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Operando acoustic analysis: a valuable method for
investigating reaction mechanisms in
mechanochemistry
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We present a new operando approach for following reactions taking place in mechanochemistry, relying on
the analysis of the evolution of the sound during milling. We show that differences in sound can be directly
correlated to (physico)chemical changes in the reactor, making this technique highly attractive and
complementary to others for monitoring mechanochemical reactions. Most notably, it can provide
unique information on the actual movements of the beads within the milling jars, which opens new
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The growing attention to mechanochemistry has led to an
impressive range of research areas to which this “green”
synthetic method can be applied, ranging from pharmacy to
catalysis as well as crystal engineering or materials science.™?
Although widely used for synthesizing elaborate compounds,
the details of grinding and more specifically of the physical and
chemical mechanisms taking place are still often seen as
unfathomable. In the case of ball-milling, this is mainly due to
the opaque and closed environment of the milling reactors in
which most reactions take place.

In light of the great interest in mechanochemistry, several
research groups have thus strongly focused their attention on
developing in situ as well as operando analytical methods in
order to monitor reactions and observe evolutions in the
structure, crystallinity and/or texture of compounds involved
during the milling processes.*® Except for temperature, these
methods usually require the use of transparent reactor mate-
rials (for Raman or X-ray diffraction monitoring, for example),**
or the adaptation of the geometry and size of the reactor itself
(in particular in the case of NMR analyses).'*** However, several
studies have shown that the kinetics and/or reaction mecha-
nisms in ball-milling can be greatly affected by the size and
materials composing the reactor and beads, meaning that the
latter methods cannot be readily applied to different reactions
without re-investigating the synthetic conditions.'”'® Hence,
developing new operando approaches allowing the evolution of
reaction media to be followed, but without requiring any
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avenues for helping rationalize mechanochemical processes.

modification of the initial set of experimental parameters,
would be greatly beneficial for the mechanochemistry
community.

Several mechanical behaviours involving the beads and
reactors have been shown to come into play during a ball-mill
synthesis.”®>* The reacting particles undergo direct impacts
from the beads, as well as shearing forces, which both can lead
to particle size reduction and the creation of “fresh reactive
surfaces”, and thereby enable the chemical reactions to take
place. Moreover, under some milling conditions, specific
trajectories of the beads have also been identified, such as their
direct back and forth movements from one wall of the reactor to
another, or their rolling along the sides of the milling reactor.
Such processes are generally difficult to predict, and depend on
numerous experimental parameters such as the type of beads
(size, number and material), the type of reactors (volume,
geometry, and material), the milling parameters (frequency,
time), not to mention the type of movements imposed to the
reactors by the mill (e.g., planetary, oscillating vertically or
horizontally), but also the physical and chemical properties of
the milled reagents. Various sounds can sometimes be noticed
during the milling of compounds, which attest of changes in the
beads' motions in the reactor. Yet, although a few previous
attempts to follow the sound during ball-milling experiments
had been reported, notably in 2004 by Cuadrado-Laborde
et al.,”® to the best of our knowledge, only sounds resulting
from the impact of a bead on the reactor were identified and
analysed. No systematic investigation was made at the time on
how the sound recorded could inform on other movements of
the bead (aside from the simple impact), nor, more importantly,
on how it could be used to directly follow different physico-
chemical changes occurring in the milling reactors.”® In this
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context, we decided to record the sound produced by a vertical
mixer mill upon milling, in order to try to decipher the acoustic
variations arising from different movements of the beads, and
how they can be related to changes in the composition or
physico-chemical properties of the medium. Moreover, as
detailed below, we investigated how this method compares to
other known operando techniques, i.e. Raman spectroscopy and
temperature measurements, for following reaction mechanisms
taking place during ball-milling (see Fig. 1).

As a first system of study, we decided to follow the mecha-
nochemical formation of a 1:1 cocrystal of terephthalic acid
(H,BDC) and 1,4-diazabicyclo[2.2.2]octane (DABCO) (see
Fig. 2a). The sound was recorded through the use of a micro-
phone situated close to the milling reactor. This recording was
then used to generate an audio-frequency spectrogram (AF
spectrogram), which allows the Fourier transform of the signal
to be monitored as a function of time, and different sound
harmonics to be observed. In parallel to the sound recording,
Raman analyses and temperature measurements were also
carried out to follow the evolution of the reaction medium
(Fig. 1). These three operando methods were adapted to
a vertical mixer mill (Pulverisette 23, Fritsch) using a Perspex
reactor with two ZrO, beads (& 10 mm). Here, the experiments
were conducted at a frequency of 50 Hz with a reaction time of
60 min, for a total mass of reactants ~500 mg (see ESIT for more
details).

During the mechanochemical formation of the H,BDC-
DABCO cocrystal (Fig. 2a),** various sounds were noticed.
Careful analysis of the AF spectrogram revealed contrasts in
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Fig. 1 Top: schematic representation of the set-up used for the
operando monitoring of mechanochemical reactions, using the
combination of Raman spectroscopy, thermal imaging, and the
recording of an AF spectrogram. Bottom: photo of the instrumental
set-up used in this work.
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signal intensity in the 105-145 Hz and 145-155 Hz regions (see
Fig. S3bt), i.e. close to the 3™ harmonic of the milling frequency
(50 Hz in this case). Notably, the acoustic intensity between 145
and 155 Hz was found to significantly increase between ~1000
and 1500 s of milling (Fig. 2b, red shaded zone). This experi-
mental observation could be reproduced in the same time-
frame by repeating the experiment (see Fig. S47). Interest-
ingly, when looking at the measurements recorded using the
other operando methods, an increase of the reactor's tempera-
ture by about 10-12 °C was simultaneously observed using the
thermal imaging camera (Fig. 2b). Moreover, the Raman spectra
recorded over the same period of time also revealed shifts in the
DABCO and H,BDC vibration bands (Fig. 2b). Hence, these first
results suggest that changes in sound can be directly correlated
to chemical reactions occurring in the reactor.

Further analysis of the Raman spectra was performed
(Fig. S5%), focusing notably on the zone between 950 and
1050 cm™}, in which the DABCO vgc/wcn, vibration bands
appear.” The latter vibration mode was first found to shift from
970.8 cm™ " to 984.3 cm ™" after ~1000 s of milling, and then to
further shift to 1013.5 cm ™" (after ca. 500 s), which corresponds
to the vibration frequency expected for the final cocrystal
(Fig. 2b). Although the exact nature of the intermediate has not
yet been unambiguously identified, it can be tentatively
assigned to an {H,BDC-DABCO} species, in which only one of
the nitrogen atoms of DABCO becomes protonated (based on
the shift observed in Raman spectroscopy),* leading to a single
N-H---O hydrogen-bonding motif (in contrast with the final
cocrystal which contains two). Remarkably, the previously
noticed variation of sound around 150 Hz (3™ harmonic)
happens precisely during the short lifespan of this interme-
diate, i.e. between ~1000 and 1500 s. To the best of our
knowledge, it is the first time that evidence of the presence of
reaction intermediates in mechanochemistry is accounted for
by analysing the sound occurring during the milling.

In order to help rationalize the origin of the changes in
sound during the formation of the intermediate, the move-
ments of the beads across the transparent Perspex milling
reactors were visualized using a digital camera. In doing so, it
was found that when the intermediate appears (thus when the
intensity of the sound is maximum in the 145-155 Hz frequency
range, i.e. in the red-shaded area on Fig. 2b), the beads undergo
a rolling type of movement on the wall of the reactor. Such
motion can be opposed to the erratic impact of the beads which
occurs during most of the remaining time, and can be identified
here on the AF spectrogram by the more intense inharmonic
signals between 105 and 145 Hz (see ESI Fig. S37). It is possible
that the predominance of rolling between 1000 and 1500 s may
be caused by the significant changes in texture of the medium
upon formation of the intermediate. More generally speaking,
to the best of our knowledge, it is the first time that an acoustic
signature characteristic of rolling events in mechanochemistry
is identified through sound measurements.

Beyond the possibility of directly observing the formation
and/or disappearance of a reaction intermediate, we also found
that the analysis of the AF spectrogram actually helps under-
stand deeper some of the details of the data recorded using
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Fig. 2 (a) Dry milling reaction between H,BDC (1.0 eq) and DABCO (1

.0 eq) during 60 min at 50 Hz, inducing the formation of a cocrystal (see

Fig. S1 and S21 for ex situ pXRD and Raman analyses of the cocrystal). (b). Left: intensity of the 3" harmonic of the AF spectrogram as a function of
time, obtained by integration between 145 and 155 Hz. Centre: temperature profile of the reactor during the milling reaction presented in (a).
Right: time-resolved operando Raman spectra for a selected area (between 950 and 1050 cm™Y); the intensity scale goes from low (blue) to high
(red and then white). The red shaded rectangle emphasizes the presence of the intermediate species, while purple ones highlight the erratic

rolling motions.

Raman spectroscopy and the thermal imaging camera. For this
reaction system, the “rolling” vs. “impact” sound signatures
were found to largely appear in specific regions, as illustrated in
Fig. S6.T7 Indeed, the impact is appearing in the 105-145 Hz
region, while rolling is visible in the 145-155 Hz one. Yet,
interestingly, the signature characteristic of rolling motions was
observed not only during the life-span of the intermediate, but
also intermittently before and after its appearance (see for
example the purple-shaded rectangles in Fig. 2b), with a simul-
taneous decrease in the Raman signals intensities and increase
in temperature. Concerning the Raman data, this can be
explained by the fact that when rolling occurs, the beads are
more likely to remove the powder from the point of focus of the
Raman laser, implying that less compound is then analysed
during the Raman acquisition time, hence the decrease in
signal intensity. Regarding temperature, the small increase may
be caused by a more significant frictional heating of the beads
against the reactor's walls during the rolling events.>

Overall, throughout this first example, we have been able to
show how sound modifications can attest of a chemical evolu-
tion of the medium inside the milling reactor in a complemen-
tary way to two other operando techniques (Raman analyses and
thermal imaging measurements), and how they can also explain
some of the smaller features observed during the acquisition of
the operando data (notably when rolling motions occur). In light
of these first results, we decided to study on one hand whether
other changes in the physical aspect of a reaction medium could
be correlated to variations in sound, and on the other hand how

6330 | Chem. Sci, 2022, 13, 6328-6334

sound measurements may actually inform on chemical events
taking place in the milling reactors, in situations when
temperature measurements or Raman operando analyses can be
ambiguous, poorly informative, or not even applicable.

In order to investigate how changes in physical aspect of
areaction medium can be followed through the recording of AF
spectrograms, we decided to study the hydrolysis of SiO,
(initially introduced in the reactor as “fumed silica”), upon
progressive addition of small amounts of water during ball-
milling. Indeed, as shown in Fig. 3, this system appeared to
us as ideal for such investigations, because it goes through
many of the physical states commonly encountered in ball-
milling reactions. First, the medium is under the form of a light
fluffy powder, which upon addition of water forms more
agglomerated particles (leading to a “heavy powder”), which
then further agglomerate and stick to the beads (leading to a so-
called “snow-ball” effect).”®*”?® The subsequent addition of
water enables the medium to re-spread onto the walls of the
reactor (the phase then having the aspect of a “sticky gel” or
“gel”), and finally evolves towards a slurry type of texture. These
changes were thus followed using a similar set-up as for the
study of the H,BDC-DABCO cocrystal (P23 vertical mixer mill
operated at 50 Hz, using a Perspex reactor with two zirconia
beads), and after each addition of water, the milling was per-
formed for 5 minutes. Here, in addition to recording the AF
spectrogram, the changes in temperature of the reactor were
monitored using a thermal-imaging camera, and the move-
ments of the beads inside the reactor were also filmed at

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 (a) Scheme of the hydrolysis of SiO, in a Perspex reactor using two zirconia beads. After each addition of 10 uL of H,O, the mixture was

milled during 5 min at 50 Hz. (b) Sound intensity variation of the 3" harmonic (145-155 Hz) according to the physical state of SiO, upon addition
of H,O. Associated pictures are taken just before the water addition. The red dashed line is given as a guideline to show the differences in sound
intensities for motions which are predominantly impact. The blue arrows indicate the 5 minutes periods of milling when impact motions were
predominant. (c) Temperature profile of the reactor. Blue shaded rectangles emphasize the impact motions regions. The green arrows highlight
the regions which show similar temperature profiles (but different sound signatures). (d) Details of the three different bead motions detected
during the experiment (on the left: pictures of the reactor, on the right: schemes of the beads motion): impact, rolling under snow-ball effect and

rolling.

specific time-points using a digital camera. It is worth noting
that the observations described below were found to be essen-
tially reproducible (see Fig. S7f for comparison of AF
spectrograms).

When looking at the full AF spectrogram, it is clear that it is
around the third harmonic (~150 Hz) that the contrast is the
most significant and the intensity the highest (see Fig. S8 in
ESI} for changes in sound intensity in other spectral regions).
As for the H,BDC-DABCO system, it was found that high
intensity signals around this frequency can attest of rolling-
types of motions, as shown for example by analysing the
results in the zone corresponding to the addition of 180-300 pL
of water, in which the presence of rolling is clearly visible when
visualising the movement of the beads and looking at the aspect
of the medium after opening of the reactor. Concomitantly, the
events with the lowest intensity signals at ~150 Hz (i.e. after
addition of 140 and 170 pL) could be corroborated with more
“impact-like” movements (see blue arrows in Fig. 3b, zone
corresponding to the “sticky gel” aspect of the mixture). These
events were also found to correspond to a simultaneous
increase in signal intensity in the 105-145 Hz region, in line
with previous observations made for the H,BDC-DABCO system
(see Fig. S91). However, it is important to highlight that in the

© 2022 The Author(s). Published by the Royal Society of Chemistry

case of the hydrolysis of silica, a lower intensity signal at
~150 Hz did not systematically correlate with a higher intensity
sound in the 105-145 Hz region (see ESI, Fig. S87), in contrast
with what had been seen previously for the cocrystal (see below
for further discussion). This shows that in order to help inter-
pret the subtleties of the movements of the beads within the
reactor and of the physico—chemical processes taking place, the
investigation of several zones of the AF spectrograms is actually
needed.

When analysing in more detail the overall plot of the changes
in sound intensity around the 3" harmonic as a function of the
amount of water added (Fig. 3), it is clear that the most signif-
icant increase occurs in the zone corresponding to the forma-
tion of the “snow-ball” (i.e. after addition of 90-130 pL of water -
red-shaded zone), when the beads start rolling against the
reactor's walls and accumulating powder at their surface. Most
interestingly, when looking at the movement of the beads in
this regime using a digital camera, a rolling of both beads in
separate zones of the reactor could be observed, as tentatively
illustrated in Fig. 3d. A possible explanation to the related
increase in sound would be that upon the formation of the
snow-balls, the walls of the reactor then become mostly free of
powder, inducing such sound intensification. A contrario, when

Chem. Sci., 2022, 13, 6328-6334 | 6331
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the powder is homogeneously spread over the walls of the
reactor, as is the case upon formation of the “heavy powder”
(zones highlighted in light blue in Fig. 3, which correspond
essentially to rolling motions), the sound intensity is much
more dampened (see Fig. 3, S7 and S97).

The importance of being able to follow the sound during the
milling further appears when comparing the results of the AF
spectrogram analyses to those of the temperature measure-
ments. In several situations, just like for the H,BDC-DABCO
system, the rolling events were found to be associated to
temperature increases inside the milling reactor, as shown in
particular after addition of 150 pL and of 180 to 250 pL of water.
However, changes in sound intensity around 150 Hz did not
systematically correlate in the same way to changes in temper-
ature. For example, while the temperature profiles after addi-
tion of 70 and 110 pL of water were essentially the same (see

View Article Online
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green arrows on Fig. 3c), the sound intensity at ~150 Hz over
that same period of time was very different, in one case corre-
sponding to the milling of a “heavy powder”, while in the other
to a snowball. Such results clearly demonstrate the comple-
mentarity of acoustic and temperature measurements in trying
to decipher the evolution in the physico-chemical properties of
the medium during the milling. Considering the increasing
number of studies in which temperature measurements are
reported,*****® and related to endo- or exothermal chemical
reactions occurring in the milling reactors, being able to take
into consideration that changes in beads motions can also be
correlated to changes in temperature is another important
feature to bear in mind.

Overall, although many other aspects related to the milling
of silica in presence of water would deserve to be investigated,
these results on the hydrolysis of silica clearly highlight that (i)
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Fig. 4 (a) Reaction corresponding to the mechanochemical hydrolysis of activated lauric acid (CH3z—(CH5)1—COOH), which was followed here
using operando analyses. (b) Operando experiments conducted in a Raman laser-transparent Perspex reactor (see picture in the orange
rectangle, left) and in an opaque stainless steel reactor (see picture in the blue rectangle, right) with: temperature profiles of the reactor during
the milling reactions, intensity of the 5™ harmonic of the AF spectrograms as a function of time obtained by an integration between 205 and
245 Hz, and Raman analyses (for the experiment in a Perspex reactor). Dotted red lines are used as visual helps for indicating the completion of
the reaction.
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beyond the identification of rolling or erratic impact move-
ments of the beads, acoustic measurements can attest of other
phenomena occurring in the reactor, such as the formation of
snow-balls (during which a different type of rolling movements
take place), or the evolution of the aspect of the mixture (e.g
formation of a “sticky gel” inducing impact motions); and (ii)
sound measurements are highly complementary to temperature
measurements, as they can bring unique evidence of
phenomena taking place during the milling.

Finally, in order to demonstrate the utility of sound
measurements for the optimization of ball-milling reaction
conditions, we decided to study the hydrolysis of an activated
fatty acid, lauric acid, using this operando method. Indeed,
during our previous work on the 70/*®0 isotopic enrichment of
fatty acids,*"** we had found that for saturated fatty acids, the
hydrolysis time of the activated acyl-imidazole intermediates
had to be systematically optimized by repeating the experiments
with various milling times. Given that this hydrolysis is
accompanied by a change in texture of the reaction medium,
which switches from a powdery aspect to a more oily one, we
suspected that acoustic measurements could be used to deter-
mine the time after which the hydrolysis is complete (Fig. 4a).

Two experimental conditions were compared: the first
hydrolysis experiment was performed in a Perspex reactor with
two zirconia beads (10 mm @) in order to allow the Raman
signals to be recorded, while the second one was performed in
a stainless steel reactor with two stainless steel beads (10 mm
J), and can be seen as a “blind” experiment (as it cannot be
followed by Raman spectroscopy). The changes in sound,
temperature, and, in the former case, in Raman signatures,
during the milling are compared in Fig. 4.

For these milling experiments, carried out at a frequency of
50 Hz, it was found that the highest contrast on the AF spec-
trograms appears close to the 5™ harmonic, and more specifi-
cally in the 205-245 Hz frequency region (see ESI Fig. S10-S127).
For both types of milling reactors, after an initial period during
which significant variations in the sound intensity are observed,
there is a stabilisation of the sound intensity (see dashed red
vertical line in Fig. 4b), suggesting that a final physical state of
the reaction medium has been reached. When looking at the
simultaneous temperature measurements, it appears that this
time also corresponds to the threshold after which no strong
changes in reactor's temperature are noticed. Moreover, when
looking at the operando Raman data recorded for the experi-
ment carried out in a Perspex reactor, it is clear that this
threshold also corresponds to the period after which no further
change in the vibration frequencies occurs, as illustrated by
focusing on the 1100-1200 cm " spectral region. Using ex situ
analyses by FTIR spectroscopy, it was verified that after stabi-
lization of the sound the hydrolysis is indeed complete, for
reactions carried out both in Perspex and stainless steel reactors
(see Fig. S12t). Overall, this demonstrates the utility of per-
forming sound measurements in operando mode, in order to
determine the time at which experiments are over, especially in
situations when simultaneous Raman analyses are not possible,
for example when working in a stainless steel reactor, or when
temperature measurements may not be possible, for example in

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cases when dedicated temperature-regulated milling systems
are used for the experiments.

In conclusion, we have presented here a new approach based
on the study of the sound for following mechanochemical
syntheses using operando methods. The potential of this
approach was illustrated in three different examples, demon-
strating how it can be used to draw attention to the formation of
synthetic intermediates, to know when a reaction is complete,
and also to follow changes in the physical state of a reaction
medium. Moreover, it was shown that sound analyses can shed
light on different types of movements of the beads within the
milling reactors, meaning that it is highly interesting to use
such analyses to decipher the different phenomena taking place
within the milling jars. Overall, this makes sound measure-
ments a promising addition to the toolbox of methods which
mechanochemists can now use to try to understand and control
the evolution of reaction media during ball-milling.

Data availability

The following data, related to the different milling reactions
presented here, can be made available on demand: AF spec-
trograms, raw Raman spectra, and thermal measurement data,
raw acoustic sound-tracks and also digital movies performed
during the milling.
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