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Ball mass is an important parameter that is known to have an influence on the outcome of a mechano-
chemical reaction induced by ball-milling. A standard way of modifying the ball mass is to change the size
of the ball made of the same material. In this case, however, a change in mass is accompanied by a
simulatneous change in the ball size. It is therefore not possible to disentangle the effects of mass and sur-
face area in these cases. In the present work we report the results of experiments with specially
designed and manufactured balls in which (1) milling ball mass is held constant, but their size differs, and
(2) the ball mass is altered, with the diameter of the milling ball being held constant. Using the
cocrystallisation of theophylline + nicotinamide as a case study it was found that both diameter and ball
mass play crucial roles in determining the rate of a mechanochemical reaction. For comparison, we have
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also used milling balls with the same size (different mass), and others with the same mass (different size)
made of different materials, as would be “traditional”. It was found that, despite having the same size, the
lightest milling ball (nylon) was the most efficient in initiating the co-crystallisation, presumably due to the
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sorption of EtOH. Hence, the results of this manuscript also demonstrate how milling ball material can in
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Introduction

Ball-milling of solid mixtures has proved to be an efficient ap-
proach to the synthesis of organic and coordination com-
pounds, ranging from multi-component crystals to poly-
peptides.' ™ In particular, it is becoming increasingly impor-
tant for obtaining pharmaceutical solids. Mechanochemical
methods are attractive as environmentally benign techniques,
and often permit rapid and high yield transformations. De-
spite their potential, the scale-up of mechanochemical reac-
tions remains a great challenge. Unlike solution-phase chem-
istry, the sample in a mechanochemical reactor is not under
equilibrium conditions, with transformations occurring as a
result of stochastic, dynamic mechanical perturbation. Conse-
quently, a transformation induced by mechanical treatment
depends on many parameters, including the type, intensity
and duration of treatment, the presence of fluid and solid ad-
ditives, the ratio of the reactant particle size, and any prelimi-
nary mixing of the components."’™® Any physicochemical

“ Novosibirsk State University, Pirogova Str. 2, Novosibirsk, 630090, Russian
Federation. E-mail: i.tumanov.ssc@mail.ru, eboldyreva@catalysis.ru

b EaStCHEM School of Chemistry, University of Edinburgh, Joseph Black Building,
David Brewster Rd., Edinburgh, UK. E-mail: adam.michalchuk@ed. ac.uk

¢ Boreskov Institute of Catalysis, Siberian Branch of the Russian Academy of
Sciences, pr. Lavrentieva, 5, Novosibirsk 630090, Russian Federation

+ Current address: BAM Federal Institute for Materials Research and Testing,
Richard-Willstitter-Strafe 11, 12489 Berlin, Germany.

2174 | CrysttngComm, 2019, 21, 2174-2179

fact be the most influential parameter, and potentially counterintuitive to classical mechanics.

transformation is driven by the relaxation of excess energy. In
mechanochemistry, this excess energy is a function of me-
chanical impact, and is intimately connected to the mass and
velocity of the impacting milling ball through the classical
mechanical equations of motion.'®>*

Generally, reports which discuss the effects of the ball
mass on mechanochemical transformations involve variation
of the milling ball size (and hence mass).">** Alternatively,
authors have varied the quantity of sample powder and thus
the ball to sample mass ratio.> Both methods lead to a
change in the energy inserted into the sample, although only
the former increases the total maximum energy input. Ball
mass can influence mechanochemical transformations in a
variety of ways. The primary effect can be associated to the
increased energy of an accelerated body with larger mass. Re-
actions that require a critical minimum initiation energy will
be strongly dependent on the mass of the milling ball. Mech-
anochemical reactions that are instead limited by the num-
ber of heterogeneous particle-particle contacts depend on
ball mass through its influence on particle comminution and
mixing.

Importantly, heavier milling balls tend in practice to be
larger, and thus characterized by a larger surface area, in-
creasing contact area with the sample. Unlike solution-phase
chemistry, reaction zones in solid + solid mechanochemistry
are limited to regions of the sample that are mechanically ex-
cited by the milling ball. Hence, an increase in milling ball

This journal is © The Royal Society of Chemistry 2019
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surface area increases the proportion of sample being acti-
vated at each impact. One can liken this effect to milling ex-
periments in which multiple milling balls are used. In such
cases, an increase in reaction rate is not the result of increas-
ing the energy of a single impact. It instead results from in-
creasing the probability of striking the sample.

All physical and chemical transformations are limited in
some way by collisions. This includes collisions between
reacting molecules or particles to form a reactive contact,
and between this reactive contact and an energy source
(photon, electron, phonon, milling ball, etc.). These condi-
tions must be simultaneously satisfied for a reaction to oc-
cur. This is particularly common in organic mechano-
chemistry, where sufficient thermal energy is often present in
a system to facilitate a reaction. In such cases, the formation
of reactive contacts (i.e. mixing) is limiting and the mechano-
chemical reaction can even take place in the absence of mill-
ing balls.”® In other cases, neither condition is initially met,
and milling is required to achieve both. Thus it becomes very
difficult to determine the mechanism by which a larger mill-
ing ball enhances reaction rate.

Quantitative analysis of a single-phase transformation
suggested that increasing the size of a milling ball was more
intimately related to an increase in its surface area, rather
than the mass itself."® That said, this previous study was also
restricted by simultaneous variation in ball mass and surface
area. It was therefore not possible to distinguish unambigu-
ously between the two effects without specially designed
experiments.

In this communication we report the results of a model
study with specially designed and manufactured balls that
differ in mass, but not in size. In addition, a series of milling
balls were also manufactured that differ in size, but not in
mass. Thus in this way, it may be possible to distinguish be-
tween the two potential modes of action of a milling ball. An
easy way to produce such balls is to prepare them from dif-
ferent materials with different densities. However, this intro-
duces an additional variable: the influence of material prop-
erties on mechanochemical reactions. While this effect is not
expected to be universal, it has been documented in a num-
ber of organic and organometallic reactions.>”>*

To exclude this effect, we have therefore also prepared
“composite” milling balls, whose outer layers (i.e. those in
contact with the sample) are composed of the same material
(nylon and polyurethane), with the internal layer composed
of varying quantities of lead. For comparison, we have also
used balls having the same size (different mass), and of the
same mass (different size) made of different materials.

As a case study, we investigate the ball-milling of a stoi-
chiometric mixture of powdered theophylline + nicotinamide,
Fig. 1. This system was chosen as the cocrystal is known to
form readily upon mechanochemical treatment.**~** Further-
more, this multi-component system represents the large ma-
jority of mechanochemical cocrystallistaion experiments that
are currently reported in literature. Theophylline-nicotin-
amide mixtures are also known to cocrystallise during storage
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Fig. 1 Schematic representation of the molecular structures of (A)
theophylline and (B) nicotinamide.

in high-humidity environments.*® The contacts between com-
ponent particles can thus be expected to be critically impor-
tant for this cocrystallisation, as has been observed in other
moisture-mediated mechanochemical reactions.*’

Experimental
Materials

Theophylline (Sigma-Aldrich, anhydrous, >99%) and nicotin-
amide (Fluka, 98.5%) were used as supplied, without further
purification. Liquid assisted grinding (LAG) was performed
using ethanol (distilled, 96%). X-ray powder diffraction of the
pure components verified these solid phases to be ortho-
rhombic theophylline (P2,/n; form II) and nicotinamide.

Ball milling

Ball milling was performed at room temperature in a Retsch
Cryomill equipped with 5 ml milling jars (internal diameter
12 mm, internal length 44.6 mm), at vibration frequency of
25 Hz. The variety of milling balls used in this study is sum-
marized in Table 1. The composite balls (CB) were generated
from polyurethane or nylon balls, loaded with lead cores. All
samples contained 180 mg of theophylline and 122 mg of
nicotinamide (1 mmol of each reactant), a droplet of ca. 10
uL of ethanol was added to each reaction mixture before mill-
ing. Each experiment was performed in duplicate, on differ-
ent days (once in summer and once in autumn), to ensure

Table 1 Characteristics of the milling balls used in this study, along with
their identifying codes used for discussion (PU = polyurethane)

Material Mass/g Diameter/mm
B1 Brass 0.50 4.7
B2 Brass 1.13 6.4
B3 Brass 3.80 9.5
B4 Aluminium 0.13 4.7
B5 Aluminium 0.36 6.4
B6 Aluminium 0.72 8.0
B7 PTFE 0.12 4.7
B8 PTFE 0.30 6.4
B9 PTFE 1.00 9.5
B10 Nylon 0.06 4.7
B11 Nylon 0.15 6.4
B12 Nylon 0.50 9.5
B13 PU 0.20 6.8
CB1 PU 0.40 6.8
CB2 Nylon 0.50 6.4
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qualitative reproducibility. Seemingly anomalous experiments
with nylon milling balls were performed in triplicate.

Characterisation

All solid samples were characterised by X-ray powder diffrac-
tion (XRPD) using a STOE-MP diffractometer. The diffractom-
eter was equipped with a Cu anode (K,; = 1.54056 A) and a
bent Ge(111) monochromator.

Results and discussion

Same material, different size/mass

We begin discussion by exemplifying the standard approach
used in mechanochemical literature.'**®> That is, we monitor
ex situ the evolution of mechanochemical co-crystallisation
using milling balls composed of the same material, but hav-
ing different diameter and mass. In the ordering of decreas-
ing mass, the selected milling balls are composed of brass,
aluminium, polytetrafluoroethylene (PTFE), and nylon.

Formation of the cocrystal can be qualitatively monitored
by considering the major peaks associated with the reactant
and product phases between d-spacings of 6-10 A, Fig. 2. The
product phase exhibits dominant reflections at 6.57 A, corre-
sponding to the (022) and (013) Bragg planes, as well as the
(021) plane at a d-spacing 7.75 A. The reactant phases instead
exhibit their dominant reflections at d-spacings of 5.99 A
(nicotinamide (120) plane) and 6.96 A (theophylline (201)
plane).

When milling is performed with the heaviest milling balls
(brass, B1-B3), the reaction appears to go to completion
within 30 min, regardless of which ball is chosen, Fig. 3. In
fact, experiments with B3 were found to be complete in ap-
proximately 10 min (only trace quantities of reactant remain).
In contrast, experiments with B2 contain large quantities of
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Fig. 2 Simulated X-ray powder diffraction patterns for the three crys-

talline phases under investigation. The Bragg plane miller indices are
indicated for the well resolved reflections in each phase.
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Fig. 3 Powder X-ray diffraction patterns for the mechanochemical
synthesis of theophylline-nicotinamide cocrystal by LAG with EtOH.
Data are shown for metal milling balls, constructed from either brass
(B1-3) or aluminium (B4-6).

residual reactant after 10 min treatment, but reach comple-
tion within 20 min milling. Experiments with B1 contain only
small quantities of product after 10 minutes, and reach com-
pletion within approximately 30 min milling. However, trace
quantities of reactant remain after 30 min milling with B1.
However, notable rheological changes were observed. Sam-
ples milled with B1 consisted mostly of freely-flowing pow-
der, with small pellets having formed at both ends of the
milling jar and on the surface of the milling ball. As the mill-
ing ball diameter was increased, the amount of free-flowing
powder decreased. Samples milled with B3 were almost fully
pelleted within the milling jar and over the surface of the
milling ball. While this does not appear to adversely affect
the reaction in the present case, the presence of tabletting
and changes in powder rheology have been known to affect
mechanochemical reactions in other systems.'>*!*>

Despite having the same diameter as the brass milling
balls, experiments conducted with lighter aluminium milling

This journal is © The Royal Society of Chemistry 2019
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balls (B4-B6) did noticeably slow the reaction. In contrast to
B3, experiments with B6 induced only slight conversion to
the cocrystal in 10 min, with completion not seen until ap-
proximately 30 min milling. The conversion to cocrystal after
10 min milling with B5 is qualitatively less than with B6, but
again reaches apparent completion within 30 min milling,
Fig. 3. In drastic contrast is the profile obtained using the
smallest milling ball. Only trace quantities of the product
phase are visible after 10 min, with limited conversion to the
product phase obtained after 30 minutes of milling. Further
work is required to determine whether the small ball is capa-
ble of driving the reaction to completion given sufficient
time, or if the energy imparted by this milling ball is below
the critical threshold required to ensure mixing of reactant
throughout the entire process.

Milling balls constructed from synthetic polymer, PTFE,
have approximately the same mass as the aluminium. We
first note that the largest PTFE ball available (B9) was slightly
larger than the large aluminium milling ball (B6), and hence
weighed slightly more. It is therefore not surprising to find
that a qualitative comparison of the reaction rate suggests
the PTFE-induced cocrystallisation to occur slightly more
quickly than the aluminium experiments, Fig. 4. However, B8
and B7 are effectively the same as the corresponding alumin-
ium balls B5 and B4, respectively. Overall, B7-8 are found to
behave in a similar manner to B4-5, suggesting that the ma-
terial choice has little consequence in this case.

The case of nylon balls seems anomalous with respect to
the trend observed across the other three systems, Fig. 4. De-
spite being notably lighter than all other milling balls tested,
the nylon-induced reaction appears to proceed much faster
than the aluminium and PTFE examples. This anomalous ef-
fect is not yet understood. Both PTFE and nylon are known
to develop static charges (although opposite charges) when
sheared, and thus this is unlikely to be the dominating effect,
unless the reaction is sensitive to a particular charge. Instead,
we suggest the enhanced effect of nylon may be due to its
sorption of EtOH.** Hence, impact of reactant powder with
the nylon ball would introduce EtOH at every impact. While
further work is required to elucidate this obscurity, it is clear
that the choice of milling ball material can have an appar-
ently drastic consequence on the rate of the reaction.

Experiments conducted with B1, B5, B8 and B12 are all
performed with milling balls with effectively identical mass.
However, while B5 (aluminium) and B8 (PTFE) both have di-
ameter 6.4 mm, B1 (brass) has diameter 4.7 mm and B12 (ny-
lon) has a diameter of 9.5 mm. If the XRPD patterns are com-
pared after only 10 min milling, the lightest ball, B12,
appears to have the largest amount of product phase present
in the mixture. However, we stress that nylon appears to be
anomalous in its ability to facilitate the LAG process reported
here. As the experiment progresses to 30 min milling, the
heaviest balls, B1 and B5, contain the largest amount of prod-
uct phase. In fact, despite leading to the most rapid initial re-
action rate, the milling reaction performed with B12 is least
complete after 30 minutes.

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Powder X-ray diffraction patterns for the mechanochemical
synthesis of theophylline-nicotinamide cocrystal by LAG with EtOH.
Data are shown for metal milling balls, constructed from either PTFE
(B7-9) or nylon (B10-12).

Independent variation of milling ball parameters: size or
mass

In an attempt to eliminate the effects of milling ball material
on reaction rate, two further experiments were conducted
using composite milling balls. Unfortunately, the composi-
tion of these milling balls was restricted to machinability. A
lead core was added to a nylon milling ball of size B11, in-
creasing its mass from 0.15 g to 0.50 g (i.e. the same mass as
B12). Hence, comparison of experiments conducted with B11
and CB2 offers a means to investigate the relative effect of
two milling balls with the same size and material, but differ-
ent mass. Milling experiments conducted with CB2 (i.e. B11
with incorporated Pb weight) does lead to a more rapid

CrysttngComm, 2019, 21, 2174-2179 | 2177
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conversion than the unaltered B11 experiments (see Fig. 5
compared to Fig. 4). Importantly, however, despite having the
same mass, CB2 induced mechanochemical transformation
substantially slower than B12 (i.e. the largest diameter nylon
milling ball). This thus demonstrates that the impact mass is
not the only factor that must be considered when investigat-
ing mechanochemical experiments. The explanation for this
is rather straightforward, although it is often overlooked. As
with any chemical or physical transformation, excess energy
is required. In mechanochemical experiments, this excitation
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Fig. 5 Comparison of (top) nylon milling balls, having the same mass,
but with different diameters. The pure nylon ball corresponds to B12,
with nylon + Pb describing CB2. (bottom) polyurethane (PU) milling
balls, with same diameter but different mass. The higher mass ball
includes a Pb core (PU + Pb).
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energy is pulsed, and occurs at the site of impact between re-
actant and milling ball. Hence, larger milling balls activate a
larger quantity of powder at any given impact.

In a second study, a milling ball was constructed from
polyurethane (CB1), and compared to a pure polyurethane
ball (B13). These were constructed so as to produce two mill-
ing balls composed of the same material, with the same di-
ameter, but with different mass. As expected from the previ-
ous discussion, the larger impact energy does indeed lead to
a considerably faster reaction rate than the lighter PU ball,
Fig. 5. An interpretation for this phenomenon is somewhat
less trivial than that offered for larger milling ball diameter.
However, an explanation likely rests in a description for the
depth of activation of the powder or heat generation (and
hence quantity of powder activated). Both of these phenom-
ena depend on the kinetic energy of the milling ball, and
hence upon its mass.

Conclusions

The ‘excitation energy’ involved in mechanochemical experi-
ments is pulsed, and distributed unequally across the sample
as a function of time. This stems from the stochasticity of
milling ball motion within a milling jar. Attempts at correlat-
ing milling ball characteristics with reaction rate have often
been ascribed to fluid phase concepts, correlating only the ex-
citation energy (i.e. milling ball kinetic energy) to reaction
rate. In the present study, we present a qualitative investiga-
tion of the relative rates of mechano-cocrystallisation of the-
ophylline + nicotinamide under LAG conditions. The reaction
was followed using milling balls made from four different
materials, namely brass, aluminium, PTFE and nylon. Each
milling ball was available in three sizes, differing simulta-
neously in diameter and mass. As expected from literature,
the larger (and simultaneously heavier) milling balls led to
more rapid transformation. The only exception was nylon
which, despite being the lightest, exhibited the second
highest reaction rate. This clearly demonstrates that, in addi-
tion to physical dimensions of the milling ball, its material
composition can also be important. To separate ball diameter
and ball mass, composite milling balls were constructed. By
analysing the relative rate of reaction induced by two nylon
balls, each with the same mass but different diameter, it was
clearly observed that the larger milling ball led to much
faster reaction rate. This is likely due to the increased quan-
tity of powder that is activated upon each impact. A second
set of composite balls composed of polyurethane were also
investigated. These milling balls had the same diameter, but
different mass. The heavier of the two milling balls led to
faster reaction rate in this case. The interpretation for this ef-
fect is less trivial, but likely stems from deeper penetration
into the powder sample, or generation of larger quantities of
heat upon impact. Both of these factors depend on the ki-
netic energy and hence mass of the milling ball.

It is therefore evident that both diameter and ball mass play
a crucial role in determining the rate of a mechanochemical

This journal is © The Royal Society of Chemistry 2019
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reaction. Both factors must be considered when designing and
interpreting mechanochemical reactions.
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