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[H1] Abstract

Mechanochemical processing of bulk solids has developed in the last three decades into a powerful
and popular tool for the green synthesis and transformation of various classes of materials. Due to
its efficiency and unique reactivity, mechanochemistry is becoming an integral part of synthetic
laboratories and industrial procedures. However, despite its increasing popularity and usefulness,
mechanochemistry is primarily based on simple techniques like grinding by hand -where the
outcome often depends on the consistency and strength of the experimentalist - or milling in
comminution devices, where a certain level of control is achieved through defining the frequency
of milling and the weight of the milling media. Recently, however, mechanochemical reactivity
started being complemented and altered by other energy sources commonly used in solution-based
chemistry. Milling under controlled temperature, or photo-, sono-, and electro impulses in newly
developed experimental setups has led to reactions not achievable by conventional
mechanochemical processing. This Perspective describes the new reactivity discovered through
these combinations of energy inputs, as well as the advances in equipment tailored to synthetic
mechanochemistry that enabled them. We propose that these techniques — here termed thermo-
mechanochemistry,  sono-mechanochemistry,  electro-mechanochemistry, and  photo-
mechanochemistry — represent a significant advance in modern mechanochemistry and herald a

new level of solid-state reactivity: Mechanochemistry 2.0.

[H1] Introduction
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Mechanochemistry, i.e., chemical reactivity caused by the application of mechanical force, has
developed in the last three decades into a popular, green, and powerful tool for the synthesis and
transformation of bulk solids.1-5 This technique, where the solid reactants transform into products
by grinding, milling, or shearing without the need for excessive amounts of organic solvents, is
now applied for the preparation of a wide range of solid materials: soft supramolecular solids,67
organic compounds,8® discrete and non-porous coordination compounds,® extended metal-
organic-11 and covalent organic frameworks,12 amorphous materials,!3-15, inorganic materials,16
and many others. While known from antiquity!’, the technique was widely reintroduced to
laboratories in the late 1980s primarily due to its sustainability benefits in waste generation and the
time and energy required to prepare new materials. It rapidly developed into one of the critical
synthetic tools in line with the principles of Green Chemistry8, and has recently been highlighted
as a technique that could help achieve the United Nations Sustainable Development Goals (UN
SDGs) and the European Green Deal.*® What distinguished mechanochemistry from other synthetic
techniques, and made it into a popular and vibrant research field, is its extraordinary reactivity.
Mechanochemical transformations offer an unprecedented level of selectivity20o and control over
the stoichiometric composition of the product,21-22 and a whole branch focused on direct catalysis
with the milling equipment is developing rapidly.?® Even simple mechanochemical processing can
lead to stabilization of supramolecular,24 organic,25 or coordination compounds2é not accessible by
other synthetic methods, which can in some cases be used as unique precursors towards more
complex and unconventional materials.2” Mechanochemical processing is used to activate and react
gaseous reactants, leading to catalytic oxidation or reduction of gases, functionalization of 2D
materials, and also to the synthesis of a variety of organic compounds.2829 Therefore, it is no
wonder that many research laboratories and industrial facilities are rapidly adopting
mechanochemistry. It has recently been termed “Chemistry 2.030 and, in 2019, listed as “a

technique that may change the world” by the IUPAC.31
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Fig. 1 | Schematic representation of the premise of this Perspective. Combining different energy inputs
standard in traditional chemistry with mechanochemical (“Chemistry 2.0739) instrumentation gives rise to a

paradigm-shifting new approach to mechanochemistry, “Mechanochemistry 2.0”.

Despite its tremendous popularity and many new reports, there are still drawbacks related to
preparative mechanochemistry. Its mechanisms are not understood enough, scale-up is still in its
infancy and barely studied, and, most importantly, the basic variables available to experimentalists
are rather limited. Unlike traditional solution chemistry, where controlling the temperature,
exposing the reaction setup to light, or running an electrical current through an experimental setup
are all standardized and well explored, these variables have long been unavailable to the
mechanochemist. Mechanochemical processing still primarily relies on basic techniques like
milling and grinding by hand, or in comminuting devices. While a certain level of control over the
outcome of the synthesis is available, it is predominantly achieved through simply defining the

frequency of milling, the weight of the milling media, or by liquid or ionic additives.32-34

However, considerable recent interest in mechanochemistry, as well as the direct insight into
milling reaction mechanisms provided through advanced monitoring techniques, initiated a change
in experimental methods and instrumentation, but more importantly, a shift in the mindset of
mechanochemists. Mechanochemical procedures are getting more complex and controlled. They
are also often complemented with direct reaction monitoring or calculations, which help rationalize
the observed transformations, develop a model of mechanochemical reactivity, and optimize the
reaction conditions. Following this, several successful transfers from laboratory to pilot scales or

continuous mechanochemical processing have already been accomplished.35:36



The need for combining mechanochemical reactivity with other energy sources, primarily heat, has
been recently emphasized as a central issue for preparative mechanochemistry.3” In 2013
Bowmaker stated: “This highlights two points: (i) the fact that standard mechanochemical synthesis
methods lack a means of temperature control and (ii) that there might be classes of chemical
reaction, e.g. those that require heating to overcome an activation energy barrier, that are not
suitable for standard mechanochemical synthesis.”38 Since then, significant progress in
complementing mechanochemistry with other energy sources has been made, involving milling
under controlled temperatures or photo-, sono-, and electro-impulses in newly developed
experimental setups (FIG. 1). Despite still being somewhat rare, these reports show huge potential
for advancing the field, where the synergy in the combination of mechanochemistry with other
energy sources may indeed unlock a new level of solid-state reactivity.

In this Perspective, we will focus on new advances in the mechanochemistry of bulk solids
accomplished through complementing mechanical action with other energy sources. First, we will
briefly overview the current state-of-the-art standard mechanochemical reaction setups and
techniques. We will continue by presenting the existing reports on combining mechanical energy
with other sources of energy input, which we here name sono-mechanochemistry, thermo-
mechanochemistry, photo-mechanochemistry, and electro-mechanochemistry, and discuss the

benefits found in the direction the field is currently taking.

[H1] Standard mechanochemical instrumentation and synthetic techniques

Several excellent reviews cover the phenomenon of conventional synthetic mechanochemistry?-5,
differences in the energetics of standard mechanochemical reactors, and mechanistic aspects of
mechanochemical processing.3940 Describing all of these aspects in detail exceeds the scope of this
Perspective, and we will provide here only a concise overview of the fundamentals of

mechanochemistry and instrumentation to facilitate following the Perspective’s content.

The official TUPAC definition of a mechanochemical reaction is “a chemical reaction that is
induced by the direct absorption of mechanical energy”.41 On a fundamental level, any chemical
reaction requires the molecules or atoms of the reagents to come into close contact while at the
same time having enough energy to react. Mechanochemistry satisfies both prerequisites by
introducing mechanical energy, as a mixture of (hydrostatic) pressure and shear, to reagents.*’ The
shear component removes layers of atoms/molecules from the material surface, comminutes the

particles, and mixes the milled material, enabling more accessible contact between the atoms and
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molecules of reagents. The pressure component, on the other hand, introduces internal plastic stress
into the particles of the reagents. This stress must be released by various relaxation methods,
including heat, amorphization, aggregation state change, or plastic deformation, all of which
include the motion of the atoms/molecules of the reagents and give them kinetic energy, potentially

large enough to produce a chemical reaction.

Since antiquity®’, this mechanical energy needed for the reaction of a bulk material was introduced
through simple hand grinding using the ubiquitous mortar and pestle (FIG. 2a), so
mechanochemistry could be easily performed by any experimentalist. However, due to safety
concerns and reproducibility issues stemming from working in an open system where the
introduced mechanical energy largely depends on the physical vigor of the experimentalist,
mechanochemists adopted commercial comminution devices — mills - starting with the first
mechanical mill built by Ostwald in the mid-1920s.%? All mills have a similar method of operation
where the milling media in motion exerts a mechanical force on the interior walls of the milling
vessel and the reagents inside. Commonly used mills in synthetic laboratories are ball mills, such
as mixer mills (FIG. 1b) and planetary mills (FIG. 1c), differentiated by the type of motion of the
milling vessel. The most popular materials for milling vessels and media (milling balls) are hard
materials such as stainless steel, tungsten carbide, titanium carbide, agate, zirconia, and alumina,
but also some plastics such as polytetrafluoroethylene (PTFE), and poly(methyl methacrylate)
(PMMA). Materials such as copper, nickel, platinum, brass, or bronze can be used for the vessel or
milling media and even serve as heterogeneous catalysts,2343 as was successfully demonstrated for
cycloaddition-, click-, Suzuki-, and Sonogashira reactions.44-47 The main controllable
technological parameters in the mechanochemical process are the frequency of oscillation, hardness

of the milling material, and the quantity and weight of milling media.
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Fig. 2 | Example of three standard modes of mechanical energy input. a | Top: Standard laboratory agate
mortar and pestle for manual grinding. Bottom: before/after images of the reaction between nickel acetate
and dimethylglyoxime producing red nickel bis(dimethylglyoximate) complex by manual grinding. b | Top:
mechanical mixer mill adapted for tandem in situ synchrotron powder X-ray diffraction and Raman
spectroscopy monitoring. The synchrotron X-ray beam collimator and Raman probe point at the lower part
of a clear plastic jar made from PMMA (poly(methyl methacrylate)). Bottom: composite of several sequential
short-exposition images of the movement of a 4 g stainless-stainless ball in a PMMA jar mounted on a mixer
mill operated at 25 Hz. ¢ | Top: an image of a planetary mill with one jar. Bottom: bird-view schematic of a

2-stage planetary milling stage, indicating the different rotational directions of the milling stage and jars.

The field of preparative mechanochemistry experienced significant growth in the early 2000s, with
the introduction of additives to mechanochemical procedures. These additives may be liquids
(liquid-assisted grinding, LAG)%*%, ionic solids (ion-assisted grinding, IAG, and ion-and liquid-
assisted grinding),48 non-ionic additives such as polymers (polymer-assisted grinding, POLAG)49,
or small molecule non-ionic solidsso. While many reports claim these additives to be added in a
“catalytic” amount, their exact role is complex and specific for a particular system. It is well known
that even a minimal amount of additives can stabilize certain solid forms, enhance particle diffusion
and partial dissolution of the reactants, and may activate the reaction through coordination or
changes in proticity or basicity of the system,51-53 but cases where the additive slows down or

prevents chemical reaction were also reported.5154

The mechanisms and kinetics of mechanochemical reactions have been intensively studied since
the invention of real-time and in situ techniques for monitoring mechanochemical reactions by
powder X-ray diffractionsss6, X-ray absorption spectroscopy (XAS)* and Raman
spectroscopy.5859 These advanced methods enabled direct insight into mechanochemical

conversions without interrupting the milling process. They revealed how seemingly simple milling
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processes often take complex reaction pathways involving short-lived intermediate phases or
amorphous matrices. Complementing the experimental techniques, various computational studies
such as DFT calculations® and molecular-dynamics simulations®-¢* were performed to further
elucidate the solid-state reactions at the molecular level. The unconventional reactivity and
efficiency of mechanochemistry render it a viable alternative to solution procedures with many
additional benefits, and the mechanochemical reactor may soon be seen as a ubiquitous part of
almost every synthetic laboratory. It is therefore crucial that new advances in mechanochemical
instrumentation and procedures are explored, including the combination of mechanical energy with

other energy sources.

[H1] Thermo-mechanochemistry

Mechanochemical processing and thermal energy are inherently related and hard to separate.
Mechanical energy transferred to the system during milling is in part absorbed by the material and
milling media, while the rest gets released as heat.6566 In fact, while it is known today that many
mechanochemical reactions proceed through non-thermochemical mechanisms,®” it was often
postulated that mechanochemical reactivity results from this secondary thermochemical effect.
Hot-spot theory®®® and the magma-plasma model™, two popular theories of mechanochemical
reactivity, are predominantly focused on the thermochemical effects of milling. Both theories
postulate that mechanical action in the form of lateral friction or direct impacts dramatically
increases local temperatures at the friction or impact sites (up to thousands of degrees Celsius) for
a very brief period. However, a large amount of recent experimental and theoretical work shows
that thermochemical phenomena are unlikely to be the primary force behind mechanochemical
reactivity,+0.71 and evidence of a difference between mechano- and thermochemical reactivity goes
back more than a century. For example, Carey Lea observed that silver halides reduce and
decompose by mechanochemistry, but heating causes them to melt without any reduction
observed.”2 This and his following work?374 became a foundation for defining mechanochemistry
as a separate sub-discipline of chemistry, alongside thermochemistry, electrochemistry, and

photochemistry.r” Many other systems studied later supported the same conclusion.+75



- 344 . . .
a ZnO dry milling b ZnO+Meim - LAG(acetic acid)
R 321 o '
[ 5 AMORPHOUS ZIF-8 \,
® e , -
2 2 30 / \
g B ‘ Sl s
aQ o P - - xggﬁ“—%% -
5 PNNEY, -1
iR R
26 ZIF-8 kat-polymorph
T T T U T T T T T T T T T
0 10 20 30 40 0 10 20 30 40 50 60
Time (min) Time (min)
c d .
20, | 120 120 °C
NaH + MgH> + ammonia borane 110°C
100 dry milling 100 o
5:3 § 90 C
2 80+ 2 g0- i 80°C
2 & 70°C
[} ) °
3 60 < 60 C
; 5 o0 n
@ \ o \ 50 C
40+ 40 C
40
20 Thermally-programmable milling
T T T T T T T T T 20 T T T T 1
0 10 20 30 40 50 60 0 25 50 75 100
Time (min) Time (min)

Fig. 3 | Different thermochemical effects in mechanochemistry. a| Dry milling of zinc oxide. The
temperature rises monotonously until reaching an equilibrium between the invested and dissipated energy.
b | Liquid-assisted milling of zinc oxide and 2-methylimidazole (Meim). A thermal profile where each
thermal event corresponds to a change in the phase composition. The amorphization of formed ZIF-8 leads
to a stable temperature plateau at ca. 32 °C, and the recrystallization of amorphous ZIF-8 to the kat-
Zn(Meim); phase results in a drop in temperature due to the different plastic properties of the kat-polymorph.
c | Thermal profile of the milling of sodium- and magnesium hydrides mixture with ammonium borane. A
dramatic jump in temperature of the reaction mixture (to 128 °C) upon the start of the milling when NaH
reacts with ammonia borane in a strongly exothermic reaction. The reaction mixture cools down rapidly,
reaching a stable plateau at ca. 36 °C. d | Milling reactor with a proportional—integral—derivative temperature
controller enables dynamic changes in the temperature of the milled material. Panels a and b adapted from

REF¢6, CC BY 3.0, Royal Society of Chemistry. Panel ¢ adapted with permission from REF76, American

Chemical Society. Panel d adapted with permission from REF77, American Chemical Society.

While thermochemical effects in mechanochemistry may not be the primary source of
mechanochemical reactivity, the bulk temperature of the milled reaction mixture does typically
rise, and can therefore influence the course and outcome of the reaction. The rise is primarily due
to collisions and friction during milling. It occurs until equilibrium is achieved when the thermal

energy dissipated by radiation and convection equals that produced through mechanical action
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(FIG. 3a). Reaction mixture temperature may also fluctuate during milling when the plastic
properties of the material change (FIG. 3b), or due to the endergonic or exergonic nature of specific
reactions, albeit in a shorter period (FIG. 3c).>76 Mechanically-induced self-propagating reactions
represent an extreme of the latter.78 These temperature fluctuations may affect the progress of a
mechanochemical reaction, but importantly, they are outside the experimentalists’ control and

cannot be reliably used to govern reactivity.

Intentional control of reaction temperature during milling began with cryomilling in the early 20™
century, when milling vessels were cooled by immersion in cryogens to disrupt living cell tissue7°-
81, |t was later shown that lowering the temperature of flexible materials under the glass-transition
temperature (Tg) results in brittle materials that can be pulverized by mechanical action. Milling at
temperatures below Tg is also often used as an alternative for preparing amorphous solids, where
the cryogen prevents thermally induced recrystallization.® Cryomilling has thus remained popular

in biology and pharmaceutical industry.

However, intentional control of reaction temperature in the service of synthetic mechanochemistry
was first reported in 1998 by Kaupp, who utilized a milling vessel wrapped in tubing containing a
cooling liquid, which was connected to a chiller. The setup was initially used for the facile and
guantitative mechanochemical synthesis of sensitive iminium salts.82 Here, cooling prevented the
formation of the eutectic phase, thus enabling the direct formation of crystalline products and
preventing passivation of the reactant surfaces by amorphous matrices. Simultaneously, the
mechanical action facilitated the reaction by exposing new reactive surfaces and mixing the
material. The same apparatus was used later for solvent-free protection of amines, carboxylic acids,

or enols by phenylboronic acid.83

With a similar setup, the Mack group used sub-ambient-temperature ball milling to increase
diastereoselectivity during the reduction of a cyclohexanone derivative (FIG. 4a).8¢+ When milling
at -10 °C, the diastereomeric excess (de) significantly increased compared to ambient temperature
milling. Interestingly, de fell with increasing milling frequency. The authors established that
temperature differences of as low as 5 °C affect both yields and enantioselectivity of several other
reactions, including asymmetric aldol condensation catalyzed by (S)-proline, enantioselective A3
coupling (aldehyde-alkyne-amine reaction), and Diels Alder reactions.'* Generally, the selectivity
of mechanochemical reactions drops with increasing temperature, hardness of milling media, or the
milling frequency, while at the same time, the reactivity rises.85 Very recently, the real-time in

operando monitoring of milling under elevated temperature revealed that even a moderate increase



of the bulk temperature of a reaction mixture comprised of high melting point solids might

dramatically influence not only the kinetics but also the mechanisms of reaction.?1
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Fig. 4 | Three different types of experimental setups for controlling the temperature of a milled reaction
mixture. a | cryomilling setup by Mack and Andersen, used for asymmetric aldol synthesis. b | Milling jar
with a heater system connected to the proportional—integral—derivative temperature controller device. The
preparation of four different derivatives containing amido and urea groups (monoamide, amide-amide, urea-
amide, and urea-urea) from the same reaction mixture by temperature control during milling. ¢ | Thermo-
mechanochemistry via a simple heat gun heating setup and its application to Suzuki-Miyaura coupling. Panel

a adapted with permission from REF84, Wiley-VCH. Panel b adapted with permission from REF77, American

Chemical Society. Panel ¢ adapted with permission from REF86, American Chemical Society.
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Similarly, the Schiith group showed that sub-ambient-temperature ball milling can improve the
selectivity and reactivity of the heterogeneous catalytic oxidation of CO.29 Ball milling of a
Cu/Cr203 catalyst mixture in the presence of Oz CO, and an excess of H> under cryogenic
conditions (stream of cooled nitrogen at -40 °C) enabled preferential CO oxidation with excellent
selectivity and reactivity compared to milling at higher temperatures. Similar conversion, but with
much poorer selectivity, was only achieved when using pre-milled catalysts at temperatures higher
than 100 °C. This result was explained by the apparent negative activation energy for
mechanochemical CO oxidation and the critical role of in situ generated active sites and defects on

Cu/Cr,0s3 catalyst surfaces during ball milling.

Aside from mechanochemistry at sub-ambient temperatures, there are many benefits to milling at
elevated temperatures. The Ito group recently reported the mechanochemical palladium-catalyzed
Suzuki-Miyaura cross-coupling of insoluble aryl halides at different temperatures, heating the
milling vessel with a simple heating gun (Fig. 4c).86 While the reaction does not proceed at room
temperature, milling at elevated temperatures led to complete conversion, in some cases accessing
products not available by solution-based synthesis. The same group later developed the robust and
unprecedented synthesis of magnesium-based carbon nucleophiles, i.e., Grignard reagents, from
poorly soluble aryl bromides and in air'®, by milling at elevated temperatures.8” The prepared
Grignard reagents can be immediately coupled to organic aldehydes without prior workup, giving
nucleophilic addition products, some of which are unobtainable by conventional solution-based
synthesis. Calcium-based heavy Grignard reagents were very recently prepared by the same group
in an analogous fashion, and once more heating the milling vessel to 60°C proved crucial for
reaction success.®® The same setup was also applied for the palladium-catalyzed C-N cross-
coupling of aryl halides and carbazoles, where ball milling at elevated temperatures helped
dissociate carbazoles from off-cycled palladium and enabled rapid and efficient cross-coupling

without regards for the substrate (in)solubility.8?

Despite the obvious benefits of temperature-controlled ball milling, instrumentation capable of
precise temperature control (especially at temperatures above 100 °C) was unavailable until
recently. In 2019 our group presented a new setup with modified vessels containing a heater
element managed through a proportional—integral—derivative (PID) temperature controller device
(FIG. 4b).77 Here, the temperature during milling can be precisely controlled at temperatures up to
250 °C. The PID controller allows for adaptive and programmable thermal regimes during milling
(FIG. 3d), which enabled the preparation of four different derivatives containing amido and urea

groups (monoamide, amide-amide, urea-amide, and urea-urea) from the same reaction mixture,
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solely by varying temperatures during milling. The same setup allowed for the prebiotically
plausible solvent-free synthesis of oligopeptides. Ball milling of glycine or alanine with TiO- at
elevated temperatures dramatically enhanced oligomerization, but also altered the selectivity of the

reaction towards cyclic oligomers.90

Importantly, temperature control of mechanochemical reactions is also possible on larger scales,
primarily through what is becoming a popular methodology for solid-state flow synthesis, reactive
twin-screw extrusion (TSE).%t TSE instrumentation is commonly used for extruding raw materials
for polymer production. However, there are nowadays many examples of using TSE for the
continuous large-scale mechanochemical synthesis of a wide range of chemicals, from
supramolecular systems® and organics,®2 to extended coordination materials.39¢ Temperature
control is provided as a standard feature of the TSE instrument, with heaters embedded in chambers
surrounding the screws. While not commonly applied for TSE production, control over the
temperature of the reaction mixture during extruding could be critical for the successful transfer of
mechanochemistry to an industrial scale. In their pioneering work on TSE synthesis of metal-
organic frameworks, the James group demonstrated how raising the temperature of the extruder
barrels can open a pathway towards materials otherwise inaccessible by mechanochemical
procedures.?3 The authors even managed to prepare the Al(fumarate)(OH) MOF - a widely sought
material with high application potential due to its stability in water and high affinity towards
methane, which was never prepared through conventional mechanochemical procedures - by
extrusion at 150 °C. High-temperature TSE is not only beneficial in the scale-up of MOF syntheses,
but it can also greatly aid organic mechanochemistry. For example, the Knoevenagel condensation
of barbituric acid and vanillin was unsuccessful with room temperature TSE, but raising the
temperature to 160 °C resulted in quantitative conversion into Knoevenagel product, with no
byproducts observed. The authors concluded, “Overall, there is a need to be able to control the
temperature of mechanochemical processes as well as improve their scalability if

mechanochemistry is to become widely applicable as a chemical manufacturing technique”.92

[H1] Sono-mechanochemistry

Sound at different frequencies and power scales has long been used in the chemical laboratory to
enhance solubility, reduce particle size, or catalyze and enable chemical transformations. Although
the classification of sonochemistry as a part of mechanochemistry remains a matter of debate,%5

sonochemical treatment is known to give similar results to typical mechanochemical synthesis.96

12



Considering the similarities between “classic” mechanochemistry and sonochemistry, it is

unsurprising that researchers have sought to combine sound agitation with grinding.

Ultrasound generally uses sound waves of high frequencies (20-200 kHz) propagating through a
liquid medium to create acoustic cavitation: the appearance, growth, and collapse of small vapor-
filled bubbles (FIG. 5a). When these microbubbles collapse, they result in high-pressure and high-
temperature hot spots within the liquid medium (5000 K, 1000 atm), promoting a chemical

reaction.??

Ultrasound-induced cavitation can alter reaction mechanisms (e.g. formation of radical species that
trigger secondary reactions), improve reaction rates, cause nucleation and crystal growth even at
low supersaturations, transfer reagents across phases in multiphase reactions, and much more-%8
Ultrasound irradiation is introduced into the reaction system using ultrasonic transducers (e.g. an
ultrasonic bath or probe), which operate at a fixed frequency. The reaction outcome often depends

on the frequency, acoustic power, and temperature of the liquid medium.9°

Early examples of devices that combine ultrasonic irradiation and ball milling have been reported
by Mordyuk!® and Chen'® research groups (FIG. 5b and c).

The Mordyuk group developed a system (FIG. 5b) in which an ultrasound generator transmits
vibrations to milling balls via a vibrator, somewhat similar to Suslick’s setup for solution syntheses
(which has no impellers).102 By milling metal powders in an ultrasound-assisted ball mill,103
pseudo-alloys can be produced in a much shorter time than in conventional mechanochemical
synthesis'®, and impurities present within metal nanopowders can be introduced into metal
particles during ultrasonic treatment, enhancing their microstructure.104105 This type of milling can
also initiate phase transformations?06 or activate powders for further processing,107:108 thus reducing

the time of mechanical activation needed for obtaining target products.109:110
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the National Academy of Sciences of Ukraine. Panel ¢ adapted with permissions from REF111, Elsevier, and
REF''?, Wiley-VCH.
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The Chen group designed a device for solid-liquid ball milling assisted by ultrasonic waves,
consisting of a raker stirrer, steel balls, and an ultrasound generator (FIG. 5¢).2! In a range of
inorganic systems, this new mill performed better than conventional ball milling or ultrasonic
synthesis alone and enabled reactions in water at temperatures under 100 °C. For example, the
synthesis of metal nanoparticles under sono-mechanochemistry was much more efficient regardless
of metal source (metal chips, metal salts), presumably due to in situ production of OH radicals and
H,0,.192113  Sono-mechanochemistry also enabled the conversion of metal oxides to the
corresponding magnetic ferrite nanoparticles. In contrast, simple milling provided a solid solution
of metal oxides. The syntheses can be optimized by changing the ball milling parameters (e.g., a
ball to powder ratio, amount of liquid) and metal source.11t This method has been used to quickly
and efficiently produce MOFs (FIG. 5c¢) with good adsorption properties.’*? The results were
comparable to mechanochemical grinding methods, 114 with a strong potential for scale-up.

Although arguably not presenting a combination of grinding with another energy source, another
interesting sonochemical method is Resonant Acoustic Mixing, RAM, a relatively new impeller-
free technology that has sparked significant interest in preparative materials chemistry.115 In RAM,
the entire experimental setup vibrates vertically at low frequencies (~60 Hz) and mixes the sample
by inducing micro-scale turbulence resulting from the propagation of acoustic waves through the
mixing medium. The entire system vibrates in resonance creating micro-scale vortices allowing for
efficient energy transport and mixing.116117 Mixing time, frequency and acceleration can all be
adjusted. High accelerations (95 g) are excellent for easy and controllable synthesis of stable

materials, while low accelerations (30 g) allow synthesis of more sensitive materials.118

In terms of mechanochemical synthesis, it was recently shown that liquid-assisted RAM (LA-
RAM) can rival liquid-assisted grinding (LAG) in synthesis of supramolecular solids.119 Screening
for pharmaceutical co-crystals of carbamazepine using LA-RAM resulted in a higher success rate
than LAG methods,120 and while only laboratory-scale amounts products have been isolated, there
are indications that scale-up is also possible.121 The absence of grinding media (balls, rods etc.) is
particularly useful in producing energetic materialsi2, increasing the safety of the synthetic process
while preserving high yields.123-12¢ A strong potential for scale-up, even to industrial scales, makes

RAM even more appealing.

[H1] Photo-mechanochemistry
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Light is one of the most important driving forces of chemical reactions, both in nature and in the
laboratory. Photosynthesis, the ozone photolysis cycle, photovoltaics, and radical polymerizations
are just some examples of light-dependent phenomena.125 In synthetic chemistry, light can drive
reactions unavailable by thermal activation by creating radical or excited state species that are much
more reactive than ground-state ones.126 A combination of mechanical and light energy activation

has, therefore, all the prerequisites to provide exciting new synthetic options.

Photo-mechanochemistry has so far been applied mainly in [2+2] cycloaddition reactions127-129 and
the activation of organocatalytic reactions.'*® As early as 1987, Toda et al. showed that
mechanochemistry can induce the cocrystallization of several diols by using a test tube shaker.
When one of those complexes containing chalcone was irradiated during milling, a stereoselective
[2+2] cycloaddition was achieved, with the diol dissociating from the product during milling and
acting as a catalyst.131 More than twenty years later Sokolov et al. followed this work and achieved
efficient and rapid [2+2] photodimerization of trans-1,2-bis(4-pyridyl)ethylene (4,4’-bpe) using
functionalized resorcinol as a catalyst. The procedure involved cycles of mortar and pestle grinding
followed by UV irradiation. This very mild grinding significantly improved turnover, and the
authors concluded, “[we] expect an automated mechanochemical processes (i.e. ball mill combined
with UV light) could lead to significantly decreased reaction times and reductions in catalyst
amounts.”132 Indeed, they later irradiated an open vortex shaker with UV light during milling,
fulfilling their prediction and achieving shortened cycloaddition times (FIG. 6a). In situ irradiation
with UV light in classic mixer or planetary mills is, however, still challenging due to the opaqueness

of common milling vessel materials to UV irradiation.133

Irradiation by visible light sources is much simpler to combine with standard milling setups since
many known hard materials are transparent in this range. Konig et al. developed a combined system
of rod mill and blue light irradiation (FIG. 6b) in the presence of a photocatalyst to oxidize alcohols
to the corresponding carbonyl compounds. By rotating the glass rod, a thin film is created between
the tube and glass rod, which proved to be a critical step for efficient irradiation.’>* Strukil et al.
reported a new system combining ball milling in a DURAN glass vessel in a photoreactor
comprised of blue LEDs for mechanochemically-assisted solid-state photocatalytic reactions. The
DURAN qglass vessel enabled simultaneous harsh milling and irradiation, as well as working on
air-sensitive materials.135 At the same time, Hernandez used ball milling in a PMMA vessel
wrapped in green or blue LEDs to study the role of the eosin Y photocatalyst on the photo-
borylation of aryldiazonium salts (FIG. 6¢).*3° Neat milling under green LEDs required the organic

photocatalyst, while liquid-assisted milling under blue LEDs was successful even under catalyst-
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free conditions. This indicated the existence of a direct photolysis pathway facilitated by the
formation of a liquid-substrate charge-transfer complex.®*® Herndndez also observed the critical
effect of increased temperature in dry milling reaction for the formation of molten reaction
mixtures. This important notion indicated that the combination of more than two energy sources,
photo-, thermo-, and mechanochemistry in this case, might lead to even faster and more efficient

reactions.
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Fig. 6 | Experimental setups and example reactions for three different types of photo-mechanochemical
reactors. a | Vortex milling under UV light, applied to supramolecularly catalysed [2+2] cycloaddition;
b | glass rod grinding under blue light, applied to oxidation of secondary alcohols, and ¢ | mixer milling under
green light, applied to the photo-borylation of aryldiazonium salts. Panel a adapted from REF133, Royal
Society of Chemistry. Panel b adapted from REF*3, Beilstein Institute for the Advancement of Chemical
Sciences, CC BY 3.0. Panel ¢ adapted from REF!®, Beilstein Institute for the Advancement of Chemical
Sciences CC BY 3.0.
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[H1] Electro-mechanochemistry

Electrochemistry is a branch of chemistry studying the relationship between electric potential and
chemical reactivity, either by applying electrical current to initiate a chemical reaction or by using
chemical reduction and oxidation processes to produce electricity. Electrochemistry has been used
in many applications, including fuel cells, batteries, and chemical synthesis. The use of an electrical
current to tune oxidation states of chemical reaction components has been widely used in chemical
synthesis, extraction, and materials production on industrial scales. 136137 However, since using an
electrical current often requires the presence of an electrolyte (commonly in liquid form), merging

the use of an electrical current with mechanochemistry is still very uncommon.

The setup for electrical-discharge-assisted mechanical milling (EDAMM) was first presented in
2002 (FIG. 7a), combining high voltage, low current discharge impulses in a controlled atmosphere
with two different types of modified mills: a vibratory ball mill and a magneto-mill.138 The latter
controls the movement of milling balls with an external magnetic field, enabling easier decoupling
of electrical and mechanical force-induced effects. In both mills, an AC high-voltage transformer
generated 30 kV, 50 Hz impulses inside the mill, resulting in either arc/spark discharge (higher gas
pressure in milling jar), or a glow-type discharge (lower pressure). Even short EDAMM of a single
reagent (conductive or non-conductive) resulted in strong fracturing of milled particles, while
traditional milling showed much milder effects. The authors assigned this effect to the rapid Joule
heating occurring during spark generation, and the behavior of the conductive substrate pointed to

the existence of complex mechanisms of fracturing.

The application of EDAMM to mixtures of materials opened synthetic pathways toward new
products not accessible by traditional mechanochemistry. Traditional milling of elemental Fe and
B did not result in FeB product even after 500 hours. Switching to spark-type EDAMM for only
30 minutes transformed the Fe and B mixture into a phase-pure FeB product.® Further synthetic
avenues open up when employing glow-type EDAMM. Traditionally, nitriding of metal powders
with N> gas only happens with reactive metals (Ti, Zr, V) under prolonged milling. For other metals
(such as Si and Fe), ammonia gas is used, resulting in side products and embrittlement of the milling
vessel. Indeed, when using spark-type EDAMM on titanium or silicone powder in nitrogen gas,
there is no visible reaction aside from particle size diminishing into the nanoscale region. However,
using glow-type EDAMM for only 30 minutes resulted in the nitriding product being formed as
nanocrystals, significantly shortening the reaction time in the case of Ti, and avoiding the use of
ammonia in the case of Si. Subsequent spark-type EDAMM resulted in recrystallization, providing

highly crystalline powders of TiN or SizsN4 without byproducts or any obvious milling vessel
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damage.!® The authors later employed the same setup in other systems, such as the synthesis of
metal carbides and nitrides (WC, ZrC, TiC), synthesis of functional oxides (LiFePQ,), extraction
of metals (Pb, Se) from oxides and sulfides, formation of carbon nanofragments (nanotubes and

nanorods), and more. 139

a
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Fig. 7 | Electro-mechanochemical setups. a | Schematic of electrical-discharge-assisted mechanical milling
instrumentation with spark- and glow-type milling. Application of spark-type milling on the reduction of
haematite to magnetite. Application of glow-type milling on the nitridation of titanium. b | Schematic of the
dielectric barrier discharge plasma (DBDP) mill. Application of DBDP to the synthesis of Mg(In,Al) solid
solutions, with an inset image of the plasma created. The schematic shows a solid solution was prepared from
a simple mixture of atoms represented by circles: white - magnesium, black - indium, green - aluminum, red
- titanium, yellow - magnesium fluoride. Panel a adapted with permission from REF8 Nature Springer.

Panel b adapted with permissions from REF4°, Elsevier, and REF141, Elsevier.

Another implementation of electro-mechanochemistry is a device that combines a tuneable high-
energy field of dielectric barrier discharge plasma (DBDP) and a simple vibrational mill.1*° DBDP
is known as a very effective non-thermal plasma source for materials’ surface processing, providing
high-energy electrons suitable for the formation of radicals and excited atomic states.142 Zhu et al.

used a modified vibratory mill (FIG. 7b), where DBDP is achieved by applying a 22 kV electric
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field between the milling jar — used as the ground electrode — and a high voltage electrode with a
dielectric barrier mounted inside the milling jar.2*° The authors initially studied the effect of DBDP
on the mechanochemical processing of metal powders (Al, Fe, or W), resulting in lump-like
agglomerates of metal particles with unusually high specific surface areas (2-15 times higher than
samples obtained by conventional milling). When milling a mixture of elemental tungsten and
carbon, DBDP milling allowed carburization of the mixture into WC at temperatures almost 300
°C lower than with conventional milling and resulted in the synthesis of pure WC. Classical milling
not only required higher carburization temperatures but also resulted in significant amounts of W-C
byproduct. The unique lump-like morphology of these powders and their resulting high surface
area, together with the radical forming and atomization properties of DBDP are the likely cause of
the lowering of carburization temperature in WC formation. This methodology was later also
successfully applied for the preparation of Mg-based hydrogen storage materials (FIG. 7b).141

Electric discharge in milling can also be formed without an external electric source by adding
piezoelectric material into the reaction mixture. Nearly simultaneously, the Ito and Bolm groups
recently showed that the piezoelectric crystals of BaTiOs; can induce electro-mechanochemical
transformations when added to the reaction mixture during milling. The Bolm group showed that
the addition of tetragonal BaTiOs to a reaction mixture containing Cu(ll) precatalyst leads to its in
situ reduction to Cu(l), resulting in a highly efficient copper-catalyzed atom transfer radical
cyclization reaction.143 At the same time, the Ito group showed how even the poorly piezoelectric
cubic-BaTiO3 could be used as an efficient and reusable catalyst for in situ mechanochemical redox
activation and reduction of aryl diazonium salts through a single-electron transfer reaction.144 In
both reports, the yield of the product was directly dependent on the energetics of the milling process
and the number of collisions in the milling vessel. A similar effect was also shown for other simple
piezoelectric materials, such as ZnO. The ability of mechanochemical processing to activate even
poorly piezoelectric materials, such as cubic-BaTiOs, to perform efficiently may have a substantial

impact on the development of piezoelectric materials as heterogeneous catalysts.

[H1] Summary and future outlook

In the last three decades, mechanochemistry has developed into a powerful tool for solid-state
synthesis and transformation of various materials. Due to its unique reactivity, sustainability
benefits, and efficiency, it is slowly becoming an unavoidable technique in the modern synthetic
laboratory. Recent advances in additive-enhanced mechanochemistry and new in situ monitoring

techniques have greatly enhanced the mechanochemist’s toolbox. However, the available
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instrumentation, most of which is adapted from the comminution community rather than being
designed with the synthetic chemist in mind, still limits further progress. In particular, recent
findings indicate that a new level of mechanochemical reactivity can be unlocked by combining

mechanical action with additional energy sources: heat, light, sound, or electrical impulses.

Unlike solution synthesis, where photochemistry, electrochemistry, sonochemistry, and
solvothermal synthesis are standardized procedures, analogous photo-mechanochemistry, electro-
mechanochemistry, sono-mechanochemistry, and thermo-mechanochemistry are scarcely reported.
When they are performed, they rely primarily on simple in-house adjusted milling reactors, but
even then, they have been shown to lead to extraordinary new results. Novel reactions, improved
reaction rates, yields, selectivity, and products unavailable by conventional mechanochemistry or
other synthetic methods, have all been reported.

As the general mechanisms of even classical mechanochemical processes are still debated, it is hard
to offer an exact model of the synergy between the mechanochemical action and the additional
energy source(s), particularly considering the relatively small number of current reports. It is
generally accepted that mechanical action provides two crucial prerequisites for any chemical
reaction: bringing reactant molecules/atoms into contact (shear component, causing molecular
motion) and giving them energy to react (pressure component, causing defects and plastic
deformations). When another energy source is applied to the reaction mixture simultaneously, it
can lend additional and complementary energy to the molecules/atoms of reactants, ferrying them
across the reaction activation barrier, even if the mechanical energy introduced through pressure is
not enough on its own. Similarly, no matter how high the energy added to the reactants is, if there
is an insufficient molecular motion to bring the molecules/atoms into contact, the reaction cannot
occur. As a result, the exposure of the reaction mixture to simultaneous mechanical action and
another energy source is superior to the step-wise exposure of the pre-milled mixture to that same

energy source.

It is also evident that the other energy source can take a complex role in the processing. Besides
raising the internal energy of the system to overcome the activation barrier for reaction and
increasing the molecular diffusion, it can also affect the macroscopic physical parameters of the
milled mixture, leading to faster breaking of the crystal particles, an increase in the bulk
temperature of the mixture, and changes in the rheology of the milled sample and the physical state
of its components. Decoupling the macroscopic and microscopic contributions of adding other
energy sources to a mechanochemical reaction is not a simple task, but, if possible, it could provide

valuable insight into the mechanisms of these new reactions.

21



A significant challenge for the field lies in designing new reactors and their application to specific
reactions. Thermo-mechanochemistry is the most studied so far, and dedicated laboratory mills
with thermal control capabilities are already commercially available, but for other energy input
combinations, the current state of the art relies on in-house adaptations. The main obstacle to the
development of combined reactors is the fast movement of the milling reactor and the destructive
action of milling media during the processing. In techniques requiring direct contact of the
additional energy source (or monitoring devices) with the reactor or the milled reaction mixture,
materials resistant to mechanical wear and stable wiring will be an essential prerequisite for
success. In non-direct method like photo-mechanochemistry, the opaqueness of commonly used
milling vessels is the main obstacle, but one that is readily addressed by using modern polymers or
hardened glass materials for vessel and impeller production.

We believe that close collaboration between experimental chemists and mechanical and electrical
engineers can overcome these obstacles, and that the design possibilities are endless. For example,
it is not hard to envision a mechanochemical electrolytic reactor, where the reaction mixture would
be placed and milled inside a vessel built of two electrodes bridged by an inert electrolyte. In such
a setup, judicious choice of the electrode material and electric current parameters may lead to, for
example, reduction and stabilization of rare low-valence cations required for the catalytic process
inside the cathode part, with simultaneous in situ production of a reactive chemical species oxidized
in the anode part. Sono-mechanochemistry of solid materials is already in full swing, both with
combined milling and sonochemical reactors and with the advent of RAM. It would be interesting
to see if combining RAM with reactors bearing grinding media or additional energy sources would

enable reactions with high activation barriers.

Similarly, combinations of more than two energy input types could be made possible. A milling
vessel that could be simultaneously heated and exposed to light irradiation may lead to one-pot
syntheses where thermo-mechanochemically made adducts could be activated by photo-
mechanochemistry or vice versa. On the other hand, a photo-mechanochemically induced reaction
could also be cooled during milling in such a setup to avoid thermally-induced side products and
increase selectivity. These and many other advancements could be achieved if mechanochemists,
engineers, and equipment manufacturers join forces to create dedicated synthetic mechanochemical

instrumentation.

The past few decades have been marked by two critical findings in the mechanochemistry of bulk
solids: milling aided by different additives, which enhanced the scope and effectiveness of

mechanochemical reactions, and in situ monitoring methods, which provided crucial insight into
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the Kinetics and mechanisms of mechanochemistry. Both induced tremendous advances in

mechanochemical reactivity and assisted in shaping mechanochemistry into the important synthetic

method it is today. The available reports for combining other energy sources with

mechanochemistry have just scratched the surface of the newly available reaction space, but it is

evident already that the potential is enormous. We therefore believe that recent advances in

instrumentation and energy input methods herald a new revolution in the mechanochemistry of

bulk solids: “Mechanochemistry 2.0”.
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