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Abstract: Although known since antiquity, mechanochemistry has remained dormant for centuries.
Nowadays, mechanochemistry is a flourishing research field at the simultaneous stages of gathering
data and (often astonishing) observations, and scientific argumentation toward their analysis, for
which the combination of interdisciplinary expertise is necessary. Mechanochemistry’s implementa-
tion as a synthetic method is constantly increasing, although it remains far from being fully exploited,
or understood on the basis of fundamental principles. This review starts by describing many remark-
able advantages of mechanochemical reactions, simplifying and “greening” chemistry in solutions.
This description is followed by an overview of the current main weaknesses to be addressed in the
near future toward the systematic study of its energetics and chemical mechanisms. This review
finishes by describing recent breakthrough experimental advances, such as in situ kinetics monitor-
ing using synchrotron X-ray powder diffraction and Raman spectroscopy, plus equally significant
computational chemistry approaches, such as quantum mechanochemistry, used for the understand-
ing of covalent or hydrogen bond ruptures in biomolecules or mechanophores in polymers at the
single-molecule level. Combined with new technologies to control temperature and pressure in ball
mills, these appealing new methods are promising tools for establishing the fundamental knowledge
necessary for the understanding of mechanochemical reactivity and mechanisms.

Keywords: mechanochemistry; reaction mechanisms; chemical kinetics; in situ kinetics monitoring;
quantum mechanochemistry

1. Introduction: Terminology Overview and Mechanochemical Instrumentation

Mechanochemistry describes diverse phenomena having in common that mechanical
forces affect chemical reactivity. This broad definition encompasses seemingly unrelated
processes, such as organic syntheses in ball mills and twin-screw extruders, reactions at
propagating cracks in solids, or covalent bond braking in stretched polymers at the single-
molecule level. It has been stated that microscopic to macroscopic scale mechanical motion
can induce chemical reactivity leading to endergonic reactions, while spontaneous chemical
reactions can also power mechanical motion [1].

While many chemical reactions occur spontaneously, many others require that energy
is provided to the reactants to induce and sustain a chemical reaction. Based on the type of
energy used, several branches of chemistry can be defined [2]: Thermochemistry (based on
the addition of heat), photochemistry (radiation), electrochemistry (electrical potentials),
and mechanochemistry (mechanical energy). IUPAC has defined mechanochemical reac-
tions as “those induced by the direct absorption of mechanical energy” [2,3]. However, one
can wonder what exactly “mechanical energy” is. Mechanical energy is delivered to the
reactants through a mechanical treatment, which involves the application of mechanical
forces, such as shear and non-hydrostatic compression forces, and combinations thereof.
These are represented in Scheme 1.
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Scheme 1. Typical mechanical force types delivering mechanical energy to reactants and inducing
mechanochemical reactions. (a) Shear forces lead to surfaces sliding against each other. (b) Non-
hydrostatic compression forces anisotropically compress the reactants. The arrows labeled F represent
such forces. During ball impacts (in all types of ball mills), mechanical forces, such as (c) shear forces,
and (d) non-hydrostatic compression forces, are applied to the reactants at the collision sites, resulting
in plastic deformations and the absorption of mechanical energy. The arrows in (c,d) represent the
ball’s velocities (v) before impact.

Mechanical energy acts synergistically with the internal energy of a chemical system
due to its temperature, further increasing the chemical reactivity of matter. In the chemical
laboratory, many mechanochemical reactions can be induced simply by manually grinding
the reactants in a mortar with a pestle. However, in order to gain control of the reaction
conditions and to obtain reproducible results, various types of ball mills [2,4], or alterna-
tively single- or twin-screw extruders [5], are used. These instruments are represented in
Figure 1 and will be further described in the next section.

Mechanochemistry can be carried out in any state of matter [2]. It has been mostly
studied in solids and liquids (and their combinations); however, the reactivity of gases such
as Hp, O, HCN, CO, COy, etc., has also been shown to increase using mechanochemistry [6].

The application of mechanical energy to solids involves several associated physical
processes (not immediately producing chemical changes but modifying the chemical system
toward them), which have been called mechanical activation [2]. Those processes are
particle size reduction (comminution), with a consequent surface area increase, and the
formation of lattice defects of various types [2], wherein the reactivity is enhanced due
to the reduction of the strength of the attractive interactions that hold the solid together,
which also ultimately leads to amorphization. For example, partially crystalline «-cellulose
can be rendered amorphous using mechanical processing in a planetary ball mill, and the
degree of crystallinity can be studied using X-ray powder diffraction [7].

Most of the mechanical energy provided to the reactants is dissipated as frictional
heat [8]. Nevertheless, during or after mechanical activation, many substances undergo
chemical reactions, such as covalent bond breaking and forming (also called covalent
mechanochemistry), hydrogen transfer (acid-base reactions) or hydrogen bonding rear-
rangements, electron transfer (redox reactions), polymerization, decomposition reactions,
etc., and often new phases containing the products crystallize during the mechanical treat-
ment (typically as powders) with varied degrees of crystallinity, crystalline domain size,
lattice microstrain and defects, particle sizes, and morphologies.

1.1. Mechanochemical Instrumentation and Accessories

Various types of laboratory equipment are used to carry out mechanochemical reac-
tions. Besides a simple mortar and pestle for manual grinding (without systematic control
of the amount of mechanical energy applied or the reaction time), mechanochemical reac-
tions are typically carried out in ball mills of the planetary, vibratory or mixer, and attrition
types [2,4,9], as shown in Figure 1.

Basically, ball mills consist of one or more vessels where the reactants, the milling
media (one or more balls), and sometimes milling additives are placed together to receive
mechanical treatment and react.
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Figure 1. Examples of laboratory equipment and instruments commonly used in mechanochemistry.
(a) An agate mortar and pestle for manual grinding. (b) A Retsch GmbH (Haan, Germany) mixer-type
ball mill model MM 500 with optional temperature control capability. The pink horizontal arrows
(drawn on the photograph) indicate the oscillatory movement of the reaction jars. (c) A Retsch GmbH
(Haan, Germany) planetary ball mill model PM 100. (d) Schematics of the operation mode of a
planetary ball mill. The support disc at the bottom rotates with w, frequency as indicated by the
arrow. Two reaction jars, in which individual rotational axes are placed at R distances from the central
axis, each rotate with w, frequency in a direction opposite to that of the support disc. A vertical
view of a reaction jar (right side) shows a ball’s trajectory. Scheme reproduced from reference [9]
with permission. (e) A twin-screw extruder. The reactants are introduced through the feed port, the
reaction occurs in the barrel, and the products are obtained in the exit port. Figure reproduced from
reference [10] with permission.

The reaction vessels are rotated (see Figure 1d) or oscillated at chosen frequencies
(horizontally, such as in Figure 1b, or vertically in other models), so that the milling media
acquire and maintain kinetic energy during a preset milling time. The balls repeatedly
collide among themselves and with the container walls, trapping the reactants in inelastic
collisions (in which the ball’s kinetic energies are not conserved), transferring to them part
of that energy through repeated impacts. Ball mills are furnished with timers to select the
operation times, and most often, milling frequency control is also possible. In planetary
ball mills, the rotational frequencies of the support disc and the milling jars can be selected,
while in vibratory /mixer mills, the vibrational frequency of the reaction jars can be chosen
(see Figure 1b,d, respectively).

Inside mixer/vibratory and planetary ball mills, balls collide at relatively high ve-
locities, and pulsed ball impacts dominate the mechanical energy input. In attritor ball
mills, the ball velocities can be lower than in the previous types, leading to frictional dy-
namics in which shear forces are also important [9]. All these instruments deliver different
amounts of mechanical energy per time unit, and they can be operated under slightly
different experimental conditions, further varying the overall mechanical energy input,
and the shear to shock ratio [4,9]. Hence, the chemical reactivity of substances, the rates of
mechanochemical reactions, and/or the products obtained can also differ.

Planetary and vibratory/mixer (sometimes also called shaker) ball mills are most
commonly used in the laboratory [11-13]. Reaction vessels and balls can be made of steel
(various types), agate, ZrOp, WC, PMMA, and less often other materials, such as aluminum,
AlO;, polylactic acid, or Teflon®. Mechanochemical reactions between organic solids,
which are generally soft, may be conducted using agate, steel, or PMMA as milling vessels
and media. Harder materials, such as many inorganic compounds, may require the use of
mechanically resistant vials or milling media composed of ZrO,, Al,O3, or WC.
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Single- or twin-screw extruders are less commonly used to carry out mechanochemical
reactions, although their implementation is gaining interest. In a twin-screw extruder, the
reactants undergo mechanical treatment with the action of interlocking screws in a barrel
(see Figure 1e), which can also be heated to a chosen temperature [13]. These instruments
allow continuous flow processes [5,12,13], and so, they are uniquely suited for scaling up
mechanochemical reactions. Products of organic syntheses, cocrystals, and other materials
have been obtained at the multi-kilogram per hour scale [14]. The mechanochemical
syntheses of metal-organic frameworks (MOFs) have been similarly scaled up [10].

Furthermore, grinding, ball milling, and reactive extrusion in twin-screw extruders are
not the only techniques used to carry out mechanochemical reactions. Other methods such
as ultrasound [15], resonant acoustic mixing [16], and the manipulation of chemical bonds
using the application of mechanical forces at the single molecule level with AFM [1,17-19]
can lead also to mechanochemical processes.

Single molecule force spectroscopy techniques have provided significant insights
on the mechanical strengths of chemical bonds [1,17,18], such as the magnitudes of the
mechanical forces required to break covalent bonds and non-covalent interactions like
hydrogen bonds. Figure 2 shows the orders of magnitude of such forces [18], as determined
at the single-molecule level. As intuitively expected, the forces to break covalent bonds
are typically higher (reaching the nN order of magnitude), than those to disrupt non-
covalent interactions.

Force (pN)
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E DNA hydrogen bonds ’f , .
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Polymer bond rotation
Disulfide bonds
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Figure 2. (Top) Orders of magnitude of the mechanical forces (spanning up to hundreds of pN)
required to disrupt non-covalent interactions such as hydrogen bonds in biomolecules, or to induce
molecular fragment rotations of defined groups of bonds. (Bottom) The ranges of the mechanical
forces required to break covalent bonds, such as metal-organic bonds in proteins, disulfide bonds,
and the ring opening of mechanophores in polymers. Note that the forces to break covalent bonds
can be higher, in the nN order of magnitude. Figure reprinted by permission from Springer Nature,
in Nature Reviews Chemistry, “Steering Chemical Reactions with Force,” by S. Garcia-Manyes and
A.E. M. Beedle, 2017.
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1.2. Mechanochemistry-Related Fields and Terminology in Publications

The history of mechanochemistry has been recently reviewed [20]. Although known
since antiquity, the first systematic investigations and the definition of mechanochemistry
as a new chemistry field appeared only at the end of the 19th century.

The mechanochemistry-related jargon has evolved with the field, more rapidly during
the 20th century. Besides mechanochemistry, other related terms have been (and are still) used,
such as tribochemistry (reserved for chemical and physicochemical processes in solids [19]
such as ball milling, but also involving lubrication, shear, comminution, friction, and wear
processes), and mechanical alloying, which was brought into existence in 1966 [20] and
involves the preparation of alloys and intermetallic compounds not obtainable using other
methods, with important practical applications [19-21].

A recent search in the Web of Science™ using the keywords “mechanochemistry”
or “mechanochemical” led to 14,993 entries (including abstracts and proceeding papers)
published since 1937. Within these, 13,362 publications were articles and 942 were review
articles. Since 2013, the number of publications has added up to more than 500 per year,
whereas this number had been fewer than 100 per year before the early 1990s. Currently
the worldwide interest in mechanochemical studies appears to be on the rise, and this has
been already pointed out by other research groups [13].

The number of publications increased from 14,993 to 17,167 when “tribochemical”
was added to the search keywords, not a substantial change. However, when “mechanical
alloying” was added as a new search keyword, 27,738 publications were found. Within
the 11,001 publications under only the “mechanical alloying” keyword, 121 were review
articles, and only since the early 1990s the number of those publications consistently
surpassed 100 per year. However, in the most recent years the publications per year in
this field were around half of the corresponding values for the “mechanochemistry” or
“mechanochemical” category.

Overall, these data reflect not only the timeline of the terminology most frequently
used and a recent increasing interest in mechanochemical reactions other than mechanical
alloying, but they also highlight the highly interdisciplinary nature of the field (one can
suspect sometimes using different jargons) that engages material scientists, engineers, inor-
ganic, physical and organic chemists, biochemists, computational chemists, and physicists.

2. Mechanochemistry: A Rediscovered Branch of Chemistry with Increasingly
Recognized Advantages

It has been stated, without exaggeration, that currently mechanochemistry is truly
experiencing a “renaissance” [22] of epoch-making significance toward realizing different
types of chemistry [23].

Among the many compelling reasons promoting the increasing study of mechanochem-
istry, its sustainability features stand out. Mechanochemistry affords versatile chemical pro-
cesses that do not require the use of reaction solvents, significantly reducing the generation
of waste and pollution while simultaneously cutting down economic costs. Mechanochem-
ical processes often give rise to larger yields than the analogous reactions in solution, and
typically involve considerably reduced reaction times [24,25], good stoichiometry control,
and enhanced product selectivity [11,25]. Furthermore, sometimes they lead to products
not obtainable from solutions or other synthetic methods, in terms of structures, stere-
ochemistry, stoichiometries, or mixture compositions. These observations point to the
unique chemical mechanisms involved in mechanochemistry, which sometimes appear to
be considerably different from those in the analogous reactions in solution.

Mechanochemical reactions are amenable to the use of catalysts [13]. Mechanochemical
reactivity also depends on the temperature [26,27], the amounts of mechanical energy
delivered to the reactants, and although still scarcely studied, it also depends on the
pressure, most importantly for reactions involving gases [6]. Hence, new paths to fine tune
mechanochemical reaction conditions and obtain new products are enabled.
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The following sections provide further details about the many advantages of mechanochem-
istry with selected examples of mechanochemical reactions.

2.1. “Green” Mechanochemistry toward a Sustainable World

A large number of inorganic, organic [28], and organo-metallic reactions (if not all)
can be carried out under solvent-free conditions, including those using mechanochemistry.
Reaction solvents are not necessary in mechanochemical processes. This is very important
because most solvents are harmful (or toxic), they must be purchased and disposed of prop-
erly, the reactants must be soluble in them (which may limit the number of possible starting
materials, potentially increasing costs), the products must be separated and purified, and
occasionally they contain unwanted residual solvent. Moreover, solvents often may need
preliminary conditioning such as degassing, distilling, and drying. In the laboratory or in
large scale syntheses, all these operations increase economic costs and require energy input
and time, specialized infrastructure, and trained workers, besides generating vast amounts
of waste and pollution. Substantial quantities of water are also used in many of these pro-
cesses, for washing, cooling, as a solvent, etc. In contrast, the workup procedures involved
in mechanochemical reactions are generally much simpler, work safety is simplified, and
often mechanochemical products require minimum purification steps, leading to further
cost reductions, overall lower energy consumption, and reduced waste production.

Solvent-free reactions are a very significant step forward toward realizing sustainable
chemistry. Sustainable industrial processes and the “greening” of all areas of chemistry are
sought due to their environmental and economic advantages. For example, the American
Chemical Society, Green Chemistry Institute Pharmaceutical Roundtable has been estab-
lished with the objective of promoting the integration of green chemistry and engineering
into the pharmaceutical industry [29].

Another significant benefit is that mechanochemical reactions can be scaled up [10,14,30]
and carried out under continuous flow conditions. Not surprisingly, IUPAC has recently
nominated reactive extrusion (a form of mechanochemistry in flow reactors) as one of the
ten most important technological innovations toward a sustainable world [31].

However, it must be pointed out that small amounts of solvents used as reaction
additives also find applications in mechanochemistry. Liquid assisted grinding (LAG) is a
recently developed mechanochemical synthetic method based on the mechanical treatment
of powdered reactants together with small (catalytic) quantities of liquid additives [32,33].
LAG typically affords increased reaction rates or even enables mechanochemical reactions,
it generally gives rise to increased crystallinity of the products, and product selectivity,
topology, or polymorph control can be achieved by using particular liquid additives [12,34].
Mechanochemical reactions in pastes (e.g., powders with minimum volumes of solvent
added) may provide benefits comparable to the use of reaction solvents in solution chem-
istry, such as energetically stabilizing ionic species [35], among others.

Mechanochemistry encompasses not only waste prevention (one of the most important
green chemistry principles), and the use of energy efficient processes, but also simplified
reaction instrumentation that minimizes accident risks and human exposure to harmful
chemicals. “One pot” syntheses avoiding the purification and isolation of intermediate prod-
ucts are often possible. Mechanochemical reactions many times involve high atom economy
processes, wherein all atoms of the reactants are incorporated into the products [36].

Moreover, it has been stated that all twelve principles of green chemistry can be
related in one way or another to mechanochemistry [36]. These principles and how they
are supported through mechanochemistry with examples, are shown in the table below.



Crystals 2023, 13, 124 7 of 33

Table 1. The twelve principles of green chemistry and how they can be fulfilled through
mechanochemistry, including selected examples.

Green Chemistry Principle

How Mechanochemistry Helps and Examples

Waste prevention

Largely reduced use of solvents and water.
Reduced need of isolation and purification processes.

Atom economy

Avoided use of reactants in large excess.

Typical high chemical selectivity and high yields.
Avoided formation of unwanted solvates.

Example: Syntheses of MOFs directly from metal oxides
instead of metal salts [37].

Less hazardous syntheses

Highly reactive species can be produced and immediately
reacted, without using controlled atmospheres.

Example: Mechanochemical activation of CaC, avoiding
the use of gaseous acetylene [38]. Replacement of aqua
regia with safer oxidants such as oxone® [39].

Design of safer chemicals

Alternative synthetic routes to active pharmaceutical
ingredients and new solid-state forms (cocrystals,
polymorphs). Example: Syntheses of new metallodrugs
with reduced toxicity [40].

Safer solvents and auxiliaries

Reactant solubility considerations are unnecessary. New
potential reactants (less toxic, cheaper, safer to use)
become available.

Reactivity tunability using LAG selectively leading to
different polymorphs, MOF topologies, etc.

Design for energy efficiency

Scalability for industrial production and continuous flow
processes using reactive extrusion.

Typical fast reaction rates and high yields, often at room
temperature and ambient pressure. Heating may be
avoided, shortened, or the temperature reduced,
potentially leading to lower fossil fuel consumption and
reduced carbon footprint. Example: Synthesis of ammonia
under mild conditions [41].

Renewable feedstock use

Biomass valorization reactions of cellulose, charcoal,
lignin, chitin, and eggshell [42] renewable feedstocks.

Reduced derivatives

Affords important synthetic processes in less steps and
“one pot” syntheses.

Example: Highly processed salts used as catalysts have
been replaced with less costly mineral ores [43].

Milling media/vessels can be used as catalysts [44].

Catalysis Many enzymes remain active in ball milling and reactive
extrusion [45].
Affords the synthesis of biodegradable polymers [46], and
Design for degradation the efficient degradation of waste polymers such as

polyethylene terephthalate [47].

Real-time analysis

Raman spectroscopy affords in situ monitoring of
product formation.

Accident prevention

Automation of chemical processes in flow reactors is
possible. A reduced exposure of humans and the
environment to hazardous chemicals can be achieved.

The benefits of mechanochemistry (justifiably called chemistry 2.0 [26,48]) touching all
green chemistry principles, are truly remarkable. Worldwide current goals for sustainable
economic and industrial development, while encompassing environmental protection, have
found in mechanochemistry a priceless resource. Yet it is necessary that mechanochemistry is
increasingly taught to and practiced by the new generations of chemists and chemical engineers.
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2.2. A Myriad of (If Not Any) Materials from Mechanochemical Reactions

A truly immense number of mechanochemical reactions (yielding materials with
varied types of chemical bonding) have been published. Several early discovered reactions
in mortar and pestles were inorganic redox reactions, such as the preparation of Hg from
cinnabar (HgS) in a Cu mortar with a Cu pestle in the presence of vinegar [49], which has
been dated at around 315 B.C. [2,20,22].

The mechanochemical reactions of inorganic materials of the main group elements
(s- and p-blocks) have been recently reviewed [49]. These studies include simple oxides [2,33,50],
sulfides and selenides [2,33,51], and their phase transformations [2]; chalcogenides [50],
nitrides [33], hydrides [52], and materials for hydrogen production and storage [49,53].

The facile mechanochemical syntheses of coordination complexes of transition metals
with organic ligands have led to mononuclear complexes and coordination clusters, cages,
and other one-, two-, and three-dimensional architectures [54]. Hybrid organic-inorganic
metal halide perovskites for solar cells [23,55], advanced energy materials [23], complex
ceramic oxides [2,50,56], including technologically important piezoelectric materials such
as Pb[Zr,Ti]O3 (PZT) [57], can be synthesized using mechanochemistry. Improved inorganic
catalysts [58], and nanomaterials preparation and functionalization have also been similarly
achieved [2,22,59,60], including metal nanoparticles and graphene-based materials, among
others. Scheme 2 shows some examples of inorganic mechanochemical reactions.

(@) 2AgCls) —© » 2Ag )+ Clag

(b) HgClz i) —% Hg )+ Clz(g)

(€) LIAIHs ) + 2 LiH (s) —&> LisAlHs (s
(d) LizO (&) + MnO () —s2» LixMnO )+ ...

Scheme 2. A few selected examples of inorganic mechanochemical reactions. (a,b) The redox de-
composition of silver and mercury chlorides into the respective metals and chlorine in a mortar and
pestle [20]. (c) The ball mill synthesis of an alane for hydrogen storage [49,53]. (d) The mechanochem-
ical synthesis of a spinel-type material for lithium-ion battery applications [49,56]. Note the symbol
used above the reaction arrows to denote mechanochemical activation [19].

Mechanochemical organic synthesis (through breaking and forming covalent bonds),
also called “covalent mechanochemistry” is a more recent, albeit flourishing and remarkably
promising research area, covering all types of organic reactions [61]. Organic solvents are
ubiquitous in organic chemistry, so solvent-free mechanochemical reactions are especially
appealing as “green” synthetic alternatives. Organic mechanochemical reactions are also
typically faster, are more selective, provide good stoichiometry control, and generally lead
to higher yields than the analogous reactions in solution [11,25].

Several reviews [13,61-63], and books on mechanochemical organic syntheses have
been published [24,64]. As a note toward providing a simplified overview of the scope
of organic mechanochemistry, Margeti¢ and Strukil organize their book [24] into chapters
dedicated to C-C bond forming reactions (22 reaction types), C-N (16 types), C-O and other
bond forming reactions (nine types), cycloadditions (e.g., Diels Alder), and oxidations
and/or reductions of alcohols, aldehydes, ketones, amines, esters, and thiols, among other
functional groups. Sometimes multistep organic and organometallic reactions can be
conveniently performed as “one-pot” syntheses [65-67], without isolation and purification
of intermediate products. Mechanochemical rearrangements in organics have been also
investigated [68].

Peptides and polymers can be also prepared using mechanochemistry [12,69,70]. The
extraction of chemicals from plants (renewable resources) can be also enhanced with
mechanochemistry [71].
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Furthermore, mechanophores in polymer materials have been studied toward obtain-
ing responsive materials [12,72], which break at intended positions with the application of
mechanical force.

H o}

H
o N._-o /H\ extrusion, 30 rpm, 45 min | N o
XV/ + B A — if
N
\ H
N=

N

A
NH, HCI _<
Ar

Scheme 3. The “green” synthesis of the pharmaceutical active ingredients (a) nitrofurantoin and
(b) dantrolene have been carried out at the 25 g scale using twin-screw extrusion [73] without bases,
solvents, or additives.

Recent crystal engineering advances and the emergence of “tunable” material types
such as metal-organic frameworks, with important technological applications in selective
gas separation, catalysis, sensors, CO; capture, H, production and storage, etc. have also
benefited from mechanochemistry [74,75]. The latter facilitates large scale preparations, and
twin extrusion methods have been used [10,14,76]. Covalent organic frameworks (COFs)
with tunable porous structures have been also synthesized using mechanochemistry [77].

Organic multicomponent crystals (cocrystals) with tailored applications [78-82] are
another rather recent type of crystal-engineered materials with tunable properties, often
synthesized using mechanochemistry. The supramolecular-type synthesis of these materials
does not involve covalent bond breaking and forming reactions, but it is rather driven
by less energy-demanding processes that involve molecular recognition, such as organic
acid-base (H" transfer) reactions, changes in hydrogen bonding arrays, halogen bonding
interactions, 7t stacking, and charge transfer reactions [28,35,82,83]. Often, these materials
are accessible by manually grinding the reactants using a mortar and pestle during short
time periods (e.g., 30 min or less).

Drug-drug combinations with synergistic properties (often salts or cocrystals) have
been also prepared using mechanochemistry [84,85]. In comparison with cocrystal syn-
theses from solutions, mechanochemical reactions are advantageous toward avoiding
problems due to the low solubility of any of the individual coformers. Mechanochemistry
has been also used to prepare ternary organic cocrystals and inclusion compounds [86].

Furthermore, mechanochemical processes and reactions have been implemented in the
recycling of waste, in metallurgy, and in the mining and pharmaceutical industries [51,87].
In the latter, these processes have been implemented for the synthesis of active pharmaceu-
tical ingredients (as shown in Scheme 3) and for the screening of their salts, cocrystals, and
polymorphs [88], before a solid drug delivery form can be selected [70,89]. Furthermore, the
processes of grinding and milling powders (not pursuing chemical reactions) are commonly
used in large scale manufacturing, for example for the processing of pharmaceuticals, such
as milling powdered drugs to increase their dissolution rates [79,90].

2.3. Liquid Additives, Milling Auxiliaries, and Catalysts

Mechanochemical reactions can be carried out in any state of matter. However, since
the practice of alchemy, perhaps then based on Aristotle’s idea “No coopora nisi fluida” (no
reaction occurs in the absence of solvent) [61], even today the idea of reactions directly
between solids seems unnatural to many scientists.

Organic solids, wherein covalently bonded molecules are held together in crystals
by intermolecular attractive interactions (which are energetically orders of magnitude
weaker than covalent bonds), are in general soft, and many reactions can occur even by
manually grinding powders in a mortar and pestle for a few minutes. Some covalent bond
breaking and forming reactions can similarly occur, although, in general these reactions
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require larger mechanical energy inputs, such as sustained ball milling for hours rather
than minutes, as it can intuitively be expected from Figure 2.

As a guideline, in 1973 Paul and Curtin [91] mentioned that “any organic reaction
occurring in an inert solvent at a reasonable rate at a temperature 60-100 °C below the
melting point of the reactants, can probably be carried out in the solid state as well.” They
also proposed a general mass transfer mechanism for certain thermally initiated organic
solid-state reactions, which starts by (1) the loosening of the molecules at the reaction sites,
followed by (2) the “chemical” change (at the molecular level), (3) the formation of a solid
solution of the product in the reactant/s, and (4) the separation of the product phase.

By then, available studies of organic reactions using optical microscopy had shown
the anisotropic nature of organic solid-state reactions in single crystals, the existence
of nucleation processes, and the effects of defects in the reaction rates. At those times,
the topochemical postulate was considered valid. This stated that suitable molecular
orientation and short distances (less than 4.1 A) were required for a photochemical (and in
general any solid-state reaction) to occur [30,91].

Since two types of processes, the “chemical” change/s and the phase transition/s [91,92]
are necessarily correlated, the issue of the mobility of molecules in reacting solids has
been controversial for a long time. More recently, Kaupp has reported that topochemical
reactions appear to be the exceptions rather than the rule [30]. This was largely inferred from
AFM, scanning near field optical microscopy, and nano scratching measurements. These
experimental studies have demonstrated that molecules are able to migrate long distances to
escape mechanical stress and to build product phases, for example after chemical reactions.
Increased reaction rates on certain crystal faces where reacting functional groups are
readily accessible, and face selectivity are also known to occur [30,92,93]. However, these
observations may be different for mechanochemical reactions than for photochemical
reactions [92], or reactions of solids with gases [93]. This is likely due to the mechanical
treatment itself promotes molecular movements, diffusion processes, and the formation
of lattice defects, leading to particle size reduction, surface area increase, and ultimately
amorphization. The diffusion rates and mass transport are additionally enhanced when
small quantities of liquids are added to mechanochemical reactions [94].

Several mechanisms enhancing molecular mobility toward mechanochemical cocrys-
(e.g., when one of the reactants has considerable vapor pressure), (2) the formation of eu-
tectic liquids (known to occur among some pairs of solids [96,97]), and (3) the formation
of amorphous intermediate phases. For example, considerable amorphous halos have
been measured using X-ray powder diffraction in some mechanochemical reactions [98],
and amorphous intermediate phases have been identified during in situ monitoring of
mechanochemical reactions using synchrotron X-ray powder diffraction [99].

In 2002, a pioneer study of Shan et al. reported increases in the mechanochemical
reaction rates of hydrogen-bonding driven cocrystallizations due to the addition of small
quantities of solvents, if one of the reactants was soluble in the solvent selected [100]. This
synthetic method received the initial name of “solvent-drop grinding,” while other research
groups have called it “kneading” (forming pastes) [33], wherein the mechanochemical
processes were carried out. Currently the name “liquid assisted grinding” (LAG) coined
“solvent” to emphasize that the reactants may or not be soluble in the liquid phase in
order to observe mechanochemical reactivity changes (in comparison with neat conditions).
These changes are generally increased reaction rates and reaction yields, increased chemical
reactivity (a larger number of reactants undergoing a reaction and a larger number of prod-
ucts obtainable), product polymorph control (e.g., different cocrystal polymorphs or MOF
topologies can be obtained), and an increased degree of crystallinity in the products [95].
The degree of crystallinity and the microstructure of the powder products also depend on
the LAG liquid used [95,102,103].
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The amount of liquid additive relative to the mass of the reactants is defined as 7, the
ratio of the volume of added liquid (in pL) to the total mass of reactants (in mg) [32,101].
Note that an empirical definition of the LAG environment involves the conditions in
which the individual effects of the reactant and product solubilities on the reaction are
avoided [101]. Hence, strictly speaking, 1 in LAG is typically below 1 uL./mg.

The many effects observable by using liquid additives in mechanochemical reactions,
under LAG conditions or in reactions from pastes, are graphically represented in Scheme 4.
Interestingly, LAG effects can be observed even when one of two cocrystal coformers
is in the liquid phase [86]. This reveals a LAG liquid role more complex than simply
acting as a lubricant enhancing diffusion among solids and promoting a reaction, and it
suggests a templating role, which can be mediated through intermolecular interactions
that involve the molecules of the LAG liquid and those of the reactants. As a related
example, the addition of liquid additives was necessary to observe crystalline quininium
aspirinate [85] upon grinding quinine and aspirin in 1:1 molar ratio, while neat grinding
(in a ball mill or in a mortar and pestle) led to amorphous phases instead (determined by
X-ray powder diffraction); but a mechanochemical reaction had also occurred in those, as
univocally determined using FT-IR spectroscopy. These observations suggested that the
liquid additives had roles promoting the crystallization of the product, also prone to form
glass phases [85].

Enhanced mass transferand
diffusion processes

Increased reaction rates

Effects can be independent J
[ Templating effects in products due to

of reactant’s solubility

liquid-reactant/productintermolecular
interactions

Increased number of
potential reactants
and products

ges of
liquid assisted
grinding (LAG)
and kneading

Chemical selectivity tuning Ad
(product polymorphs,

stoichiometries)

enabling structural analysis by
diffraction techniques

Increased product’s crystallinity, ‘]

Enables systematic polymorph
screening in the products

Modified chemical
equilibriain
mechanochemical
reactions

Possible kinetic solvent
effects in mechanisms
attributable to solvent
properties

Scheme 4. Advantages of using LAG and mechanochemical reactions from pastes (kneading). LAG
is defined as the conditions in which the individual effects of the reactant and product solubilities on
the reaction are avoided [101].

LAG is a demonstrated method for including guests in a previously formed host-guest
array; thus, it appears to be a promising method for synthesizing ternary and multicom-
ponent cocrystals [86]. Moreover, the effects of various properties of the LAG liquids in
mechanochemical reactions, such as polarity [11], dipole moment, dielectric constant, protic
and aprotic character, acidity/basicity, and molecular volume have been explored. The
author’s previous work [83,102,103] on organic binary-component charge transfer com-
plexes (CTC) illustrates the effect of the dielectric constant of the liquid additives toward the
preferential formation of ionic CTC of tetrathiafulvalene (TTF), an electron donor. Although
these reactions using agate mortars and pestles do not qualify for LAG under the previous
definition—since in many cases they occurred in pastes that dried during the mechanical
treatment—it was systematically found that the most polar solvents facilitated the forma-
tion of ionic CTC, including tetrathiafulvalene chloranil (TTF-CA) [102], tetrathiafulvalene
2,3-dichloro-5,6-dicyano-p-benzoquinone (TTF-DDQ, DDQ = 2,3-dichloro-5,6-dicyano-p-
benzoquinone) [103], and ionic tetrathiafulvalene chloranilic acid (TTF-CAH,) [83]. Neat
grinding or manual grinding with low polarity solvents produced instead a neutral form of
TTE-CAH;, pseudo-neutral (green) TTF-CA, and amorphous phases of TTF-DDQ. Selected
results are summarized in Figure 3.
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Figure 3. Liquid additive effects in the mechanochemical syntheses of charge transfer complexes of
tetrathiafulvalene, showing different charge transferred (ionicities). For (a) the mechanochemical
reaction of tetrathiafulvalene and chloranil [102], and (b) tetrathiafulvalene and chloranilic acid [83],
the use of highly polar liquid additives, such as water and DMSO, above threshold quantities (often
forming pastes ground in mortars) led to the respective ionic polymorphs, while neat grinding and
pastes of low polarity liquids yielded neutral or pseudo-neutral forms, as indicated in the figure. The
colors of the powders obtained as products, and a representation of their crystal packings followed by
the names of each polymorphic form (in red) are also shown (C: gray, S: yellow, O: red, H: light gray).
The dielectric constant of the liquids used as additives, and additionally their protic character in the
reaction shown in (b), are deemed to have roles in the chemical mechanisms leading to particular
polymorphs and ionicities. Note also that the neutral form of TTF-CAH), has been only obtained
using mechanochemistry [83].

Note also that the crystallinity of the above products is typically increased using liquid
additives in comparison with neat grinding, which made it possible to solve the crystal
structures of the black (ionic) TTF-CA [102], the ionic TTF-DDQ [103], and the neutral
TTF-CAH; [83] from synchrotron X-ray powder diffraction data.

Furthermore, solvent effects are universal in organic chemistry [104,105]. For example,
solvent polarity is known to accelerate the rates of organic reactions that have polar
transition states. The rates of the Menschutkin reaction (involving salt formation from two
neutral molecules) in solutions of acetone-benzene of varied composition and polarity, are
considerably accelerated by an increase in the dielectric constant of the solution [104-106].
While trying to use this knowledge to understand the mechanochemical reaction leading
to two forms of TTF-CA [102], ionic and pseudo-neutral, it is interesting to point out that
tetrathiafulvalene is not soluble in water. Nonetheless, water as a liquid additive facilitates
the formation of the ionic product. It seems reasonable to think of “solvation spheres” (or
layers of polar water molecules around the reactants), which energetically facilitate the full
ionization of tetrathiafulvalene and chloranil molecules (by reducing the Gibbs energy of
activation) yielding the ionic product [35]. Hence, the liquid additives (and their polarity
in particular) appear to have a mechanistic role in these redox reactions.

Not only organic cocrystallization, but organometallic chemistry has also benefited
from LAG. It is well known that LAG and ILAG (ion liquid assisted grinding) can be used
to template the selective formation of particular MOF topologies [34,107]. Additionally,
covalent mechanochemical reactions such as the syntheses of Schiff bases (a condensation
reaction) from aldehydes and amines can be accelerated using LAG. Atmospheric H,O
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(even though water is a product), or mixtures of organic solvents with volatile bases such
as triethylamine [108], can also accelerate those reactions.

All the above examples indicate that there is potential for transferring and reusing the
bulk of knowledge on thermodynamic and kinetic solvent effects in solution chemistry to
mechanochemical reaction mechanisms that make use of liquid additives to some extent
(e.g., LAG, pastes, slurries, etc.).

Moreover, the existence of reaction reversibility in covalent mechanochemistry was
inferred in the work of Belenguer et al. [109] on the base catalyzed metathesis reaction of
symmetric aromatic disulfides substituted in the para position with -nitro, -chloro, and
-methyl groups, and with -nitro in the ortho position. In the diluted solutions of all these
reactants (after equilibration, since the metathesis reactions are reversible), the reaction
products are a mixture of both homodimers and the heterodimer in the statistical 1:1:2
ratio, respectively. Using neat grinding or LAG with acetonitrile, together with 2 mol% of a
base (1,8-diazabicyclo[5,4,0Jundec-7-ene, dbu) as catalyst, the reaction yielded 98% of the
heterodimer (for both neat grinding and LAG), in the case of -nitro in ortho and -chloro in
para substitution (see Scheme 5).

Cl 0O,N
o T
cr NO, 98% NG,
Scheme 5. The mechanochemical metathesis reaction of symmetric aromatic disulfides [109]

was reversible using neat milling and LAG (acetonitrile, 0.25 pL/mg) in the presence of 1,8-
diazabicyclo[5,4,0Jundec-7-ene (dbu). However, neat milling and LAG yielded different polymorphs
of the product (both 98% yield). After chemical equilibration, the solution reaction led to a different
mixture of both homodimers and the heterodimer in the statistical 1:1:2 ratio, respectively.

Data from the reactions initiated from different reactant compositions demonstrated
that LAG and neat grinding were reversible, implying a dynamic interconversion between
homo- and heterodimers. Other combinations of substituents in the aromatic disulfides
studied also led to mechanochemical products with different compositions than the solution
mixtures [109].

The existence of reversible mechanochemical reactions appears to be a new concept.
These experiments suggest that chemical equilibria could be also found in mechanochemical
reactions among liquids or gases, or even in pastes of powders mechanically treated
together with liquid additives, and that equilibrium constants could be measured. It is
appealing to investigate how the equilibria and the equilibrium constants, made of the
activities of reactive species, would vary with the experimental conditions. This is, not
only with thermodynamic variables such as temperature and pressure (for gases), but also
with the mechanical energy input, since mechanochemical reactions are jointly driven by
thermal and mechanical activation.

Furthermore, mechanochemical reactions between liquid reactants can be carried out
using an inert (or not so inert) solid as a milling auxiliary. For example, powders of Al,Os,
fused quartz sand (SiO,), and zirconia have been used as solid supports in Sonogashira
reactions [62]. Organic mechanochemical reactions can benefit (or require) the use of
catalysts as well, as they are conventionally used in solution chemistry [24,61,62].

2.4. Unique Mechanochemical Reactivity and Selectivity

As early as the 1890s, Matthew Carey Lea, who has been proposed as the first system-
atic investigator of mechanochemistry [110], reported that silver and mercury chlorides de-
composed during grinding in a mortar but just melted down or sublimed, undecomposed,
upon heating. These reactivity differences (by that time studied for a better understanding
of the physicochemical processes applied in photography) have indeed served to identify
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chemical reactions mainly occurring due to mechanical treatment, supporting the definition
of a (then new) chemistry branch labeled “mechanochemistry” by Ostwald [110].

Currently, it is well known that mechanochemical reactions often lead to different prod-
ucts than thermally activated (or photochemical or electrochemical) processes. This is due to
their unique reaction mechanisms (in these cases, differing from those of the same reactions
using thermo-, photo-, or electrochemistry). Moreover, the previous section has outlined
several possible mechanistic effects of liquid additives (in LAG or pastes), catalysts, and
milling auxiliaries, toward the selective formation of particular mechanochemical products.

Hernédndez and Bolm have recently reviewed this topic [11], focused on organic
reactions; however, differences between thermochemical and mechanochemical reactivities
have been noted in all reaction types. Selected examples from [11] and a few other works
are as follows. For the synthesis of functionalized fullerenes, it was observed that the
mechanochemical nucleophilic behavior of CN™ was different from its behavior in solutions,
leading to a new compound, Cypg (18% yield) [111]. Other mechanochemical products
not obtainable from solutions are various large iptycenes synthesized using double Diels
Alder cycloadditions [112], and several cyclooctatetraene derivatives prepared from ethyl
propiolate (an alkyne) using a Ni vial and Ni pellets as catalysts [44]. Different mixtures
of stereoisomers have been obtained for the oxidation of 4-tert-butylcyclohexanone with
NaBHy, at low temperatures, compared with the products from a MeOH solution [27]. As
shown in Figure 3, the neutral polymorph of TTF-CAH; could only be synthesized using
mechanochemistry as well [83].

New stable intermediates have been also obtained using mechanochemistry. For ex-
ample, milling bis(benzotriazolyl)methanethione with several substituted anilines led to a
series of N-thiocarbamoylbenzotriazole bench-stable intermediates (not isolable from solu-
tions), which could be used as reactants for the formation of thioureas [113]. Moreover, high
regioselectivity has been observed for the phenyl C-H bond activation in asymmetrically
substituted 4’-(N,N-dimethylamino)-4-nitroazobenzene reacting with Pd(Il) acetate, using
glacial acetic acid (and sometimes sodium acetate) as additives, yielding two cyclopalla-
dated coordination complexes, one of them only obtainable using mechanochemistry [114].

2.5. Temperature and Pressure Effects in Mechanochemical Reactions

Cryo-mills have recently become commercially available, but they have not been broadly
used yet to study the effects of the temperature on mechanochemical reactions [26,27]. A
few research groups have pioneered the modification of commercial ball mills in order
to control the temperature of mechanochemical processes, and for the study of reactions
which occur under non-ambient temperatures [26,27,115]. Studies on reactants pre-heated
before mechanochemical reactions have been performed as well [116].

Overall, upon temperature variation not only reaction rate changes are observed
(as expected in any thermally activated process), but various published works describe
changes in the products and/or the selectivity of the mechanochemical reactions, implying
differences in the chemical mechanisms at non-ambient conditions in comparison with room
temperature (RT) mechanochemistry. For example, for the MOF synthesis from milling
cadmium chloride (or its monohydrate) and cyanoguanidine in a 1:2 molar ratio without
additives, Uzarevic et al. [116] observed a change in reactivity at higher temperatures (50,
65, and 70 °C) in comparison with the reaction at RT. At high temperatures, an intermediate
MOF with a 1:1 stoichiometry was detected, and the measured amorphous fraction was
smaller. As another example, the stereoselectivity of the mechanochemical reduction of
4-tert-butylcyclohexanone (an exothermic reaction leading to two stereoisomers) at constant
temperature in a modified SPEX SamplePrep (Metuchen, USA) mixer mill model 8000M
is dependent on both the milling temperature (varied between —5 °C and 40 °C) and the
milling frequency (varied between 12 and 21 Hz) [27].

Cindro et al. [26] have demonstrated the effects of the temperature on mechanochemi-
cal processes by implementing programmable mechanical treatments using chosen temper-
atures and reaction times, allowing the chemist to “fine-tune” mechanochemical reactions
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in terms of product selectivity and processing efficiencies. Mechanochemical reactions such
as a Knoevenagel condensation (C-C bond formation), the selective C-N bond formation
in urea/amide syntheses, a double imine condensation, and the formation of MOF-74
were studied.

The Knoevenagel condensation of vanillin (an aldehyde) and barbituric acid occurs at
RT through a cocrystal intermediate formed after 2 h of dry milling, while the condensation
reaction itself required additional 11-13 milling hours. However, at 50 °C the cocrystal
intermediate is formed faster (only in 25 min), while weak signals of the condensation
product already appear at 40 min of milling (although the cocrystal intermediate remains
during the following 1 h milling). At 75 °C, the reaction finishes in 15 min without evidence
of a cocrystal intermediate, and a new phase of the condensation product was identified
using Raman spectroscopy, as a product not obtainable at RT. Rheological changes in the
mixture were also noted.

For the double imine condensation of vanillin with p-phenyldianiline (PDA) in a
2:1 molar ratio, milling at RT for 60 min yielded a mixture of products (vanillin mono-
substituted and di-substituted PDA) and left-over vanillin reactant. However, milling for
the same time at 75 °C led to the pure di-substituted product, visible after 5 min of milling.
Another example is the formation of MOF-74 from ZnO and 2,5-dihydroxyterephthalic
acid at RT, which is accelerated at 75 °C without a mechanism change, even when smaller
milling media were used.

Although the development and uses of ball mills with enabled temperature control are
very recent [26], these results are quite promising for further exploring the simultaneous
control of mechanical and thermal activation for the optimization of mechanochemical
reaction conditions, and the preparation of different materials from those obtained using
conventional milling at RT. It must be pointed out that in all cases the mechanochemical
products depend on the amounts of thermal and mechanical activation provided to the
reactants, hence the products are the consequence of thermal and mechanical activation
determining chemical reactivity, selectivity, kinetics, and mechanisms.

Furthermore, from a thermodynamic point of view it is expected that mechanochemi-
cal reactivity will also depend on the pressure, most notably when gases react. For example,
mechanochemical reactions could be industrially important for improving the efficiency of
synthesis gas (syn gas) production. Syn gases are mixtures of CO and H; in different propor-
tions that are used in petrochemistry. WC nano-powders prepared using mechanochemistry
and plasma-mechanochemistry have been used as catalysts for the dry reforming of CHy
reacting with CO, in a 1:1 molar ratio, selectively leading to CO and Hj [117]. This or a
similar process could potentially be applied to recycle CH,; waste in petroleum refineries,
reusing two greenhouse gases instead of using coal as a raw material, which may (or not)
lead to useful syn gas compositions. These types of processes could contribute to “greening”
the economically important petrochemical industry as well.

Improved reactions of gases at mechanically treated solid interfaces are also known to
occur. The synthesis of ammonia under mild conditions was mentioned in Table 1 [41]. The
formation of methane can be performed using ball milling Ni-Fe-MgO and Ru-MgO hetero-
geneous catalysts in the presence of CO, and Hj [118]. Similarly, CO and H; react while ball
milled with FeCo/TiO; catalysts, selectively leading to CHy when FeCo supported on TiO,
is used [119]. CH4 can be also selectively produced using the mechanical treatment of light
metal hydrides and CO, at RT, together with H; (a technologically important gas and fuel).
It was reported already that the molar fraction of CH4 depends on the CO;, pressure [120],
as well as the rate and duration of ball milling and the particular catalyst used.

Many other industrially important reactions involving gases, e.g., hydrogenations of
organic compounds, could become “greener” and more sustainable through mechanochem-
istry. For example, the metal-free hydrogenation of olefins can be catalyzed by hexagonal
BN, in which defects have been introduced using mechanical treatment [121], avoiding the
contamination of the products with traces of a metallic catalyst. Oxidations using direct
reaction with O, (even minimum amounts present in the milling container) have been also
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reported [122], and the fraction of the oxidation products has been shown to depend on the
concentration of Oy in the milling vessel.

3. Mechanochemistry’s Current Drawbacks

At present, mechanochemistry is a “rediscovered” field whose study and application
are only in their beginnings. Hence, substantial fundamental physicochemical knowl-
edge of mechanochemical processes, and how this relates to thermodynamics and kinetics
knowledge, is yet to be discovered and fully demonstrated. Unfortunately, in most com-
mercially available ball mills, the thermodynamic variables used to study and control
chemical reactions, such as temperature and pressure, are not yet routinely measured or
controlled [26].

Remarkably, the energetics of mechanochemical reactions, how much energy is trans-
ferred or available to the reactants due to the combined effects of the temperature and the
mechanical treatment applied, how it flows through the chemical system to form products,
and “why” particular products are obtained (chemical selectivity); the chemical mecha-
nisms (what atoms or molecules are doing at the atomic/molecular level during a reaction,
how the elementary reaction steps combine in complex chemical mechanisms leading to the
observed products); and overall how mass transfer occurs, since most often mechanochem-
ical processes are heterogeneous phase reactions—all remain poorly understood, and only
recently have inspired an increasing interest from the chemical community worldwide.
These deficiencies, and promising new experimental and computational methods able
to provide significant insights and necessary data to overcome them, are discussed in
the following sections. These and related ideas are graphically represented in Scheme 6
(cartoon style), as the “dawn” of the physicochemical knowledge necessary to fully explain
mechanochemical reactivity.
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Scheme 6. A thorough knowledge of any mechanochemical reaction (represented in clouds) will
be accessed and built upon fundamental physicochemical knowledge. The use of thermodynamic
principles requires the control of temperature, pressure, and mechanical energy input, while ongoing
advances in mechanochemical reaction kinetics and quantum mechanochemical calculations, will
afford the application and further development of chemical kinetics and mechanisms knowledge to
the mechanochemistry field.

3.1. The Insufficiently Characterized Enerqy Input in Ball Milling Processes

Some engineering studies in the powder technology field have dealt with the mini-
mization of the energy used to mechanically process minerals [123], foods [124], and in
metal alloying [125], using planetary ball mills [126], and other mill types [61]. An interest
in this type of study is yet to spread among the communities of mechanochemical synthetic
chemists and mill manufacturers, toward the systematic measurement and recording of
the energy provided to reactants in all mechanochemical processes published. Neverthe-
less, typically the type of milling apparatus (mixer or vibrational, planetary ball mill, etc.)
including its make and model, are reported to ensure reproducibility, together with the
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milling frequency, the reaction time, the number, diameter, mass and composition of the
balls, the volume of the milling vessel, and the mass of reactants (so it becomes possible
to calculate the ball to powder ratio in mass, and the void volume of the milling vessel).
However, due to the different physics of the operation modes of the several types of ball
mills, the total mechanical energy delivered and the power (energy delivered per time unit)
can differ significantly among instruments.

Since mechanochemical reactions are induced and sustained by the absorption of me-
chanical energy (in addition to thermal activation solely given by the reaction temperature),
optimally the power and the reaction time, or the total mechanical energy input should
be characterized, systematically measured and reported, for example by comparison with
appropriate standards.

Toward the above purpose, Gotor et al. [127] have published interesting results based
on the analysis of the ignition time, the time required for the induction of a self-sustaining
reaction between Zn and Se (as powders), assuming the reaction needs a constant amount
of mechanical energy input per gram of reactants to be ignited. The comparison of the
ignition times under different experimental conditions in a planetary mill has been useful
in evaluating the amounts of mechanical energy inputs provided, and to estimate the effects
of the operational parameters. For a planetary ball mill, the most important parameter is
the spinning rate, resulting in a third power dependence of the inverse of the ignition time
with it [127].

One could expect that such a mechanochemical reaction remains useful to characterize
and compare the mechanical energy delivered using any other type of ball mill used for
synthetic chemistry, under any available operational regime (milling frequency, milling me-
dia, jar filling, etc.). This type of study has been initiated in the author’s laboratory using an
InSolido Tech (Zagreb, Croatia) mixer mill model IST500 with Thermojar attachments [9,99].
At present, it can be said that a peak in the reaction vessel’s temperature is measured a
few minutes after the beginning of milling. The 14 mL reaction jar is made of PMMA, and
it contains an Al plug with attached electronics for temperature monitoring. The time at
which the maximum of the peak in temperature occurs, its area and spread, and the fraction
of ZnSe obtained, all depend on the mass and the diameter of a steel milling ball (for a
constant mass of Zn and Se reactants). Using the reaction enthalpy, it is possible to calculate
the heat released by knowing the amounts of product formed, which can be determined
using X-ray powder diffraction. Insights into the effectiveness of the processes transferring
mechanical energy to the reactants under varied operational parameters could be obtained
by using balls composed of different materials (e.g.,, PMMA, agate, steel, WC) and in differ-
ent numbers, at particular milling frequencies. Moreover, for a new reaction under study
resulting in a particular yield, the yield of ZnSe under the same experimental conditions
could be reported. The purpose of this is to benchmark the amounts of mechanical energy
provided to any mechanochemical reaction by comparison with the reaction of Zn and Se
used as a standard.

Furthermore, a common feature of ball mill reactions is that the mechanochemical rate
constants generally increase with a milling frequency increase (and otherwise unmodified
experimental conditions). Pioneer studies have demonstrated this for the syntheses of
ZIF-6 (a MOF) [128], 2,3-diphenylquinoxaline [129], and the Diels-Alder cycloaddition of
cyclopentadiene and N-4-tolylmaleimide [130]. The author has also observed that for the
neat mechanochemical synthesis of quininium aspirinate, reactant consumption increases
from partial to complete with a milling frequency increase from 10 to 30 Hz [85]. Although
in some publications these effects have been interpreted based on increased amounts of me-
chanical energy input at increasing milling frequencies, quantitative relationships remain
poorly explored. Certainly, providing larger doses of mechanical energy to mechanochem-
ical reactions increases their rates (like increasing the temperature increases the rates of
thermally activated reactions), but the physical chemistry of these processes, also very
much intertwined with thermal activation, is not yet understood. This is, it is challenging
to separate the effects of a temperature increase on reaction kinetics from those of the
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mechanical energy increase, because the mechanical treatment itself leads to an increase
in the temperature, unless the frictional heat generated is removed to maintain a constant
reaction temperature.

The mechanical energy input provided using vibrational mills can be estimated as the
kinetic energy of a classical oscillator, Eg;ysi. , which is directly proportional to the square
of the vibrational frequency, Uyiprationar, Of the reaction jars [61,131]. This is:

2
Ekinetic =2 7-[2 I (Uvibmtional) (1)

where I is the moment of inertia. Mechanical energy transfer processes heavily rely on ball
collisions as primary energy transfer events [123], compared with shear/friction processes.
However, how much of the total kinetic energy provided (as in Equation (1)) is actually
transferred to the substances milled still remains to be estimated, since it also depends
on how elastic (or not) are the ball collisions that trap the reactants transferring energy
to them, the ball’s collision frequency, the total milling time, and other quantities such
as ball-to-reactant mass ratio, shear-to-shock ratio, the void volume and the jar filling
fraction (affecting the ball trajectories), the mass, number, and diameter of the balls, and
their composition (determining their hardness and capacity for plastic deformation).

Furthermore, keeping in mind (from Equation (1)) that the vibrational frequency
and the moment of inertia (involving the masses shook) are likely the most influential
parameters determining the mechanical energy input for a reaction, but due to the combined
effects of the other processes mentioned above, the actual mechanical energy transferred
to the reactants is far from simple to calculate, it appears advantageous to carry out a
quantitative assessment of the mechanical energy input for a mechanochemical reaction
by comparing it (carrying it out under the same experimental conditions) with another
reaction used as a standard (e.g., the mechanosynthesis of ZnSe), as previously indicated.

Nevertheless, promising simulation tools, such as the discrete element model (DEM),
have been used to simulate the dynamics of particles in laboratory mills [125,126,132-134],
among other models [135,136]. Many studies have been done in planetary ball mills.
Delogu’s laboratory has implemented an analytical description of the ball trajectory in
a mixer mill, while the equations of motion of the ball and the powder particles were
solved numerically. The DEM was used to describe contacts [132]. This approach has
led to a phenomenological description of the reaction propagation in a SPEX SamplePrep
(Metuchen, USA) Mixer/mill 8000, and a model able to describe the kinetics of some
mechanochemical reactions [137].

3.2. Limited Theoretical Frameworks for Mechanochemistry and Plausible Paradigm Shifts

As shown in the previous sections, mechanical treatments considerably alter the
chemical reactivity of substances. It has been also pointed out that mechanochemistry itself
occurs to relieve externally imposed mechanical strain [1].

Mechanochemical reactions are deemed to be mediated by the excitation of vibrational
modes [64,138] through mechanical treatment. This is coupled with mechanical friction,
leading to the dissipation of energy as heat [64]. Indeed, most of the mechanical energy
provided to the reactants appears to be dissipated as frictional heat [8,99]. However, energy
can be also transferred to the electron systems [64,138], thus enabling chemical reactions.
Needless to say, a short but meaningful and largely unanswered question is: How? This
will certainly vary from reaction to reaction, and it will depend on how the potential energy
surface (PES) of the otherwise only thermally activated reaction is modified by the action
of the mechanical treatment applied (by mechanical forces acting at the atomic/molecular
level), leading to the absorption of mechanical energy.

Existing theories for mechanochemical reactivity have been formulated mostly in-
spired by inorganic systems, such as the magma-plasma theory and the hot-spot model [33],
both involving localized, short-lived, non-equilibrium states with very high “tempera-
tures.” The hot spot model rather relies on thermal reactions (in “hot spots”) generated
by the collisions involved in the mechanical treatment [139]. For reactions in which this
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model seems reasonably applicable, the duration, size, and temperature of the hot spots
are the parameters determining the extent of certain mechanochemical reactions, such
as the decomposition of CaCOs. Hot spot durations on the order of 10 ms (that increase
with milling frequency increase), acting together with temperatures on the order of 1000 K
have been estimated, resulting in calculations of the extent of reaction in single collisions.
Although this model cannot fully explain all mechanochemical reactions, the existence of
hot spots has not been refuted either [139].

The magma-plasma theory was developed around the 1960s [2]. It involves a plasma
state of matter generated at the contact spots in collisions, wherein large amounts of energy
are released. Over very short time scales, electrons, photons, and fragments of matter can
be released, and local “temperatures” can be more than 10,000 K [2,33].

However, it is currently accepted that the above two models cannot satisfactorily
explain organic and metal-organic mechanochemical reactivity [33,63,140]; those localized
“temperatures” would imply at least some decomposition of many organic compounds,
which generally is not observed in ball mill reactions. However, high temperatures appear
to be achieved at the tips of propagating cracks, and the formation of N, from azides and
other gaseous decomposition products from organic compounds has been detected under
certain conditions [33].

Nevertheless, it is important for the chemist to be able to understand what atoms
are doing in a chemical reaction and why it leads to the products observed, which nei-
ther magma-plasma nor hot spot models can predict, regardless of their validity (or not).
Instead, an appealing approach toward studying organic and metal-organic mechanochem-
ical mechanisms is based on quantum chemical calculations incorporating the effects of
mechanical forces at the atomic level, able to alter the potential energy surfaces, yielding
“force-modified” potential energy surfaces. Since it is accepted that mechanochemical
reactions also follow the transition state theory [1], experimental and computational work
should enable the study of how the PES of a reaction gradually moves from a purely
thermally activated regime, into one controlled by both the temperature and the mechani-
cal energy input. Mechanochemical reactions giving rise to products different from only
thermally activated processes seem well suited for these studies.

At the single molecular level, mechanistic studies of mechanochemical reactions
using computational chemistry have been carried out, but they are still rare [1], and they
require recently developed theoretical frameworks (on the order of two decades old), which
incorporate the effects of external forces applied to the reactants, and involve various
degrees of sophistication. This implies the computational study of the potential energy
surfaces, the activation barriers, the reaction coordinates, and ultimately why certain
mechanochemical products are obtained but not others (chemical selectivity). An example
is the pericyclic reaction of ring opening in benzocyclobutene (a mechanophore) linked
to polymeric chains, wherein the Woodward Hoffmann rules should be applicable, but
sonochemical products do not conform to such rules [141,142].

Some experimental and computational studies of organic mechanochemical systems
have suggested mechanistic resemblances to homogeneous solution chemistry [35,140]. For
example, Figure 4 shows four stages in a computational study of the nanoindentation of
aspirin and meloxicam clusters using molecular dynamics [143]. Aspirin and meloxicam
cocrystallize only involving changes in hydrogen bonding. The results suggest that mixing
at the molecular level in vibrational /mixer ball mills is facile under solvent-free conditions,
and it does not involve large increases in the temperature, in plain discrepancy with the hot
spot and magma plasma models. Amorphization is produced at the contact regions, and
in the so-called “connective necks” formed between the colliding molecular clusters (see
Figure 4c). Note that products could be formed there. One can reasonably expect that the
mobility of molecules in the connective necks and nearby zones is larger than that in the
unperturbed crystalline lattice, perhaps comparable with molecular mobilities in solution,
but without the solvent molecules separating the reactants.
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Figure 4. Simulated indentation between fragments of meloxicam molecules (red) and aspirin
molecules (blue) at four different stages. The indentation velocity was 4 m/s. Molecules in the three
upper layers of the aspirin cluster and in the three bottom layers of the meloxicam slab (not shown)
were fixed during the simulation. (a) Initial configuration. (b) The point of maximum indentation.
(c) Intermediate stage during retraction before the connective neck (center) breaks. (d) The resulting
configuration after one indentation event. Figure adapted with permission from The Royal Society
of Chemistry, from “Insights into Mechanochemical Reactions at the Molecular Level: Simulated
Indentations of Aspirin and Meloxicam Crystals,” by M. Ferguson, M.S. Moyano, G. A. Tribello,

D.E. Crawford, E.M. Bringa, S.L. James, J. Kohanoff and M.G. Del Pépolo, Chemical Science, 10,
2924-2929, 2019. Permission conveyed through Copyright Clearance Center, Inc.

Furthermore, amorphization due to mechanical treatment has been experimentally
observed in other material types, such as B4C, as shown in Figure 5 [144], and even in
diamond and related nano-phases [144,145]. This also suggests that mechanochemical
reactions in inorganic amorphous phases (after harsher mechanical treatments than those
for organic solids, at least on average) could also be possible.

Figure 5. High-resolution TEM image of an amorphous region at the nanoscale (the bar in the figure
is 3 nm long) formed using shock loading in B4C. The inset is a fast Fourier transform pattern from
the amorphous (central horizontal) zone, highlighting its amorphous nature. Figure reprinted from
Scripta Materialia, ” Amorphization in Mechanically Driven Material Systems”, by E. Ma, 49, 941-946,
2003, with permission from Elsevier Ltd.

Recently developed experimental methods for monitoring mechanochemical reaction
kinetics have enabled the determination of kinetic models [146], sometimes corresponding
to reaction order types [35], which can occur in both heterogeneous and homogeneous
phases. The formation of mechanochemical products under homogeneous conditions
appears to be a reasonable assumption in those cases, since amorphous phases seem to be
easily obtained in local contact zones between powders of soft materials [143] such as most
organics (see Figure 4), that are trapped between balls colliding or ball/container collisions.
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In situ mechanochemical kinetics monitoring using synchrotron X-ray powder diffrac-
tion and/or Raman spectroscopy (occasionally used with thermography [9,66,99]) are re-
cently developed tools to gather data and insights for a better understanding of mechanochem-
ical reaction mechanisms, and these methods have been successfully used for the identifica-
tion of many reaction intermediates and for the determination of kinetic models [146]. This
topic will be further discussed in Section 4.2.

However, generally the number of elementary steps in covalent bond-forming and
breaking mechanochemical reactions is not experimentally determined, nor the activation
energies of the reactions, which have been measured only in a few cases [115,147,148]. As
previously mentioned, mechanochemical reactions are simultaneously thermally activated,
and their kinetics follow the transition state theory [1]. However, transition states have been
scarcely mentioned in the synthetic chemistry literature [147,149], and Eyring’s transition
state theory has not been yet quantitatively used for the experimental determination of
the activation barriers (Gibbs energy of activation, enthalpy of activation and entropy of
activation) of elementary steps in mechanochemical mechanisms.

While experimental kinetics and computational chemistry methods are well developed
for the mechanistic study of reactions among gases and in solution [150], solid-state reaction
kinetic studies are less common [146,151,152], and they do not necessarily lead to data
from which a chemical mechanism could be proposed. The rate determining steps do not
necessarily involve the “chemical” change, but they may be related to mass transfer instead
(e.g., nucleation of new phases or diffusion across product layers).

Since, ultimately, the theoretical approach for the study of mechanochemical mech-
anisms will most likely be based on Eyring’s transition state theory, experimentally de-
termined values of the activation barriers will be indispensable for extending the bulk
of chemical mechanisms knowledge to the mechanochemistry field. This, in turn, will
optimally foster the development of quantum mechanochemistry approaches explaining
the experimental kinetic data. Although far from trivial, these developments represent
plausible future directions for the study of mechanochemical mechanisms.

Many recent advances toward understanding the effects of mechanical forces on co-
valent bonds (or non-covalent interactions such as hydrogen bonding) have used single
molecule force spectroscopy, generally based on AFM measurements. Typically, a macro-
molecule (e.g., a protein or a polymer) is clamped between a surface and the AFM tip [153].
The mechanical responses of many biomolecules have been studied by measuring force
versus extension curves. As shown in Figure 2, the forces to break non-covalent interactions
are in the pN range [18], while those to break covalent bonds are typically larger, on the nN
order of magnitude. While thermochemical organic reactions in solution are typically acti-
vated (their activation energies are more than 25 kJ /mol [150]), presumably most covalent
mechanochemical reactions (requiring large ball milling times) will be as well. Due to the
scission of hydrogen bonds at the single-molecule level requires smaller forces, reaction
types such as organic cocrystallizations due to hydrogen bonding rearrangements may not
be activated reactions, but they may occur under diffusional control instead.

Furthermore, various phenomenological models have been developed to understand
the mechanical strength of covalent bonds in biomolecules. The Bell model subtracts a work
term (as mechanical energy provided to the system) from the activation energy of a bond

rupture process in the absence of a mechanical force (labeled AEII_-:O). When a mechanical
force is applied, the subtracted term implies a decrease in the activation energy of the same

process (AE%EU’ F>0)- This s,

AE?

_ i
Bell, F>0 = DEp_g — FAC ()

where F is the component of an applied force along the reaction coordinate ¢, and A¢ is the
distance along that reaction coordinate. This simple model does not imply any change on a
PES, but only that the activation energy of the bond rupture process is reduced; thus, its rate
is increased since work is done on the system [154]. A related model is the tilted potential
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energy profile. It is also an approximate model, but it additionally leads to changes in
the structures of the reactants and the transition state (so in the potential energy surfaces),
which are induced by the application of a mechanical force [154].

The following sections further discuss two significant recent advances toward under-
standing mechanochemical reaction mechanisms based on the ideas previously outlined.
The determination of the activation barriers is carried out through chemical kinetic mea-
surements as a function of the temperature. Hence, in situ mechanochemical kinetic
measurements under controlled temperatures are expected to enable their experimental de-
termination. Additionally, quantum mechanochemistry calculations will be indispensable
to understand the effects of mechanical forces on potential energy surfaces.

4. Recent Advances
4.1. Quantum Mechanochemistry

Gilman reported in the 1990s that shear forces decrease the gap between HOMO and
LUMO orbitals in molecules [155], and once the gap is closed, electrons can move freely so
that a chemical reaction can proceed.

After groundbreaking studies to measure the rupture forces of covalent bonds in
polysaccharides using AFM [156], pioneer DFT-based calculations followed, implementing
the so-called COGEF (constrained geometries simulate external force) method [157]. A
promising field emerged as quantum mechanochemistry [153,154], through which the be-
havior of molecules under external forces is described using quantum chemistry principles.

It is currently understood that the action of external forces alters the potential energy
surfaces. External forces can be used to probe PES regions not accessible using changes
in temperature, concentration, etc. [158]. Then, the thermal energy at RT can easily be
sufficient to break mechanically weakened covalent bonds. However, the understanding of
mechanochemical processes at the molecular level is still very limited [18,159].

COGEF calculations based on DFT [153,157] have been used to quantify bond rupture
probability densities as a function of the applied force [157]. The mechanical rupture of
covalent bonds can be characterized by two parameters, the breaking point distance and
the rupture force [154]. No value was determined as the mechanical strength of a particular
covalent bond, but instead, the bond’s lifetime depended on the applied force. At very
short bond lifetimes (e.g., 1 ps), the rupture forces are very high, but at long bond lifetimes,
they considerably decrease to around 30-50% of their initial values [157]. The rupture
forces needed (for a particular bond lifetime) also depend on the chemical environment. For
example, single-molecule force spectroscopy has been used to measure the rate constants (at
a fixed force) for breaking a C-O bond in three spiropyran derivatives substituted with -H,
-Br, or -NO;, in the para position to the C-O bond. A Hammett linear free energy relationship
was found [160].

The GOGEF method simulates the action of a mechanical force by applying geometrical
constraints (e.g., elongating in steps a particular distance, r, between two selected atoms in
which a force is applied) and relaxing the geometry of the rest of the molecule. The distance
r is taken as the reaction coordinate. At each step, the remaining molecular geometry is
relaxed and optimized, giving the potential energy as a function of r [157]. Alternative
approaches involve the explicit inclusion of a mechanical force acting along a particular
direction (instead of fixing distances between atoms in the molecule) to calculate the
geometrical distortions in the reactants, the transition states, and the energies of activation
required [153]. Essentially the above theoretical approaches are regarded as “isometric”
(COGEF) or “isotensional” by controlling distance or force, respectively [154].

Isotensional methods to calculate the effects of mechanical force on the PES (although
less simple to implement than COGEEF), are the FMPES (force-modified potential energy
surface) and the EFEI (external force explicitly included), pioneered by Ribas-Arifio and
others [153,154]. In many cases, the differences between COGEEF results and those applying
the latter methods can be subtle [153]. The related EGO/NE (EGO = enforced geometry
optimization; NE = nuclei and some electrons), derived from the EGO/N (N = nuclei),
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implements the effect of forces on the 1s electrons, which are assumed to be rigidly con-
nected to the nuclei. Its use has resulted in good agreements between calculated forces and
experimentally determined values for pyranose ring transitions using AFM [153].

Furthermore, the Frank-Condon principle has been recently applied to explain
mechanochemical reactivity [138,159]. In the sudden-applied force regime and for large
external forces, a transition from the PES to a force-modified PES is assumed to happen
instantaneously, analogous to an optical electronic transition. A non-equilibrium ensemble
of vibrationally excited molecules is then obtained, in addition to the above-discussed
changes in the PES and the activation barriers due to the action of external forces. The
nonequilibrium vibrational energy distribution gives rise to non-statistical mechanochemi-
cal reaction kinetics, which have been calculated for the selective bond breaking in n-butane
and for the mechanochemical decomposition of BH [138].

Interestingly, mechanochemical reactions can also occur as barrierless processes under
some conditions [161,162]. For mechanochemical ring openings in mechanophores [162],
at low applied mechanical force, the PES resembles the one in the absence of applied
force. However, when the applied force is large, the PES considerably changes, and large
differences in the reaction pathways can emerge. Three possible scenarios are schematically
depicted in Figure 6.

Applied force

Energy
Energy

Transition state loss ' Transition state shift Loss of an intermediate

Figure 6. Upon the application of mechanical forces to mechanophores, examples of possible modifi-
cations of the ring opening pathways are the loss of the transition state (left), a shift in the transition
state (center), and the loss of a reaction intermediate (right). Figure adapted with permission from
A. G. Roessler and P. M. Zimmerman, “Examining the Ways to Bend and Break Reaction Path-
ways Using Mechanochemistry.” J. Phys. Chem. C, 122 (12), 6996-7004. Copyright 2018. American
Chemical Society.

Recently the term “stress-augmented thermal activation” has been introduced [163],
reminding us that mechanical and thermal activation act together. This model applies to
any process involving an atom or molecule traversing an energy barrier (such as in Figure 6)
and implies that mechanical forces act synergistically with the temperature to increase the
rate of the process.

Around the 1940s, Kauzmann and Eyring had phenomenologically extended the transi-
tion state theory for cases where a constant external force (F) acts along a reaction coordinate
(). Such force hypothetically leads to a work term that reduces the activation barrier of the
reaction if compared with that of the process thermally activated only [154,163,164]. Hence,
the usual expression for the rate constant, k, from transition state theory becomes:

k= KkBTT Q exp|—(AG — FAZ) /kpT] (3)

where «, kg, h, Q, and T are the transmission coefficient, the Boltzmann constant, the
Planck’s constant, a prefactor, and the absolute temperature, respectively. AG? is the
Gibbs free energy of activation in the absence of mechanical forces applied, and FA( is
a phenomenological work term due to the action of a force F along a suitable reaction
coordinate ¢, acting through a distance Ag. This work term implies an exponential increase
of the mechanochemical reaction rates due to such applied force, and it embodies the
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rate differences observed among mechanochemical reactions and their counterparts only
thermally activated [154].

Nonetheless, quantum mechanical methods for the understanding and prediction
of mechanochemical reactions in ball mills or twin-screw extruders are yet to be devel-
oped [153]. The author’s laboratory is working toward experimentally determining the
activation barriers of mechanochemical reactions in a ball mill to assess the applicability of
the above Kauzmann and Eyring model.

4.2. In Situ Monitoring of Mechanochemical Reaction Kinetics

Since around 2013, experimental methods to monitor in situ mechanochemical re-
actions in ball mills using synchrotron X-ray powder diffraction [165,166], Raman spec-
troscopy [167-169], or both combined [170,171] have been a breakthrough in the mechanochem-
istry field. These techniques have enabled the detection and subsequent physicochemi-
cal and structural characterization of rapidly formed and reacted reaction intermediates,
metastable phases, and compounds that otherwise may be altered under ambient condi-
tions (e.g., decomposed under air, hygroscopic, etc.) [172]. The amounts of products formed
and reactants consumed can be measured in situ while the reactions occur. Measurements
are carried out as a function of the reaction time (with resolution on the order of the second).
Thus, the kinetics of mechanochemical reactions can be determined without interrupting or
perturbing the chemical processes.

The first reactions studied by Fris¢i¢ et al. [165] were the mechanochemical syn-
theses of metal-organic frameworks of Zn(Il) and imidazole, 2-methylimidazole, and 2-
ethylimidazole. Neat milling, LAG, and ILAG were used. For the ZnO + 2-ethylimidazole
combination, in situ monitoring revealed the sequential formation of MOFs with zeolite p,
analcime, and (3-quartz topologies. Various liquid additives affected differently the reaction
course and the times of appearance of the intermediate topologies, providing previously
inaccessible details of this ball mill reaction, including the effects of the LAG and ILAG
additives. Analyses of the reaction kinetics of ZnO + imidazole or 2-methylimidazole and
the variation of particle sizes from the diffraction peak widths were also carried out. Soon
after this, the addition of Si as an internal standard allowed the quantitative determination
of the amorphous content using the Rietveld method [98].

High energy X-rays (e.g., 87 keV or 0.1427 A at the ID15B beamline, ESRF [165]) have
been used to reduce X-ray absorption, together with acrylic (PMMA) reaction vessels
(also transparent to Raman lasers). An internal standard is required as well [173]. The
initial in situ monitoring measurements were performed from adapted vibratory ball
mills [165], but currently, commercial instruments are also available [9]. Figure 7 shows
typical experimental arrangements and instrumentation used.

Since these pioneer measurements, in situ monitoring of mechanochemical reactions
using synchrotron X-ray powder diffraction has afforded the measurement of many more
kinetic profiles, the demonstration of the formation of reaction intermediates, and the
observation of the effects of liquid additives in the product’s outcome for many other
reactions, for example, the stepwise mechanosynthesis of Zn-MOF-74 [174]; the cocrystal-
lization of carbamazepine and saccharin (LAG MeCN) [175], and the stepwise formation of
(nicotinamide),:suberic acid cocrystal, through a 1:1 cocrystal as intermediate [175]; MOF
topology control using LAG and metal precursor in the ball mill synthesis of Zr-based
MOFs [34], and the determination of the lattice parameter and particle size evolution in
ball mill synthesis of MOFs [176].

An advantage of in situ kinetics monitoring using Raman spectroscopy is that Raman
spectrometers are readily available in the chemical laboratory, and the instrumental setup
is rather simple (see Figure 7a). While both Raman spectroscopy and X-ray diffraction can
be used to measure reaction kinetics, they provide complementary information about the
mechanochemical processes [169]. X-ray powder diffraction is able to determine crystallo-
graphic information such as crystalline phases (and their composition if the crystal structure
is known or can be solved), total amorphous content, MOF topologies, organic polymorphs,
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and lattice parameter and crystalline domain size evolution. Raman spectroscopy data
leads instead to the frequencies and intensities of Raman transitions, which largely depend
on molecular properties rather than crystallographic ones. The analyte may not necessarily
be crystalline, so Raman spectroscopy affords compositional information from amorphous
or liquid phases (not obtainable from X-ray diffraction), or even from phases that have
not yet been structurally characterized [170]. Raman spectra are sensitive to H/D substitu-
tion (for the measurement of kinetic isotope effects), while X-ray powder diffraction is, in
general, not sensitive to the positions of H (or D) atoms due to their low atomic scattering
factors. However, Raman data may be limited by sample fluorescence. Also, different
organic polymorphs can have very similar Raman spectra impeding their identification,
which is typically done using X-ray diffraction. For the detection of organic polymorphic
transitions, some Raman instruments are equipped with probes detecting bands whose
frequencies are close to the Raman laser frequency. Thus, the so-called phonon region
(30-200 cm 1) can lead to differences between the spectra of different organic polymorphs,
enabling their quantitative analysis [169].

(a) IST mill
O g M= T

Raman probe

collimator

N R AW

Raman probe

Diffracted
X-rays

Figure 7. (a) An InSolido Tech (Zagreb, Croatia) vibratory ball mill with transparent milling vessels
(typically made of PMMA) and an optical fiber Raman probe and detector focused on the bottom
of a reaction jar for in situ reaction monitoring using Raman spectroscopy. (b) In situ kinetics
monitoring with synchrotron X-ray powder diffraction and Raman spectroscopy can also be carried
out simultaneously. In addition to the Raman probe (as in (a)), the figure shows the location of
a beam collimator for the X-ray synchrotron beam in an InSolido Tech (Zagreb, Croatia) ball mill.
Figure reproduced from reference [9] with permission. (c) An area detector for X-rays is used for the
fast measurement of Debye rings of diffracted radiation, which are then converted to X-ray powder
diffraction patterns for quantitative phase analysis. Figure reproduced from reference [36] with
permission from John Wiley and Sons obtained through Copyright Clearance Center.

Raman spectroscopy has been used to monitor many mechanochemical reactions in
situ, such as the regioselective C-H bond activation in asymmetrically substituted azoben-
zene [114]; the nucleophilic substitution of 4-nitrobenzoylazide with 1,4-diaminobenzene
with several LAG and ILAG additives, demonstrating the reaction is catalyzed by bases [177];
the formation of aryl N-thiocarbamoylbenzotriazoles as bench-stable solids (otherwise
deemed to be reactive intermediates in solution) [113]; the synthesis of the pharmaceutical
active ingredients silver sulfadiazine and dantrolene [178]; the mechanochemical synthe-
sis of the bimetallic amidoboranes MoMg(NH;BH3)s (M=Li, Na) [179]; the synthesis of
2,3-diphenylquinoxaline from benzil and o-phenylenediamine [129], etc.

Raman spectroscopy and X-ray powder diffraction have been simultaneously used to
monitor in situ many mechanochemical reactions as well, such as the mechanochemical
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synthesis of MOFs, Co(Il) phenylphosphonate monohydrate, and theophylline benzoic
acid cocrystals [180], the chlorination of N-3-ethyl-5,5-dimethylhydantoin [171], the syn-
thesis of ternary organic cocrystals [181], and the mechanochemical cocrystallization of
pyrazinamide with malonic acid (in 1:1 molar ratio), which proceeds through a metastable
crystalline intermediate (another polymorph of the thermodynamically most stable cocrys-
tal, also with 1:1 stoichiometry), that could be isolated and its structure solved from X-ray
powder diffraction data [182]. Sometimes combined Raman and X-ray studies have addi-
tionally included thermography (in situ monitoring of the reaction temperature) [9,66,99].

While in situ kinetic measurements are very significant advances toward understand-
ing mechanochemical mechanisms, kinetic data under strictly isothermal conditions have
been collected only in a few cases [27,115,140,147,148] as exceptions rather than the rule.
This is probably due to isothermal measurements (at least until recently) required the use
of adapted instrumentation to keep the temperature constant during ball milling. The
commercial implementation of temperature control capabilities, plus in situ kinetics moni-
toring in ball mills, is expected to pave the way toward the experimental determination of
mechanochemical activation barriers, as previously mentioned.

Nonetheless, it has been pointed out that often kinetic data is useful for ruling out pro-
posed reasonable mechanisms which do not agree with the experimental data, rather than
univocally determining a particular mechanism [183]. Reaction mechanisms are models,
after all; they cannot be experimentally demonstrated as univocally valid, but they can be
refuted or modified in case existing or new observations (using improved instrumentation
or new techniques) are not compatible with them. Additionally, observations at the single-
molecule level and quantum mechanochemical calculations are expected to lead to valuable
insights into the mechanochemical processes of breaking and forming chemical bonds.

5. Outlook and Conclusions

Mechanochemistry, a rediscovered branch of chemistry, is increasingly gaining world-
wide interest. While its sustainability features fostering the “greening” of chemical pro-
cesses are quite remarkable, a myriad of new materials and reactions are being constantly
discovered. Its application at the industrial scale using continuous flow processes in twin-
screw extruders has the potential to considerably transform industrial chemical processes
conducted in the future. Its implementation in economically important industries (e.g.,
pharmaceutical, petrochemical, agrochemical, mining, etc.) will considerably benefit our
planet, while still affording economic development and providing cheaper and sustainable
access to new and known materials and the technologies and processes they enable. To-
ward this end, it is now necessary that mechanochemistry is increasingly taught to the new
generations of synthetic chemists and chemical engineers.

The study of mechanochemistry is inherently interdisciplinary. Processes that could
initially appear unrelated, such as the stretching and breaking of covalent or hydrogen
bonds in biomolecules at the single-molecule level, sonochemistry, metal alloying, and
organic reactions in ball mills, have as a common factor the action of external mechanical
forces and the absorption of mechanical energy enhancing thermochemical reactivity, sub-
stantially increasing reaction rates, reducing activation barriers, and occasionally leading
to different products.

Recent advances in mechanochemistry are not only evidenced by an ongoing growth
in the number of publications and reviews, but also through the generation of distinctive
research fields, such as quantum mechanochemistry, single molecule force spectroscopy,
and in situ monitoring of mechanochemical reaction kinetics. A growing amount of work is
being done toward applying recently developed experimental methods for in situ monitor-
ing of mechanochemical reaction kinetics, new computational chemistry approaches in the
quantum mechanochemistry field, and advances in commercially available instrumentation
for mechanochemical syntheses enabling the control of thermodynamic variables, such
as temperature and pressure. These recent theoretical and experimental advances are
quite promising for the elucidation of the fundamental knowledge needed to understand
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mechanochemical reactivity from fundamental physicochemical principles, enabling the
formulation of rationales for implementing and controlling mechanochemical reactivity.
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