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Mechanochemical reactions often result in 100% yields of single products, making purifying procedures
obsolete. Mechanochemistry is also a sustainable and eco-friendly method. The ever increasing interest

in this method is contrasted by a lack in mechanistic understanding of the mechanochemical reactivity

and selectivity. Recent in situ investigations provided direct insight into formation pathways. However,
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the currently available theories do not predict temperature T as an influential factor. Here, we report the
first determination of an apparent activation energy for a mechanochemical reaction. In a temperature-
dependent in situ study the cocrystallisation of ibuprofen and nicotinamide was investigated as a model

system. These experiments provide a pivotal step towards a comprehensive understanding of milling

www.rsc.org/pccp reaction mechanisms.

Mechanochemistry is one of the oldest synthesis methods. The
roots can be traced back into the 4th century B.C., where
mercury was gained by grinding cinnabar with acetic acid." In
the 19th century, mechanochemistry was established by the
work of Carey Lea who showed that grinding reactions can yield
products different from the outcome of thermally activated
reactions.”>® Based on the four different energetic activation
possibilities, Ostwald later classified mechanochemistry as one
of the four sub-disciplines of physical chemistry next to electro-
chemistry, photochemistty, and thermochemistry.* In recent years,
mechanochemical reactions have found an ever growing range of
applications, mainly by providing an eco-friendly alternative to
more solvent and energy consuming reaction pathways.’™°
Besides pure neat grinding, the variability of the method can
be tremendously enhanced by addition of just a small amount
of liquids (liquid assisted grinding, LAG), ionic liquids (ionic
liquid assisted grinding, ILAG), or polymers (polymer assisted
grinding POLAG)."'™*? Extensive solvent-screenings in the LAG
process can lead to polymorphic compounds or new products."*™"”
With the increasing use of mechanochemistry there is an increasing
need to understand the mechanisms of mechanochemical reactions.
Mechanical activation provokes mass transport processes different
from those working under thermal activation, resulting in different
physical and chemical behaviour of solids.'® Theoretical approaches
like the magma plasma theory and the hot spot theory emphasise
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the occurrence of steep local temperature rises which initiates
the mechanochemical conversion.">?® A generally applicable
theory on mechanochemical mechanisms is yet not available.
Studies of grinding reactions suggest that the processes cannot
be described by a universal mechanism. The interplay and
entanglement of different mechanisms have to be considered
with respect to the nature of the reactants (inorganic, metalorganic,
or organic). Molecular diffusion, eutectic formation, and crystal-
lization mediated by an amorphous phase are primarily discussed
for the mechanosynthesis of organic compounds.>'** Certainly,
experimental evidence is needed for a profound understanding of
underlying mechanisms. From the experimental side, ex situ
investigations were performed in first attempts to elucidate
mechanistic pathways. Small amounts of sample were extracted
from the reaction jar and immediately investigated using
Raman spectroscopy or powder X-ray diffraction (XRD)."7**"*7
XRD is a central method utilized to study formation of crystalline
solids, phase transitions, and polymorphic interconversions in
real time. A prerequisite for XRD is the existence of a crystalline
solid consisting of several unit cells, typically more than ten per
edge. In order to elucidate the structure of transient crystalline
or amorphous intermediates, additional techniques are required
to monitor their existence. Raman spectroscopy allows in situ
monitoring of crystal formation, amorphous stages, and of the
transformation from one polymorph into another one. These
pioneering experiments provided valuable mechanistic insights.
The formation of intermediates and stepwise processes were
monitored and the reaction rates were evaluated. However, it
became clear that ex situ studies have limitations. Depending on
the time-steps chosen for sampling, transient phases might be
missed, and interrupted reactions could result in products
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different from those in continuous milling reactions, but in general
have severe limitations.”®*° Very recently, in situ investigations
of mechanochemical milling reactions have been introduced.
Synchrotron X-ray diffraction and Raman spectroscopy and a
tandem combination thereof were employed to obtain previously
inaccessible data on milling reactions.**** Without interrupting
the milling process, a real-time characterization of crystalline
solids including transformations, intermediates, and the occurrence
of amorphous phases is possible. These in situ investigations
circumvent the restrictions of a stepwise analysis. Fundamental
information such as reaction mechanisms and pathways were
available using the in situ methodology.*> *°

This methodology paves the way for kinetic investigations of
mechanochemical reactions. Previous studies state that the
kinetics of mechanochemically activated processes is governed
not by time (as in classical kinetics) but by the total number of
collisions.*'™** In connection to that it is discussed that the
mechanochemical activation energy is the minimum of mechanical
energy input to activate the transformation process.'® However,
many mysteries related to the mechanochemical reactivity still
wait for their discovery. Among those are the very nature of the
mechanochemical activation itself, the impact of temperature
on the reactivity, and the interplay between input energy and
frictional heating.**™*’ Important information remains elusive:
the temperature-dependence of reaction rates and the determi-
nation of the activation energy.

To acquire these data, we developed a coolable grinding jar
for precisely adjusting the temperature during milling allowing
temperature-dependent in situ analyses using Raman spectro-
scopy. The subpart of the vessel consists of a stainless steel jar,
fused with a cooling coil. The temperature can be adjusted
tuning the pressure of the cooling nitrogen stream. A thermo-
couple connected to the grinding jar records the temperature
during the milling process. Any temperature fluctuation is
compensated by adjusting the pressure of the nitrogen stream.
The temperature can be kept constant within £1 K. The top
part of the jar consists of a transparent Macrolon hemisphere.
This material has sufficient mechanical strength and is transparent
for enabling in situ Raman measurements. The cocrystallisation
of ibuprofen and nicotinamide was chosen as a model system.
Cocrystals are stoichiometric two- or more-component crystal-
line phases of neutral molecules stabilized via intermolecular
interactions including halogen bonds, hydrogen bonds, and
n-n-stacking.*®*° Cocrystallisation of a distinct compound with
an appropriate coformer can change its physicochemical properties
without altering its chemical effect.>* > Nowadays, mechano-
chemistry is an established synthesis method for cocrystals. The
cocrystallisation of ibuprofen (ibu) and nicotinamide (na) is a
suitable model system for in situ investigations using Raman
spectroscopy (see Fig. 1.). The ibu:na cocrystal was thoroughly
characterized and can be obtained either by liquid assisted
grinding (LAG) or neat grinding.>**> The Raman spectra of the
reactants and the cocrystal are shown in Fig. 2. The Raman
bands selected for the temperature-dependent milling analysis
were chosen carefully to avoid superimposition of the spectra of
the reaction compounds among each other and with those of the
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Fig.1 For the cocrystallisation ibu and na were ground together for
40 min at 50 Hz in a conventional vibration mill.

Macrolon jar (Fig. S10, ESIt). In the spectrum of ibu the most
suitable signals occur at 784 cm ™' and 820 cm™ " attributed to
the deformation of the carbonyl group and the C-H bending
vibration of the aromatic ring.>® Two characteristic absorption
bands can be identified for the coformer na. The intensive
Raman band at 1042 cm ™" is associated with the stretching within
the aromatic ring. The second absorption band at 1391 cm ™" is
attributed to the stretching mode between the carbonyl carbon
atom and the nitrogen atom of the amino group.”” The reaction
rate of the cocrystal formation was investigated at six different
temperatures: 282 K, 286 K, 290 K, 294 K, 298 K, and 302 K. The
reactants, the jar, and the milling balls were pre-cooled ensuring
the requested experiment temperature directly from the start of the
experiment. The neat grinding process was performed for 40 min at
50 Hz in a commercial vibration mill (Pulverisette 23, Fritsch,
Germany). During the reaction no intermediates could be observed.

The Raman spectra were recorded with an acquisition time
of 5 s and 5 accumulations during grinding. A schematic
presentation of the setup is depicted in Fig. 3. Plotting the
Raman intensities of the absorption bands at 784 cm™*, 820 cm™ %,
1042 cm ', and 1391 em ™" according to a first-order reaction leads
to a linear fit as depicted in Fig. 4a. The obtained temperature-
dependent reaction rate constants are depicted in Fig. 4b and
summarized in Table S1 (ESIt).

All rate constants reveal similar values at the same temperature.
As expected, the absolute values of the rate constants increase
with higher temperatures. Therefore, it can be assumed that the
mechanochemical synthesis of the ibu:na cocrystal follows the

Ey

Arrhenius law k = de (RT)**° Here, A represents a pre-
exponential factor, which is connected to the number of colli-
sions per time in the reaction, E, describes the activation energy
of the reaction and R is the universal gas constant. Collisions in
the grinding jar lead to local temperature increase. Therefore,
the experimentally adjusted temperatures of the grinding jar
have to be regarded as nominal. For the evaluation based on the
Arrhenius law the exact temperature values can be neglected and
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Fig. 2 In situ investigation of a mechanochemical synthesis under con-

trolled temperature. (@) Raman spectra of the ibu:na cocrystal (black)
and the reactants ibu (red) and na (blue). (b) Time-resolved investigation
of the reaction process followed by the decrease of the Raman band of the
reactant ibu (820 cm™?, violet) and the increase of the Raman band of the
product (797 cm™2, dark red) at T = 286 K. (c) The time-resolved change of
Raman intensities of selected absorption bands of ibu (784 cm™, light blue
and 820 cm™?, violet) and na (1042 cm™, orange and 1391 cm™2, green)
during the milling process.

the slope of the rate has to be considered. Based on the
Arrhenius plot (Fig. S12, eqn (S2), ESIT) the activation energy
of the mechanochemical cocrystallisation of ibu with na amounts
to 15 & 6 k] mol . Since the local temperatures within the jar
cannot be controlled, the definition of an exact activation energy is
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Fig. 3 Schematic of the real-time and in situ monitoring of a mechano-
chemical reaction using Raman spectroscopy.
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Fig. 4 (a) Plot of the Raman intensities according to a first-order reaction

of the absorption band at 1042 cm™ during the mechanochemical
cocrystallisation of ibu with na at 286 K. (b) Determined rate constants
as a function of temperature of the mechanochemical ibu:na cocrystal
syntheses.

difficult. Therefore, we refer to the experimental value as the
apparent activation energy of the process. The low obtained activa-
tion barrier is a consequence of the reaction pathway. During
cocrystallisation no chemical bonds have to be broken in order
to form the new compound. After cocrystallisation, the na mole-
cules form a R,*(8)-homodimer, which is extended via hydrogen

This journal is © the Owner Societies 2016
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Fig. 5 Schematic presentation of the determined apparent activation energy (red line at 15 kJ mol™?) in the context of binding energies of relevant

intermolecular forces.

bonds between the amino group of na and the carbonyl oxygen
atoms of two ibu molecules. Additionally, the basic pyridine
nitrogen atom of na interacts with the acidic oxygen atom of the
carboxylic acid group of ibu. All interactions have to be formed in
the cocrystallisation process, whereas all hydrogen bonds in the
reactant species have to be broken. Typically, hydrogen bonds have
bond energies between 4 and 30 kJ mol~".°" Karki showed that the
R,’(8)homodimer of suberic acid has a calculated formation
enthalpy of 15 k] mol *.>* Based on the similar carbon backbone,
it can be suggested that the formation enthalpy of the homodimer
of ibu attains a similar value. In na, the synthon consists of only
one hydrogen bond leading to the assumption that these inter-
actions reveal a lower formation enthalpy. Comparing theoretical
calculations with our experimental study, it can be concluded that
the experimental determination of the apparent activation energy
of the mechanochemical cocrystallisation leads to a reasonable
value (see Fig. 5).

The existence of a thermally induced rate-determining step
in the mechanochemical reaction is surprising. It shows clearly
that the mechanochemical cocrystallisation combines mechano-
chemical activation with a thermochemical crystallisation process.
Previous studies revealed that the mechanochemical cocrystallisa-
tion proceeds via a non-crystalline step such as an amorphous
state, a eutectic, or a vapour phase.®® In the case of ibu and na
the reaction via an amorphous intermediate is most probable.
The cooled reaction conditions and the vapour pressure of the
reactants exclude both other possibilities. Based on the results of
this study, it can be assumed that the mechanical treatment
of the reactants leads to an activation of the reaction through
amor-phization. The thermally induced rate-determining step is
the crystallization from the amorphous, activated intermediate. In
the amorphous intermediate the interactions of the reactant
molecules partially persist. These interactions have to be broken
before the crystallization can proceed. Although this second step
proceeds under thermochemical conditions, it is only possible

This journal is © the Owner Societies 2016

through a mechanical activation. Therefore, this reaction step also
belongs to mechanochemistry. Based on these results, we believe
that more mechanochemical reactions as expected contain the
described two steps of mechanical activation and thermochemical
reaction.

Conclusion and outlook

The detailed nature in which chemistry is induced by the
application of external mechanochemical forces can be understood
by following a straightforward strategy. A first crucial step is the
choice of a suitable model system. Secondly, combining the model
system with a perfectly fitting in situ method reveals the secrets
behind the mechanism and renders it transparent. Thirdly, by
exploring the full parameter space, it is possible to falsify, verify, or
extend the currently available models for interpreting mechano-
chemical reactions. The main approaches, including the magma-
plasma and the hot-spot theory, do not consider the activation
energy as a crucial factor. Here, the neat grinding synthesis of
the ibuprofen:nicotinamide cocrystal in a ball mill was chosen
as a model system. In situ Raman spectroscopy was selected as
the analytical method, providing all the necessary structural
information. The experiments were carried out in a coolable
grinding jar allowing direct in situ Raman spectroscopic inves-
tigations. Determining the temperature-dependent cocrystalli-
sation rate constants lead to an apparent activation energy of
15 £ 6 k] mol ™ *. For the first time, the activation barrier of a
mechanochemically induced reaction was determined based
on in situ Raman spectroscopy experiments. The benefits of
temperature-dependent Raman studies are twofold: (i) yield
curves of reactants and products can be recorded in situ, and
(ii) fitting of kinetic models for various temperature deliver the
quantitative value for the activation energy. We conclude that
the recent development provides a first access to the influence
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of the ambient temperature on a milling reaction. The experimental
layout is applicable for various types of milling reactions, including
inorganic, metalorganic, and organic reactants. But these
results lead not only to insights of mechanochemical reactions.
This new knowledge will also affect other mechano-processes
as dynamic condensation of DNA by compression-expansion
processes or mechano-responsive luminescence.®>** We fore-
see remarkable new mechanistic insights for the old method
mechanochemistry.

Experimental section
Experimental detail

Ibuprofen, C;3H;50,, (99%, Alfa Aesar, Germany) and nicotinamide,
CeHeN,O, (=>99.5%, Sigma Aldrich, Germany) were purchased
commercially and were used without further purification. Grinding
was performed for all reactions (LAG and neat grinding) at 50 Hz for
40 min in a vibration mill (Pulverisette 23, Fritsch, Germany). In
a typical experiment the coolable stainless-steel jar subpart of an
10 mL vessel was pre-tempered with two steel balls of 10 mm
diameter and 4 g in mass. Afterwards, the pre-tempered reactants
were added in a stoichiometric ratio of 1: 1 into the vessel for a total
load of 1 g (0.6281 g ibuprofen and 0.3719 g nicotinamide). The
vessel was directly sealed with a Makrolon top part. The nitrogen
stream was turned on 30 s before milling in order to reach the
required temperature quickly after starting the milling process. The
temperature of the jar was controlled in the range of +£1 K by
adjusting the nitrogen stream. The experiments were conducted at
the following temperatures: 282 K, 286 K, 290 K, 294 K, 298 K, and
302 K. Each individual data point was multiply repeated.

Raman spectroscopy

Raman measurements were performed using a Raman RXN1™
Analyser (Kaiser Optical Systems, France). The spectra were
collected using a contactless probe head (working distance 6.0 cm,
spot size 1.0 mm). Raman spectra were recorded with an acquisition
time of 5 s and 5 accumulations. NIR excitation radiation at
2 =785 nm and an irradiation of 6.6 W cm > were performed.

Powder X-ray diffraction (PXRD)

The milling synthesis of the ibu:na cocrystal was verified by
PXRD (Fig. S1, ESIf). All PXRD experiments were carried out
using a D8 diffractometer (Bruker AXS, Karlsruhe, Germany) in
transmission geometry (Cu-K,; radiation, 4 = 1.54056 A).
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