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By using in situ Raman spectroscopy for reaction monitoring, we compare ball milling (BM) and resonant

acoustic mixing (RAM) in the preparation o,B-unsaturated ketones (chalcones). RAM achieves similar
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Mechanochemical processing techniques are becoming
increasingly important in various industries for grinding, mix-
ing, alloying and inducing chemical reactions among solid
reagents and materials."” The mechanical energy driving such
transformations arises from collisional and frictional interac-
tions between the milling media and reaction material.® The
former is most often achieved in ball milling (BM) devices,
wherein the kinetic energy of milling balls activates and mixes
powder materials to ultimately trigger and drive chemical
reactions.*® While BM is versatile and straight-forward, partic-
ularly suitable for laboratory-scale experiments, it may present
certain drawbacks such as excessive heating® (mostly in the
synthesis of hard materials), machine noise, and potential
contamination due to the wear of the milling media™® (espe-
cially when grinding media made of stainless steel or tungsten
carbide are used). These issues are less relevant when softer
organic materials are processed and can be further mitigated by
the use of less aggressive chemicals, if available, the use of
liquid additives, the use of more appropriate milling media,
such as zirconium oxide, PTFE, or agate, and conducting the
process at a lower operating speed.’

Material contamination is a common concern in mechano-
chemical methods, as collisions and friction are two key
mechanical actions that may cause abrasion and introduce
metal impurities.’ Resonant acoustic mixing (RAM) has been
recently proposed as a possible alternative to traditional ball-
mills," the milling balls not being necessarily required for
promoting mechanochemical stress, generally leading to an
efficient mixing process (which however, will be dependent on
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transformations to BM, though adjustments in reaction conditions may be necessary due to different

the rheology of the mixture), by inducing bulk movements of
the material inside the vessel."> RAM operates by vertical oscil-
lations at a frequency of 60 Hz, occurring at variable accelera-
tions, expressed commonly as a multiple of the Earth's force of
gravity (g). Though the use of milling balls is eliminated in RAM,
friction between the reactants and the vial walls remains and
may still cause abrasion.'*** Oscillations in RAM contrasts the
random and chaotic nature of energy transfer in BM and may
allow for a simpler description of reaction kinetics and,
possibly, more accurate prediction of reaction outcomes.*>*¢

The mechanistic and theoretical understanding of RAM-
driven reactions remains unexplored and underdeveloped
compared to those of BM."” To date, limited studies have
applied in situ Raman spectroscopy in RAM.'® Herein, the base-
catalyzed Claisen-Schmidt condensation reaction between p-
bromoacetophenone (1) and an array of different aromatic
benzaldehydes (2a-g) was explored, with a particular focus on
the reaction between 1 and p-nitrobenzaldehyde (2a), to
compare the reaction rates and mechanisms of chalcone
formation in BM and RAM by in situ Raman spectroscopy
(Scheme 1).*#*°

Experimental part

Starting materials were milled at ambient temperature in an
equimolar ratio at 30 Hz in a horizontal vibrating BM (with two
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Scheme 1 Mechanochemical synthesis of chalcones (3a—g) from 1
and differently substituted aromatic benzaldehydes 2a—g with cata-
lytic amount of potassium hydroxide (10 mol%) by BM and RAM.
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1.4 g stainless steel (SS) balls, 7 mm diameter) or at the resonant
frequency of 60 Hz (variation of acceleration from 80 g to 100 g)
by RAM, in translucent poly(methyl methacrylate) jars (PMMA,
either 14 mL or 7 mL internal volume). In RAM, the lack of
milling media was compensated by filling the jar to 70-80% of
its nominal volume to ensure proper mixing.>* In both devices,
the reaction progress was followed by real-time in situ Raman
monitoring, while thin-layer chromatography, 'H NMR spec-
troscopy and, if possible, Rietveld analysis of the powder
diffraction patterns confirmed the formation of the target
chalcones.

Initially performed in a well-established BM setup (hori-
zontally vibrating ball mill), equipped with Raman in situ
monitoring device, chalcone formation from 1 and 2a, using
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Fig. 1 (a) Time-resolved 2D Raman plot of milling 1 and 2a in a BM
with denoted peaks that indicate the formation of intermediate specie.
(b) Normalized intensity changes during time of characteristic bands
for three components: 2a (C=O bond vibration, decrease of Raman
band at 1706 cm™Y), the aldol intermediate 4a peaking around first
2 min (new vibration bands in the region of C-O and C-H bonds
vibrations at 1075 cm~* and 750 cm™Y), and 3a (C=C bond vibration,
increase of Raman band at 1183 cm™). (c) *H NMR spectrum (600
MHz, CDCls) of the crude mixture collected after 5 min of milling at
30 Hz in a BM displayed with red circle corresponding to 3a and the
grey one to aldol 4a.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Scheme 2 Proposed mechanism for the base-catalysed aldol
condensation between 1 and 2a proceeding through an aldol inter-
mediate 4a, which undergoes dehydration via two elimination path-
ways, with the E2 being generally more dominant in solution-phase
chemistry.?®

a catalytic amount of KOH as the base, provided quality Raman
spectra that enabled the identification of the desired product
3a, as well as the expected aldol intermediate 4a (Fig. 1). The
formation of the aldol intermediate 4a was followed by dehy-
dration that established the conjugated C=C bond of the target
chalcone (Scheme 2). The formation of 4a has been well-
documented in solution,*** and for the benchmark reaction
it was succesfully observed by Raman spectroscopy showing its
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Fig. 2 (a) 2D time-resolved Raman plot of monitoring the reaction
between 1 and 2a in a BM with 1 x 1.0 g SS milling ball (diameter 6

m), during 40 min at: (@) 20 Hz and (b) 30 Hz milling frequency. In
both plots, the downward arrow indicates the consumption of the
reactant followed by the intensity decrease of band related to C=0
functional group of 2a, while the upward arrow points to the formation
of the new C=C bond, product 3a.
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presence within 5 min of milling at 30 Hz. This was indicated by
the emergence of new bands at 1075 cm ' and 750 cm™ ',
attributed to the vibrations of C-O and C-H bonds. In order to
isolate the intermediate, milling was stopped after 3 min and 4a
was purified by column chromatography. Its structure was
confirmed by solution "H NMR analyses (Fig. $4 and S637).

The next objective was to purposely slow down this quick
reaction to ensure that the effects of milling parameters were
well-understood prior to investigate the reaction by RAM acti-
vation. Thus, among the several mechanochemical parameters,
our attention focused on investigating the influence of the ball
mass and the milling frequency on the reaction progress. By
reducing the number of SS milling balls from two bigger balls
(mass 1.4 g each, 7 mm diameter) to one smaller ball (mass
1.0 g, 6 mm diameter), and by further lowering the milling
frequency down to 20 Hz, the reaction was sufficiently slowed
down to observe the formation of the aldol 4a after ca. 10 min
(Fig. 2, ¢f, ESI, Fig. S64-S681). This adjustment provided
a baseline for mechanism comparison between the classical BM
and the RAM method.

Following initial experiments by BM, the setup for in situ
Raman measurements was adapted for use with a LabRAM II
device (¢f., ESIt). During transfer from BM to RAM, diverse
outcomes were observed depending on the reaction conditions
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used. As per the method used by BM, stoichiometric amount of
1 and 2a were mixed in neat grinding (NG) conditions first,
during 60 min at 80 g.

In contrast to BM, only traces of the product 3a could be
observed under neat conditions by RAM, highlighting the
fundamental differences in activation methods between
systems with milling balls and without them.

Experiments conducted on a larger scale using a planetary
ball mill (PM) with ZrO, balls provided quantitative yield under
neat grinding (Table 1, entry 5), further demonstrating the
advantage of devices using milling media. Dry mixing in RAM
led to the formation of distinct layers within the reaction vessel
and an incomplete reaction (¢f., ESIT). In some cases, depend-
ing on the filling degree, the reaction stopped at the interme-
diate 4a, as indicated by the light pink colour of the reaction
mixture.

To evaluate the effect of the filling degree on the reaction
course, experiments were conducted in two vessel sizes (7 mL
and 14 mL nominal volumes), varying the filling degree by
adjusting the amount of starting chemicals inside (1 mmol,
4 mmol, and 20 mmol). Trace amounts of product were
observed at the 1 mmol scale (Table 1, entry 1), while a larger
filling degree provided improved mixing. In the RAM device,
managing the quantity of the material in the vessel was

Table 1 Comparative data for the preparation of 3a by RAM, planetary ball mill (PM) and vibrating BM
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Entry (bL mg™h) technique Speed Time (min) (%) (%)
1 — RAM 80 g 60 4 Traces™”
2 0.25 80 g 60 14 86°
3 0.75 80 g 80 36 100¢
4 1.00 80g 80 14 Traces®
5 — PM 450 rpm 120 8 98/
6 - BM 30 Hz 120 1.8 978

¢ All the reactions were performed in the presence of KOH 10 mol% in PMMA jars. Reaction setup: PMMA jar (7 mL), 1 mmol scale. Too low amount
of reaction material (brown powder). > PMMA jar (7 mL), 4 mmol scale. Slightly pink powder, aldol 4a detected. © PMMA jar (7 mL), 4 mmol scale.
¢ PMMA jar (14 mL), 20 mmol scale. © PMMA jar (7 mL), 4 mmol scale. Paste mixture, too high amount of liquid.” ZrO, jar (12 mL), 4 mmol scale, 30
x ZrO, balls (mass 0.39 g each, 5 mm diameter). ¥ PMMA jar (14 mL), 1 mmol scale, 2 x 1.4 g (7 mm diameter) SS balls. NMR conversion was
calculated according to the integral ratio of starting material (0s—y = 7.82 ppm, d, 2H or dcy, = 2.59 ppm, s, 3H) and product (s =

8.30 ppm, d, 2H) recorded in CDCl; (600 MHz).
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essential, as its mixing relies on multiple mixing zones inside
the vessel. This helps in preventing the formation of areas
where the material is not effectively mixed, such as a too low
amount of the reagents that may lead to poor contact between
them.

The reaction in BM may be facilitated by more energetic
impacts of milling balls, whereas the operation mechanism of
RAM under dry conditions suggests that liquid-assisted
grinding (LAG) might be necessary to achieve comparable
reactivity.

The introduction of EtOH as a liquid additive was crucial to
improve the reaction yield in RAM, its choice being based on its
previous use in solution-based methods for aldol
condensation.”*?® The yield, however, was dependent on the
amount of the added liquid, prompting us to screen different »
values (0.05, 0.10, 0.15, 0.25, 0.75, 1.00 uL. mg ™). The best yield
was achieved at n = 0.75 uL. mg ' (Table 1, entry 3). Increasing
the amount of EtOH further to 7 = 1 pL mg™" had a negative
effect on the rheology of the reaction mixtures, that became
pasty and gummy, hampering efficient mixing. This led to
a significant decrease in reaction efficiency, yielding only trace
amounts of the product (Table 1, entry 4).

These fluctuations presented difficulties in accurately
monitoring the process with the setup for Raman measure-
ments. A combination of mechanical and chemical optimiza-
tion strategies was crucial for chalcone syntheses, while
maintaining suitable conditions for Raman monitoring (Fig. 3,

¢f., ESIY).
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Fig.3 Comparative analysis of the effect of: (a) different bases in both
RAM and BM, (b) molar ratios of KOH in RAM and (c) fillers (3 eq.) in
RAM on reaction conversion of 3a and 4a during screening experi-
ments. Standard experimental conditions were as follows: 10 mol%
base, 1:1 molar ratio of starting materials, room temperature, 2 h
reaction time, for BM: 1 mmol scale, PMMA jar (internal volume 14 mL),
2 x 1.4 g SS balls (7 mm diameter each), 30 Hz, and RAM: 4 mmol
scale, polypropylene vessel, LAG (EtOH) (n = 0.75 uL mg™™), 80 g.
Differences between conditions are depicted on the x-axes.
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Bases other than KOH were also tested, including sodium
ethoxide, potassium carbonate, potassium and calcium phos-
phate, and hydroxyapatite, as well as the organic base 1,4-dia-
zabicyclo[2.2.2]octane (DABCO). Surprisingly, none of them
yielded the target product (Fig. 3a). Among all the bases tested,
KOH consistently facilitated the reaction, making it the
preferred base for use with both types of milling devices. The
optimization of KOH quantity revealed that 10 mol% provided
the best yield, while further increases in KOH led to a decrease
in yield (Fig. 3b).

In order to improve conditions for Raman monitoring, we
have considered the use of fillers. Thus, Na,SO, and NaCl were
used as fillers and have demonstrated a positive effect on the
reaction yield, while MgSO, reduced the yield of 3a, while
improving the yield of 4a (Fig. 3c, cf., ESIT). These observations
highlight the critical role fillers may have, demonstrating their
ability not only to improve the rheology of the reaction mixture,
but also to steer reaction selectivity. Beyond improving rheo-
logical properties, the presence of salt filler may have had
additional influence to the reaction mechanism, particularly
the elimination step. The cations may act as Lewis acids to shift
the reaction mechanism to be more E1cB-like, due to Lewis-acid
stablisation of the conjugated base.”” Quantitative conversion
was obtained when using 3 equiv. of Na,SO, along with 0.75 pL
mg " of EtOH. These conditions were utilized to monitor the
reaction using Raman spectroscopy and to compare the reac-
tion mechanisms in two different mixing “environments”.
Based on the collected Raman spectra, similar trends in reac-
tant consumption and product formation were observed for BM
and RAM (Fig. 4a and b).

In RAM, the reaction progresses rapidly under LAG, as evi-
denced by the sharp decline of the reactant signal and the quick
formation of the intermediate 4a and the final product 3a. The
reaction kinetics in RAM may be influenced by the stabilization
of reaction intermediates due to the presence of Lewis acidic
salt, Na,SO,, which may have favoured the ElcB elimination
mechanism in comparison to BM, which proceeded without the
salt filler and was possibly more E2-like.

Precise control over reaction parameters in RAM, such as
filling degree, mixing intensity, and the potential use of liquid
and solid additives, proved critical. These findings highlight the
need for further optimization of reaction conditions to enhance
the broader applicability of RAM in mechanochemical
synthesis.

After real-time evaluation of the model system in both
devices by Raman spectroscopy, the generality of the aldol
condensation reaction was demonstrated on a series of alde-
hydes 2a-2g, leading to a small library of chalcones 3a-3g ob-
tained in quantitative yields by: neat grinding in BM (30 Hz, 2 x
1.4 g SS balls, 7 mm each) or liquid-assisted grinding in RAM
(60 Hz,  (EtOH) = 0.75 uL mg ', 3 equiv. Na,S0,), with no
traces of the corresponding intermediate aldols 4b-4g (cf., ESI,
Table S9, S10, Fig. $54-562, $82-893 and S118-S125). The
observed structure-reactivity relationship aligns with the ex-
pected trend based on Hammett constants of the substituents
on the phenyl ring, where electron-withdrawing groups enhance
carbonyl electrophilicity and promote reactivity.”®* Notably, no

RSC Mechanochem., 2025, 2, 482-487 | 485
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Fig. 4 Milling between 1 and 2a in the presence of KOH (10 mol%) performed in two mechanochemical environments, (a) neat grinding (NG) in
avibrating BM and (b) in the presence of EtOH (y = 0.75 uL mg™) and 3 equiv. of Na,SO, in RAM. (top) Time-resolved 2D Raman spectra showing
the reaction progress with highlighted key Raman bands, indicating the formation of the aldol intermediate 4a and the product 3a. (bottom)
Normalized intensity change over time for 1, 4a, 3a of their most intensive characteristic Raman bands. Note that the Raman band of 4a is of

much lower intensity, which is not obvious due to normalisation.

product was obtained with 2g (p-OH), while for 2f (p-NMe,), the
reaction mixture during suffered from eutectic melting, which
impaired mixing. While we have not pursued to find the reason
behind the lack of reaction with 2g, we note that this was the
only substrate that could act as a proton donor, which could
have neutralised the KOH catalyst.

Conclusion

The growing need to tailor mechanochemical processing
methods to specific reactions requires deeper understanding of
the relationships between different mechanical energy inputs.
Here we have implemented in situ Raman spectroscopy as a tool
to compare reaction conditions and mechanisms in BM and
RAM. Our findings demonstrate that the milling balls in BM are
crucial for delivering energy to the reactants, ensuring mecha-
nochemical reactivity over a wide range of reaction conditions.
In contrast, RAM appears to be more sensitive to adjustments in
the reaction conditions, such as vessel filling degree and liquid
additives that may be necessary to achieve comparable reaction
rates. The reaction mechanisms may also be different and,
surpsingly, different experimental conditions may be required
to achieve the same mechanism by each of the methods. In
RAM, the liquid serves not only to steer the reaction mecha-
nism, but also to mitigate poor and non-uniform mixing,
highlighting the importance of considering rheological prop-
erties of reaction mixtures during transfer from BM to RAM.
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