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Exploring mechanochemistry of pharmaceutical
cocrystals: effect of incident angle on molecular
mixing during simulated indentations of two
organic solids†

Michael Ferguson * and Tomislav Friščić *

The solid-state reaction of the active pharmaceutical ingredient theophylline with citric acid is a well-

established example of a mechanochemical reaction, leading to a model pharmaceutical cocrystal. Here,

classical force field molecular dynamics was employed to investigate the molecular mixing and structural

distortion that take place on the mechanically driven indentation of a citric acid nanoparticle on a slab of

crystalline theophylline. Through non-equilibrium molecular dynamics simulations, a 6 nm diameter

nanoparticle of citric acid was introduced onto an open (001) surface of a theophylline crystal, varying both

the angle of incidence of the nanoparticle between 151 and 901 and the indentation speed between 1 m s�1

and 16 m s�1. This theoretical study enabled the evaluation of how these two parameters promote

molecular mixing and overall structural deformation upon the mechanical contraction of theophylline and

citric acid, both of which are important parameters underlying mechanochemical cocrystallisation. The

results show that the angle of incidence plays a key role in the molecular transfer ability between the two

species and in the structural disruption of the initially spherical nanoparticles. Changing the indentation

speed, however, did not lead to a discernible trend in molecular mixing, highlighting the importance of the

incident angle in mechanochemical events in the context of supramolecular chemistry, such as the

disruption of the crystal structure and molecular transfer between molecular crystals.

Introduction

Mechanochemical strategies, where mechanical energy is used
to induce or promote chemical transformations, are one of the
most attractive routes for cleaner, more efficient and sustain-
able synthesis of various molecular targets and functional
materials.1 Mechanochemistry has been demonstrated to pro-
vide access to improved reaction yields, reduced reaction times,
and vast reductions in solvent use,1 while also providing path-
ways for reactions between poorly soluble compounds2 and
even access to products that are otherwise unobtainable.3

Mechanochemical reactions are most commonly performed
in small batches using ball mills,1a but recent reports have
also engaged resonant acoustic mixing4 (RAM) and twin-screw
extrusion5 (TSE), opening the door to establishing highly scal-
able approaches to mechanochemistry. A wide range of

mechanochemical techniques, including ball milling,6 TSE,7

and RAM,8 as well as mechanically activated approaches, such
as accelerated aging (also known as vapour digestion)9 and
vapour-assisted tumbling (VAT),10 have attracted particular
attention in the context of the discovery and synthesis of
pharmaceutical materials, such as polymorphs or cocrystals.
Processes of relevance in mechanochemical cocrystallisation of
pharmaceutical solids, as well as other types of organic and
metal–organic materials, are likely to be the distortion or
disruption of the crystal structure (e.g. amorphisation), for-
mation of defects (polymorphic transformations), and molecu-
lar mixing (mass transfer). Importantly, mechanochemical
processes leading to pharmaceutical cocrystals generally do
not involve the cleavage of strong covalent bonds, but rather
changes in molecular assembly in the solid state and surfaces,
which is based on supramolecular transformations like in the
recently discussed term of soft mechanochemistry.11,12

Significant attention has been directed to developing a
fundamental understanding of how diverse chemical and
materials transformations, including cocrystal formation, pro-
ceed under mechanochemical conditions,13 with notable
mechanistic knowledge acquired following the introduction
of real-time in situ monitoring techniques by synchrotron
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powder X-ray diffraction,14 Raman spectroscopy,15,16 X-ray absorp-
tion spectroscopy,17 tandem Raman and fluorescence spectro-
scopies,18 nuclear magnetic resonance (NMR) spectroscopy,19 and
acoustic spectroscopy.20 These techniques are now set to provide a
wealth of information on mechanochemical reactivity in the bulk
regime but cannot yet provide insights into underlying atomic and
molecular processes that drive the reactions. Indeed, studies of
mechanochemical reactions of molecular materials are in many
ways additionally challenging compared to transformations of ionic
solids, as intermediate and/or amorphous phases are very likely to
rapidly relax before or during analysis.13

Theoretical techniques provide a wide range of strategies for
probing the molecular-level mechanisms of mechanochemical
processes that cannot be obtained experimentally. For example,
discrete element modelling has been performed to understand
how the motion of the grinding media (i.e., balls or screws used
to transmit mechanical energy during milling or extrusion
processes, respectively)21 or the shape of the mechanochemical
reaction vessel22 affects the delivery of mechanical energy to the
reaction system. Phase-field crystal theory has been utilised to
investigate how mechanical energy input can reduce the energy
barrier for the nucleation of nanoparticles from a homogenous
solid matrix,23 while analytical models have been employed to
model mechanochemical reaction kinetics24 and understand
how ball impacts promote bulk changes in solids.25 Ab initio
methods have been employed to probe how mechanical stress
leads to covalent bond cleavage.26,27 Additionally, ab initio
calculations have shown how mechanical stress alters lattice
vibrations in metal azides, which subsequently induce che-
mical reactions.28 These techniques have generated a greater
understanding of mechanochemistry but generally need to
sacrifice molecular-level details to study more global effects,
which are more easily transferable to experimental results or
dynamic information to study energetics at the atomic level.
Force field molecular dynamics (MD) allows studying the
molecular level processes that occur over short time periods
(ns–ms) and, in the context of mechanochemistry, has already
been employed to study the effects of shear stress on various
tribochemical (i.e., friction-induced) transformations29 as well
as for exploring molecular transfer processes between crystal-
line organic solids upon organic particle collisions.30 Such
studies are performed using a direct indentation strategy,
which involves using molecular walls to push two particles
together until a predefined point of maximum indentation that
is followed by pulling the particles apart to facilitate the
analysis of molecular transfer between the species involved.

Here, we present the use of force field MD simulations to
investigate the processes taking place upon the impact of an
organic crystalline nanoparticle on the surface of an organic
solid. Specifically, by varying the incident angle of the crystal-
line nanoparticle, as well as the incident speed of the nano-
particle, it was possible to observe different levels of particle
distortion and molecular mixing – phenomena of critical
importance for subsequent cocrystallisation. As model crystal-
line materials for our study, we chose citric acid (cit) and the
active pharmaceutical ingredient (API) theophylline (theo),

which provide relevance in the context of pharmaceutical materi-
als science. Importantly, cocrystallisation of theo and cit acid
through mechanochemical techniques has been reported by
several groups, providing a model of broad significance.31 In
contrast to previous work where two nanoparticles were indented
upon one another,30 the current investigation focuses on the
indentation of a spherical cit nanoparticle onto a flat theophylline
surface (Fig. 1). By systematically reducing the incident angle from
901 to 151, we gain insights into both the molecular transfer
process and the structural deformation of the particles. Lower
incident angles (151 and 301) lead to a significant increase in the
number of molecules exchanged between cit and theo, and a
noticeable decrease in the sphericity of the originally spherical
nanoparticles of cit. Additionally, the simulations reveal that the
effects of the angle of incidence overshadow those of the incident
speed during the presented indentations.

Computational methods

The molecular dynamics (MD) engine LAMMPS,32 v29Oct2020,
was employed to simulate indentations of a cit nanoparticle on
an open surface of a theo slab at various incident speeds along
the vector v and angles y, as shown in Fig. 1. Upon reaching the
desired indentation point, the cit nanoparticle was retracted
from the theo slab along the vector w, at the same speed as the
indentation. Interatomic interactions were described by the
OPLS-AA force field33 with non-bonded interactions modelled
using Lennard-Jones34 potentials truncated at 12 Å. Hydrogen
bonding interactions were incorporated by overlaying the
Lennard-Jones potentials with the angle-dependent 12-10 form,
as described in the DREIDING force field.35 Electrostatic inter-
actions were calculated using the particle–particle particle–
mesh (PPPM) solver36 with atomic charges that were obtained
from Hirshfeld charge analysis performed using the periodic
density functional theory (DFT) code CASTEP, v22.11.37 Crystal

Fig. 1 Schematic representation of the simulation strategy employed in
this work. A spherical nanoparticle of citric acid (green) is incident on a slab
of theophylline (blue) with the (001) surface exposed. Initially separated by
5 Å, the nanoparticle travels along v at a given speed towards the centre
of the slab until it becomes indented by 20 Å. Subsequently, the
z-component of the atomic velocities is reversed to retract the nanopar-
ticle from the slab along w at the same speed for 50 Å.
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structures used to model cit and theo were obtained from the
Cambridge Structural Database38 (CSD) with the reference
codes CITRAC1039 and BAPLOT01,40 respectively. Full details
of the DFT calculation parameters and sample input files for
the MD simulations with LAMMPS can be found in the ESI.†

To obtain a size comparable to previous work36 (diameter =
E6 nm), a spherical region (radius = 30 Å) of molecules was
extracted from a 12 � 30 � 15 supercell of the cit crystal
structure. If any atom of a molecule falls within the radius,
then that molecule was included as part of the nanoparticle,
resulting in a final nanoparticle radius of 31.5 Å. The slab
geometry for theo was generated by creating a 7 � 28 � 5
supercell of the pure crystal and then extending the z-axis by
130 Å. This allowed the cit nanoparticle to be positioned above
the slab surface, while ensuring that there would be no inter-
actions between the cit and the theo slab through the periodic
boundary conditions. The nanoparticle and the slab were
equilibrated separately for 1 ns at 300 K in the NVT ensemble
and subsequently combined to produce a 97 000 atom system
ready for simulated indentations. Following previous
studies,30,41 the motion of the objects in the presented simula-
tions was controlled by fixing the trajectories of a small section
of the molecules of each material. For theo, 392 molecules that
formed the bottom layer of the slab were selected and their
velocities were set to zero, to fix the slab in place. For cit, 115
molecules contained within the uppermost 15 Å of the particle
were selected and used to move the nanoparticle at a given
speed along v and w (Fig. S1, ESI†). Based on estimated ball
speeds in a ball mills42,43 of 8 m s�1 and 1 m s�1, we decided on
the set of speeds, 1, 4, 8, and 16 m s�1, where 16 m s�1 was

chosen to overestimate the ferocity of the indentation. For the
incident angle of the particle, we chose a range of y = 151 to 901
with increments of 151. In the case where y = 901, the cit
nanoparticle was positioned so that its geometrical centre was
directly above the centre of the xy centre of the theo slab and
with a 5 Å separation in z between the two structures. The depth
of the indentation in z of the cit nanoparticle to the slab was set
at 20 Å; therefore, the nanoparticle will travel 25 Å in z to reach
this point of maximum indentation. For indentations where
y a 901, the cit particle was displaced negatively along the x-
axis, as calculated using simple trigonometry (Section S1.1,
ESI†). This ensured that the position of the cit particles relative
to the theo slab at the maximum indentation was identical for
each simulated indentation. Upon reaching the maximum
indentation, the cit particle was retracted from the theo slab
to facilitate the analysis. The nanoparticle was retracted along
w at the same speed and retracted over a distance of 50 Å to
guarantee a final configuration comprising two contiguous
objects.

Results and discussion

The analyses of the effect of the speed and incident angle are
presented (Fig. 2 and 3) in a previously introduced format,30

whereby visual inspection of simulation trajectories is accom-
panied by molecular distribution histograms to understand
mixing, force development curves in the direction of the
indentation, and measurements of the length of the connective
neck formed between the two objects. This study also

Fig. 2 Snapshots of the simulated indentation of the cit nanoparticle (green) on a slab of theo (blue) with the (001) surface exposed, where the
nanoparticle travels at 8 m s�1 and incident angles of (a–d) 901, (e–h) 301, (i–l) and 151. The snapshots show (a, e and i) the initial configuration, (b, f and j)
the point of maximum indentation, (c, g and k) after retraction of the nanoparticle by 25 Å, and (d, h and l) the final configuration after retraction by
50 Å for each simulated indentation process.
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incorporates an analysis of the structural deformation suffered
by the nanoparticle by determining the changes in sphericity.
In this study, we started with the simulation of direct indenta-
tions, where y = 901. Visual inspection allows us to observe the
key points of the indentation process (Fig. 2(a)–(d)), with the
indentation speed set at 8 m s�1 in this case. The simulation
process is best described through forward indentation and
subsequent retraction stages, corresponding to the processes
in which the cit nanoparticle impacts and disrupts the theo
surface, and processes in which the nanoparticle is being
dragged out of the theo surface, respectively. These are illu-
strated by visual inspection of several key points of the experi-
ment at which y = 901 and the speed along v is 8 m s�1

(Fig. 2(a)–(d)).‡ The first key point corresponds to the starting
configuration, in which the cit particle (green) is situated 5 Å
above the centre of the theo (001) slab surface (blue) (Fig. 2(a)).
The next key point (Fig. 2(b)) corresponds to the configuration
at the maximum indentation of the cit particle into the surface,
when the nanoparticle is indented on the surface by 20 Å. In the
retraction stage, the key points for analysis are when cit has
been retracted by 25 Å (Fig. 2(c)), i.e. when the molecules with
fixed trajectories have the same separation from the slab in z as
found in the starting position, and the final point of the
simulation where the cit nanoparticle has been retracted by a

total of 50 Å (Fig. 2(d)). While visually there does not appear to
have been any transfer of molecules between the two materials,
there is, in fact, a small number (13) of theo molecules that
have been abstracted from the slab by the nanoparticle. This
represents approximately 0.3% of the 4098 molecules, of both
cit and theo, that were free to move in the simulation.

Since molecular mixing, especially if low fractions of mole-
cules are involved, might be difficult to detect and quantify by
visual inspection, the analysis of molecular mixing and transfer
is best performed by tracking the centre of mass for all
molecules in the system, followed by determining the number
of molecules of theo and cit, whose z-coordinates were above
and below 55 Å in the final configuration, respectively. The
corresponding histogram plots of the molecular distributions
along the z-axis (Fig. 3(a)–(d)) show two well-defined regions of
the population with regularly spaced maxima for the initial
configuration (Fig. 3(a)), which is expected due to the regular
packing of molecules in the parent crystal structures. At the
point of maximum indentation, the histogram corresponding
to cit (green) exhibits a small amount of compression of E5 Å
(Fig. 3(b)), which is a result of the nanoparticle being distorted
upon being pressed into the theo slab. In the middle of the
retraction step, a trace of theo (blue) can be observed occupying
the same region as the cit, demonstrating molecular mixing.
The lack of a probability density for either species in the range
of 45 Å to 50 Å at this stage signifies that the two objects have
been separated. The probability density histograms for the final
configuration (Fig. 3(d)) are very similar to those of the previous
stage, with the only perceivable difference being the larger

Fig. 3 Probability density distributions of molecules of each species, theo (blue) and cit (green), for simulated indentations where the nanoparticle
travels at 8 m s�1 and incident angles of (a–d) 901, (e–h) 301, and (i–l) 151. The plot distributions when at (a, e and i) the initial configuration, (b, f and j) the
point of maximum indentation, (c, g and k) after retraction of the nanoparticle by 25 Å, and (d, h and l) the final configuration after retraction of 50 Å for
each simulated indentation process. The probability density distributions in this figure correspond directly to the simulation snapshots shown in Fig. 2.
Below each distribution, a difference curve is given, which highlights the changes relative to the initial configuration.

‡ All simulation snapshots presented herein were visualised with VMD
v1.9.4a5544 and rendered with Tachyon, v0.99.45 All atomic positions have been
unwrapped from the periodic boundary conditions, and hydrogen atoms are
rendered in white throughout for visualisation purposes.
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separation between the two objects. The molecular transfer
values were consistently low for all four of the indentation
speeds investigated in this work and were almost 30 times
lower than those observed for indentations between two nano-
particles in 2019.30 This is caused by two factors: (I) the surface
of the pristine is free of defects and, consequently, molecules at
the surface will be less mobile than those at a high curvature
surface, such as the surface of previously studied nano-
particles,30 and (II) the large size of the theo slab, required
for the simulations, results in large regions of theo molecules
that are not involved in the indentation process, reducing the
transfer percentage significantly. It was previously established
that the interaction of organic nanoparticles, with or without
the presence of liquid additives, leads to the formation of a
connective neck, which is a small region of particles that
maintains all of the particles in the simulation as a single
object when the retraction process exceeds 20 Å (where the
surface of theo terminates). The formation of a connective
neck, which enables extensive intermolecular mixing, is likely
to be a critical aspect of mechanochemical cocrystallisation and
reactions of molecular materials. In this case (y = 901, speed
along v was 8 m s�1), there was no evidence of connective neck
formation (Fig. 2(c) and 3(c)), which is suggested to play a role
in the molecular transfer process in mechanochemical
indentations.36 However, at indentation speeds of 4 m s�1 to
1 m s�1, small short-lived connective necks were observed
(Fig. S4 and S5 (ESI†), respectively), further suggesting that
surface molecules on the theo surface are less prone to leaving
the surface than were observed for indentations of two
nanoparticles.36 Full details on the tracking and evaluations
of molecular transfer and connective neck analyses are pro-
vided in Sections S2 and S3 (ESI†). Additionally, the results
described here are clearly shown in the renders of the simula-
tion trajectories supplied in the ESI.†

Reducing the incident angle y to 751 leads to the formation
of small 0.8 nm to 2.0 nm, short-lived (0.05 ns to 2.05 ns)
connective necks between the nanoparticle and the slab during
the retraction stage (Fig. S6–S9, ESI†). In this case, a connective
neck was observed and measured (Table S4, ESI†) for each of
the four speeds investigated, which is believed to be a key
feature that facilitates molecular transfer during simulated
indentations.36 However, the percentage of molecules trans-
ferred during the indentation remained comparable to inden-
tations with y = 901, suggesting that the formation of a
connective neck is not the sole indicator of improved transfer
between molecular species. Additionally, there again appears to
be little or no disruption to the geometry of the nanoparticle.
Further decreasing y, i.e. when the indentation becomes
increasingly indirect, results in a much more pronounced
formation of connective necks between the two indenting
objects. Additionally, the simulation also reveals a greater
degree of disruption to both the theo surface and the cit
nanoparticle. This is most evident for indentations conducted
at the lowest y values used in this work (301 and 151). Snapshots
of an indentation with an indentation speed of 8 m s�1 and
y = 301 (Fig. 3(e)–(h))and y = 151 (Fig. 3(i)–(l)) show the extent of

the changes to the simulated indentation process. First, the
extent of displacement x applied to the cit nanoparticle is
observed to create the initial configurations (Fig. 3(e) and (i)).
Again, at the point of maximum indentation, there is a notice-
able compression in the distribution of cit molecules (Fig. 3(b)
and (f)). In fact, for indentations where y = 151, the distribution
is compressed by a further E5 Å when compared to indenta-
tions at 901. This change is not caused by the increased force
during indentation, as the force development analysis reveals a
decrease in the maximum force experienced as y decreases
(Section S5, ESI†). Instead, this is due to the cit molecules being
dragged across the surface of the slab; therefore, the molecules
are being spread out in the xy plane, which can be seen in
Fig. 2(j). After being retracted by 25 Å (Fig. 3(g) and (k)), a
significant connective neck formed between the two materials
in both cases. When y = 30 Å, the connective neck appears to be
formed predominantly by theo molecules (Fig. 2(g)), which is
confirmed by molecular distribution analysis (Fig. 3(g)). How-
ever, when y is reduced to 15 Å, the connective neck consists of
predominantly cit molecules (Fig. 2 and 3(k)). This change in
composition is likely not dependent on the angle and is more
likely to be an effect of the initial conditions of each simula-
tion. The transfer of cit molecules (green) to the theo surface
(blue) is also visible when y = 151 (Fig. 3(k)), with molecules of
cit deposited upon the theo slab evident upon the separation of
the objects (Fig. 3(l)). For the indentation where y = 301, a small
number of theo and cit molecules were transferred between the
two objects (Fig. 3(h)). In the case when y = 151, a clear number
of cit molecules were deposited on the theo surface. In this
case, a total of 45 molecules were transferred during the
indentation. While still a low percentage of free molecules
(E1.0%), this is a three-fold increase in molecular transfer
when compared to a direct collision. The values of molecular
transfer for all simulated indentations (Table 1) show that the
number of molecules transferred during indentations between
cit and theo is generally low. However, the numbers suggest
that decreasing y improves the transfer process between the
particles. Generally, y values of 151 or 301 result in a greater
amount of molecules being transferred during indentation. A
more in-depth analysis of the trends in molecular transfer
would require multiple, different initial configurations for the
cit nanoparticle for each indentation trajectory, i.e. for all
indentation speeds and y, which is beyond the scope of the
current work.

Table 1 Total number of molecules transferred between cit and theo for
simulated indentations over a range of indentation speeds (161 m s�1) and
angles (y = 901 to 151)

Speed/m s�1

y/1

90 75 60 45 30 15

Molecules transferred

16 6 8 9 3 12 28
8 13 3 7 12 18 45
4 5 1 9 8 14 12
1 4 8 5 3 4 53
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More noticeable than the cit molecules on the theo surface
(Fig. 3(d)), is the significant disruption of the cit nanoparticle
as a result of the indentation, which in this case resembles an
irregular ovoid rather than a sphere. To measure this disrup-
tion, we calculated the change in the sphericity of the particles
for each simulated indentation. Sphericity was calculated using
Waddel’s sphericity index46 (C),

C ¼ Sideal

S
(1)

where S is the measured surface area of the particle, Sideal is the
surface area of a perfect sphere with a volume equal to that of
the measured particle, and C = 1 corresponds to a perfect
sphere. The surface area and volume of the cit nanoparticle
were obtained using the surface mesh construction method in
the Ovito47 code, v2.9, with a probe radius of 3.0 Å and a
smoothing level of 10. The sphericity index of the nanoparticle
before indentation (C0) was 0.9 and was used as the reference
point from which the percentage changes in sphericity (D%C)
were calculated (Table 2). The data shows that the indentation
consistently caused a decrease in sphericity for all indentation
trajectories in the study. Again, it is evident that lower y values,
especially 151 or 301, result in the most significant changes in
the system, with D%C decreases that are two to four times
greater than those for more direct indentations, where y = 751
or 901. Similar to the observations in molecular transfer,
indentations where y = 451 to 601 exhibit a high degree of
variability for the change in the sphericity of the nanoparticle.
In some cases, they are closer to more direct indentations, and
in others, they are more similar to the indentations at lower
y values. To fully understand these trends, a substantial quan-
tity of unique initial configurations was required. The analysis
of molecular transfer and sphericity do not show a definite
effect on the indentation speed. While the largest number of
molecules transferred and the greatest decrease in sphericity
were observed for the lowest speeds and y, i.e. 1 m s�1 and 151,
the values observed when the indentation speed was 8 m s�1 for
the same y were not dissimilar. Overall, MD simulations
indicate that y plays the most important role in molecular
transfer and the degree of disruption to the nanoparticle, which
can be ascribed to two intertwined effects. At lower y values, the
molecules of cit are brought into contact with more molecules
of the theo slab as the initial and final points of contact move
further from the centre of the xy plane of the slab as

y decreases. This results in greater contact time between the
two species. In fact, indentations at y = 301 or 151 take
approximately two and four times longer to occur, respectively,
than those at y = 901 and 751. In particular, the indentations at
y = 151 are twice as long as those at y = 301, which is the largest
increase in time between any two consecutive angles in this
study. Therefore, with a greater number of potential contacts
between molecules of different species and more time for the
molecules to move and reorganise themselves, there is a greater
tendency for molecular transfer. In addition, a decrease in y
leads to a greater level of structural disruption to the cit
nanoparticle, which is observed by the decrease in sphericity
of the particle itself and in the length of the connective neck
formed with the theo slab. While the increased disruption is
linked to the increase in molecular transfer, we believe that this
disruption will play a much greater role in subsequent mechan-
ochemical events, as the disruption will result in higher energy
surfaces, which facilitates molecular transfer.

Conclusions

This study has focused on the use of theoretical methods to
understand the effects of mechanical interactions on the struc-
tural disruption and transfer of molecules between organic
molecular solids that are known to form a cocrystal by ball
milling.31 Classical force field MD was employed to investigate
how the angle of incidence and indentation speed play impor-
tant roles in simulated mechanochemical indentations of a
nanoparticle of citric acid on a slab of theophylline, two crystal-
line molecular solids of pharmaceutical interest. The results
indicate that the angle of incidence, ranging from 901 or 751 for
more direct indentations to 301 or 151 for more grazing
indentations, has a significant and profound effect on the
indentation outcome. First, the amount of material transferred
between the two materials significantly increased at a lower
value of y. This occurs because a larger number of molecules
are in contact with each other for a greater amount of time,
increasing the chances of transfer occurring upon retraction.
Second, the degree of disruption to the initially spherical
nanoparticle is up to four times greater for more grazing angles
of incidence when compared to more direct indentations.
Reducing the speed of the incident nanoparticles promotes
the formation of connective necks between citric acid and
theophylline, which elongate as the speed is further reduced.
However, this effect did not directly translate into a discernible
trend in either molecular transfer or disruption of the nano-
particles. Although experimentally reactions do not necessarily
occur at specified angles or speeds, this work suggests that
lower angles of incidence between two particles are the most
effective in the early stages of a mechanochemical reaction,
regardless of their incident speeds. While considerable effort
has been focused on the theoretical modelling of mechano-
chemistry in the context of rearrangements of covalent
bonds,26–28 less attention has been dedicated to another
aspect of mechanochemistry that typically precedes covalent

Table 2 Percentage changes in sphericity (D%C) of the cit nanoparticle
after simulated indentations over a range of indentation speeds (161 m s�1)
and angles (y = 901 to 151)

Speed/m s�1

y/1

90 75 60 45 30 15

D%C/%

16 �1.3 �1.4 �1.2 �1.6 �3.6 �4.7
8 �1.1 �1.7 �1.9 �2.4 �2.8 �5.9
4 �2.2 �1.5 �2.5 �1.8 �4.3 �3.8
1 �1.4 �0.9 �4.8 �1.9 �3.2 �8.4
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transformations in organic solids: the mechanically induced
rearrangement of molecules and the disruption of the supra-
molecular structure. We hope that the work presented herein
will inspire future studies in this direction, aiming towards an
integrated understanding of mechanochemical processes at the
molecular and supramolecular levels.
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2023, 14, 12121–12132.

19 J. G. Schiffmann, F. Emmerling, I. C. Martins and L. Van
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