molecular crystals are not even approximately
colinear in these plots. Sonofragmentation of ionic crystals
showed a signiﬁcantly higher sensitivity to changes in hardness
(Hv) or stiﬀness (E) among the materials. Somewhat counterintuitive to the chemist, the strength of these materials as
measured by Young’s Modulus (E) or Vickers Hardness (Hv) is
not directly related to the nature of the intermolecular forces
within the solids (i.e., stronger electrostatic forces for ionic solids
vs weaker dipolar and van der Waals forces for molecular solids).
As seen in Figure 5, there are both very hard and very soft ionic
solids that overlap the range of the molecular solids examined
here.
In a sense, breakage of solids is a nucleated process:
imperfections in the structure of the solid with long-range
consequences (e.g., planar or bulk imperfections, especially on

surfaces, including grain boundary mismatches, edge or screw
dislocations, microcracks, and inclusions, etc.) are likely to make
fracture and fragmentation facile.61−65 In contrast, a single,
localized defect (e.g., Frenkel or Schottky point defects) will not
make a crystal easy to break. Crystal breakage initiates from preexisting imperfections in the particle, particularly surface
imperfections that can cause stress concentrations from which
crack propagation can proceed until cleavage is attained. The
length scale of an order may aﬀect the propagation of cracks and
thereby aﬀect the sensitivity of sonofragmentation to a material’s
hardness. In addition to the types of imperfections present, the
initial density of imperfections and their location will have a
substantial impact on susceptibility to fragmentation.61−64 Thus,
the combined eﬀect of the type and density of imperfections will
determine the sensitivity of any particular crystal to
sonofragmentation. It is truly remarkable, however, that within
the same class of crystals (i.e., ionic vs molecular) such linearity
is observed between the kinetics of fragmentation and the
mechanical properties of hardness or stiﬀness. The greater
sensitivity of ionic crystals to changes in Hv or E probably reﬂects
diﬀerences in the types of defects and imperfections found in
D
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Materials VCX-750, 20 kHz, 1 cm2 Titanium tip, 10 W/cm2) for various
times. All sonication experiments were performed using a duty cycle of
2 s on and 8 s oﬀ pulse cycle to reduce temperature variation. For all
cases, steady state temperatures during sonication were 25 °C.
Sonication times are reported as the total time exposed to ultrasound.
For the sonofragmentation experiments of polycyclic aromatic
hydrocarbon (PAH) crystals, slurries were made by adding 10 mL of
DI water to 15 mg of PAH crystals. Other experimental conditions and
processes were same as those of sonofragmentation experiments of the
HBM crystals.
All kinetic runs were done in quadruplicate. The particle size data
were obtained from micrographs as detailed below as a function of the
length of sonication. Kinetic studies were run until the particle size
(measured largest dimension) was decreased to approximately half of
the initial size (Figure 2). All data were ﬁt well by a simple exponential
ﬁt, and an eﬀective sonofragmentation τ1/2 (i.e., length of sonication
time necessary to halve the initial crystal size) was obtained for each
sonofragmentation experiment. Reproducibility of the τ1/2 values was
excellent, with the relative standard deviation within 4% (Table 1).
Sample Preparation of Sucrose Having Diﬀerent Crystal
Sizes. In order to check the eﬀect of initial crystal size, a sonic sifter
(Advantech Manufacturing, Berlin, WI) was used with various sieves
(mesh opening sizes 45, 75, 106, 250, 500, and 1000 μm) to separate
batches of sucrose based on their size. The sonic sifter was used for 5
min. Crystals that were not sieved by the sifter were removed. The
sieved crystals were collected and sieved again with the same intensity
and time. This process was done total 4 times for each size group of
sucrose. For the crystals passing the sieve with a mesh opening size of 45
μm, vacuum ﬁltration was performed with ﬁlter paper (pore size 1.2
μm), and the ﬁltered crystals were taken for group 6.
For the group of the smallest size of sucrose (group 7), sucrose was
ﬁrst ground by mortar and pestle and then sieved with a mesh opening
size of 45 μm. Crystals smaller than 45 μm then collected and dispersed
into dodecane. Finally, for size group 7, the sucrose−dodecane slurry
was sonicated with an ultrasonic horn (20 kHz and 40 W/cm2) for an
hour; after the sonication, sucrose particles were collected by centrifuge
and dried in a vacuum oven at room temperature overnight.
Image, Particle Size, and Materials Characterization. An
aliquot of the sonicated slurry was removed using a disposable pipet for
analysis by optical microscopy (Zeiss Axioskop optical/ﬂuorescence
microscope). The micrographs were captures using a Cannon PC1015
digital camera mounted to the microscope. Scanning electron
microscopy was performed with a JEOL 7000F Analytical SEM.
Crystal size analysis with optical microscopic or SEM images was
performed using Image-J software (National Institutes of Health,
Bethesda, MD, USA). The longest dimension (i.e., length) of
approximately 200 well-isolated particles were measured for each
experiment, as shown in Figure S6. Data ﬁtting was performed using
OriginPro 8.5 software (OriginLab, Northampton, MA, USA).
Vickers hardness and Young’s modulus of crystals were measured by
Leitz Wetzlar GMBH and Agilent G200 Nanoindenter, respectively.
Quintuplicate measurements of Hv and E were made for each of the
molecular solids, and relative standard deviations were <5%.

ionic crystals compared to molecular crystals or the ease at
which microjets may damage their respective surfaces.
Because fragmentation of crystals is a nucleated process,
sonofragmentation is not inherently related to the solids’
hardness or bulk modulus. Nonetheless, intuitively one expects
that the rate at which defects and imperfections are generated in
solid particles during strain or impact ought to correlate with the
strength of materials. This is a mechanochemical extension of
the Bell-Evans−Polanyi Principle or of Hammond’s Postulate:
kinetics correlate with thermodynamics.66,67
Indeed, prior reports have established empirically that fracture
toughness and fracture strength of glasses (both silica and
metallic) are often proportional to Young’s modulus.68,69 There
are also similar results for various minerals, and harder minerals
require more energy to be broken.70 None of these studies,
however, examined the kinetics of particle breakage. As we have
now observed for both ionic and molecular crystals, the rate of
breakage correlates strongly with both Young’s modulus and the
Vickers hardness of these crystals: i.e., the kinetics of
sonofragmentation (τ1/2) correlates with thermodynamic and
mechanical properties (Hv and E).
The eﬀects of crystal anisotropy or asymmetry (both in bulk
morphology and in the crystallographic space group) have not
been addressed in this study, and so remain an interesting matter
for future work. The crystals examined in these studies are
generally relatively cubic (i.e., not needles or sheets), and we,
therefore, did not observe signiﬁcant diﬀerences in the kinetics
of fracture. Similarly, we were not able to measure E or H as a
function of crystallographic facets, although for molecular
crystals, this dependence is likely to be relatively small since
the intermolecular interactions within the crystal are usually not
especially anisotropic and are generally relatively short-range.

■

CONCLUSIONS
Organic molecular crystals were fragmented by ultrasonic
irradiation of slurries; both hydrogen-bonding and polycyclic
aromatic molecular crystals were examined. The particle size of
the molecular crystals decreased exponentially during sonication. For very small molecular crystals (<15 μm), little or no
sonofragmentation occurred since the negative pressure
generated from the propagating shockwaves created by acoustic
cavitation cannot exceed tensile strength over the diminished
length of the crystal. There was an excellent correlation between
the rate of fragmentation and the materials’ thermodynamic and
mechanical properties (i.e., the strength of the materials as
indicated by Vickers hardness or Young’s modulus). The
sonofragmentation of ionic crystals was more sensitive to
changes in the strength of the materials compared to molecular
crystals.
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Materials. Lactose, acetaminophen, hexamethylenetetramine,
chrysene, 9,10-diphenylanthracene, pyrene, anthracene, and dodecane
were purchased from Sigma-Aldrich. Sucrose was purchase from Fisher
Scientiﬁc. All chemicals were used as received, unless otherwise
indicated. Sulfadimethoxine and phenacetin (Sigma-Aldrich) were
recrystallized in nanopure water (i.e., water deionized to >18 MΩ cm
resistance, scrubbed for organics, and passed through a 0.45 μm ﬁlter
with a Barnstead NANOpure ultrapure water puriﬁcation system).
Sonofragmentation Experimental Setup. For the HBM
crystals, slurries were prepared from 10 mL of dodecane added to 15
mg of the crystals. The slurry was thermally equilibrated at 18 °C for 5
min in a temperature-controlled water bath (Isotemp 1006S). This
mixture was sonicated with an exponential ultrasonic horn (Sonics and

Optical and SEM micrographs, sieving methodology, and
size distributions (PDF)
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