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Arguably mechanochemistry is one of the
oldest, and at the same time one of the
newest, areas of chemistry. One of the
oldest, because it has been theorized that
early hominids were able to develop
rapidly due to their ability to heat and
mechanically process their food to make it
easier to digest. Old, because the ancient
Greeks knew that mechanically activating
stones (consisting of cinnabar) with
vinegar in a copper pestle and mortar
caused them to convert into mercury.' We
might be forgiven for thinking that this
could have led our alchemical forbears to
wonder if there were other stones that
might also be persuaded to convert into
gold. Early chemical luminaries such as
Michael Faraday’ and Wilhelm Rontgen®
dabbled in mechanochemistry. However,
in the late 19th and early 20th centuries,
the field developed separately in many
Perhaps most significantly,
synthetic chemists realized that reactions
could be carried out with surprisingly high
yields and selectivities by shaking them in
a ball mill, and that they could even make
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novel compounds that their colleagues just
using heat were not able to. Physicists were
mechanically rearranging atoms into new
configurations (i.e., doing chemistry) using
exotic means such as atomic force micro-
scope tips and optical tweezers. Scientists
and engineers studying the formation of
lubricious and anti-wear films realized that
they were mechanochemically formed.
Biochemists found molecular motor
proteins, such as myosin and kinesin, that
were able to convert chemical energy into
motion or, vice versa, mechanical energy
into the biochemical energy storage mole-
cule adenosine triphosphate. In 2023, this
confluence of advances convinced the
Royal Society of Chemistry that the time
was ripe to establish a new journal dedi-
cated to the field of mechanochemistry. It
is rare that a journal has the privilege of
helping to create a new sub-branch of
chemistry but, having done so, it has the
obligation of helping to define the field
and, optimistically, suggesting how the
field might develop. This editorial has two
major goals. The first is to bring to the
attention of the scientific community the
challenges faced by the field to set people
thinking about how they might contribute
and, second, to form the basis for more
thorough discussions in the future. The
sub-topics below outline current thoughts
brought forward from members of our
editorial board. We lay out areas and
topics here with the intent of establishing
a new editorial series, which we invite the

community to contribute to, and outline
topics and hopefully lay out challenges,
which will enable us as a community to
come together to move mechanochemistry
forward.

A. Fundamental
mechanochemistry

A.1. Single-molecule activation

Mechanochemical transduction is
a unique intersection of matter and
energy, where the energy driving chemical
change is sourced directly from mechan-
ical work, defined as the dot product of
force and displacement. This direct input
breaks from the limitations of stochas-
ticity typical of thermal and photochem-

ical processes, allowing
mechanochemistry to guide specific
molecular  transformations  through

directed atomic displacements.” In clas-
sical mechanics, two types of stress—
normal and shear—provide distinct
modes of action for selectively controlling
displacement. Normal stresses, which act
perpendicularly to an interaction plane,
encompass both tensile forces (tension)
and compressive forces (compression).
Tensile forces align naturally with disso-
ciative transformations,® while compres-
sive forces promote associative processes,’
both commonly exploited as normal
stresses in mechanochemistry. Biological
enzymes may have evolved to balance both
normal and shear stresses to modulate

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reaction  pathways,” demonstrating
nature's ability to integrate these forces to
accomplish complex transformations.
Shear stresses, defined as resulting in
forces parallel to an interaction plane,
introduce a complementary form of direc-
tional control that has been explored, but is
not well understood and not especially well
controlled.® Shear is typically associated
with sliding surfaces and tribology, where
it plays a critical role in processes such as
friction, lubrication, and wear.” Intrigu-
ingly, shear is well-suited for concerted
transformations, enabling simultaneous
associative and dissociative changes, such
as inducing bond breaking and formation
in a single step. In synthetic polymers (see
Section B.3), molecular-scale shear has
been used in clever ways, such as with
knots™ and rotaxane dethreading,* but
generalized approaches remain chal-
lenging. Moving beyond traditional
methods, we envision a future where scal-
able, nanoscale devices could selectively
manipulate atomic displacements. By
applying both normal and shear stresses
with high precision, these innovations
have the potential to revolutionize chem-
ical transformations with assembler-like
precision
landscapes.

across diverse  molecular

A.2. Experimental methods in
mechanochemistry

Experimental methods in mechano-
chemistry have advanced significantly
over the past decades, offering innovative
approaches to harnessing mechanical
energy for chemical transformations.*
The ball mill remains a fundamental tool,
providing controlled mechanical input
through impact and shear forces."*'*
Recent developments in in situ moni-
toring techniques have revolutionized
our ability to observe mechanochemical
reactions in real time.

Building on these advancements,
synchrotron X-ray diffraction and Raman
spectroscopy have emerged as powerful
tools for elucidating reaction Kkinetics,
and identifying intermediates and struc-
tural changes during milling. These
techniques have revealed unexpected
behavior in mechanochemical reactions,
challenging initial assumptions about
reaction mechanisms and kinetics."

As our understanding of mechano-
chemical processes deepens, efforts to
scale up these reactions for industrial
applications have intensified. Continuous-
flow  mechanochemistry  represents
a significant advance in scalability and
process control.'*"” Twin-screw extrusion
and resonant-acoustic mixing'®*® are two
examples of techniques that translate
batch processes into continuous ones,
potentially  revolutionizing industrial
applications of mechanochemistry.>**
The versatility of mechanochemistry has
led to its integration with other fields,
resulting in innovative hybrid methods.
Mechanoelectrochemistry combines
mechanical stirring with electrochemical
processes, while mechanophotochemistry
explores synergies between mechanical
forces and light-induced reactions.*

As the field develops, standardization
of experimental protocols and reporting
practices has become essential. Efforts are
underway within the mechanochemistry
community to establish guidelines for
carrying out reproducible mechanochem-
ical experiments and addressing variables
such as grinding frequency, ball-to-
powder ratio and atmospheric conditions.

Mechanochemistry is transforming
our understanding of chemical reactions
and providing new, often more sustain-
able, approaches to material synthesis
and chemical manufacturing (see Section
D.1). Ongoing developments in experi-
mental methods continue to expand the
scope and applicability of mechano-
chemical processes in various scientific
and industrial fields.

A.3. Theoretical approaches to
mechanochemistry

Chemical reactions occur by collections
of atoms (molecules or a solid) evolving
from one metastable configuration (the
reactants) on a multidimensional poten-
tial energy surface (PES) to another (the
products) over an energy barrier. While
there are, in principle, multiple pathways
between the two states, the thermal
process is dominated by the lowest-
energy one by transiting a saddle point,
which has an energy relative to the reac-
tant, known as the activation energy.
Mechanically induced processes, in
particular, mechanochemistry, occur by
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imposed forces or stresses modifying the
shape of this PES to change the heights of
the energy barriers, ideally lowering them
to cause the reaction rates to increase. An
important potential advantage of mech-
anochemical processes is that they can,
in principle, preferentially lower the
energy of a higher barrier in the unmod-
ified PES relative to the lowest-energy one
to produce completely new products from
those found in the thermal reaction.
The way the effects are calculated
depends on whether the experiments
control the stress (displacement) or the
force (stress). In single-molecule activa-
tion (see Section A.1), where putatively
well-defined pulling points are displaced,
the change in energy barrier is computed
using the COnstrained Geometries for
simulating External Force (COGEF)
method,* which distorts the reactant by
displacing pulling points (PP) and by
calculating the resulting change in
energy via quantum mechanics.
However, it is more common to
control the force, and the force/stress-
modified PES yields a series of force-
modified stationary points**?® that
collectively define a so-called a Newton
trajectory.”” This allows the turning
points (initial- and transition-states) on
the modified PES to be calculated. In
many experiments, the stresses modify
the activation energies by a modest
amount such that these theories that
predict the forces at which the barriers
decrease to zero are not necessary. In
such cases, a perturbation method of
transition-state theory*® has been devel-
oped by Evans and Polanyi,” which
assumes that the dominant effect of the
force is to modify the equilibrium
between the reactant and transition-state
structures. This approach has proven
effective in modeling surface®*® and bulk®
mechanochemical reactions and under-
standing how the selectivity is modified.

B. Mechanochemical
reactions across
chemistry

B.1. Organic methods

A primary area in which mechanochem-
istry has made a significant impact is in
organic chemistry. Under

RSC Mechanochem., 2025, 2,10-19 | 1
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mechanochemical conditions, a wide
range of organic reactions can be per-
formed, resulting in higher yields, faster
reactions, and more sustainable reaction
conditions.** This is particularly
important because the synthesis of
complex organic molecules is a funda-
mental aspect of the pharmaceutical
industry.*® While many reactions have
been successfully conducted under these
conditions, there remains much to
explore about how mechanochemistry
can be applied to organic reactions.

The ability to synthesize complex
molecules in the chemical industry relies
heavily on a deep understanding of the
mechanistic principles of organic chem-
istry. Traditional organic chemistry is
deeply rooted in acid-base reactions and
elimination-substitution chemistry.
However, these concepts take on new
significance in a solvent-free mechano-
chemical environment. Typically, organic
chemists assess nucleophilicity and
basicity based on the solvent, recognizing
that reactivity changes depend on
whether the medium is polar protic, polar
aprotic, or non-polar. How does reactivity
change when no solvent is present, and
how can this be measured and
controlled?

Moreover, solvents play a critical role
in substitution reactions. For instance, in
an Syl reaction, the first step involves
forming a solvent-separated ion pair.
Without a solvent, are Sy1 reactions
feasible for mechanochemical reactions?
Although there is an extensive library of
reactions that can be conducted under
mechanochemical conditions, it is essen-
tial to gain a deeper understanding of the
mechanistic differences between tradi-
tional solvothermal reactions and mech-
anochemical ones. The key is to develop
a better understanding of how these
systems operate. Achieving this will allow
mechanochemistry to have an even
greater impact on the chemical commu-
nity and society as a whole by offering new
routes to sustainable chemical syntheses.

B.2. Mechanochemistry for inorganic
materials and industrial applications

Inorganic materials, including metals,
metal oxides, and ceramics, are ideal
candidates for mechanochemical

12 | RSC Mechanochem., 2025, 2, 10-19

processing due to their robust physical
properties. Mechanochemistry can be
used to synthesize new materials, modify
existing ones, and enhance their proper-
ties. Mechanochemical techniques can
also modify the properties of inorganic
materials. This includes enhancing their
surface area, increasing porosity, and
creating nanostructured materials. These
modifications can improve the material's
performance for various applications,
such as catalysts, sensors, and battery
electrodes.**** Mechanochemical activa-
tion is particularly useful in catalysis,
where it can enhance activity and
selectivity.*

Mechanochemistry can be used to
create advanced inorganic materials with
tailored properties and includes the
synthesis of nanomaterials, composites
and hybrid materials. Mechanochemical
processes can also be used to recycle
waste materials, converting them into
valuable products.*’

Mechanochemistry can play a crucial
role in developing energy-storage devices,
such as batteries and supercapacitors, for
example, to produce high-performance
electrode  materials, improve the
conductivity of electrolytes and enhance
the overall efficiency of energy-storage
systems.*!

It also offers environmentally friendly
solutions for waste management and
pollution control. This includes the
degradation of hazardous substances, the
immobilization of heavy metals, and the
recycling of electronic waste.*>** Mecha-
nochemical processes can significantly
reduce the environmental impact of
industrial activities.

The development of advanced mech-
anochemical equipment, such as high-
energy ball mills and attritor mills, is
crucial for the future developments.
These tools can provide more precise
control over the mechanical forces
applied, leading to more consistent and
reproducible results.

Mechanochemistry is increasingly
being integrated with other technologies,
such as microwave and ultrasound irra-
diation, to enhance its efficiency.”® This
combination of techniques can provide
synergistic effects, opening new avenues
for mechanochemical research and
applications.

View Article Online
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Mechanochemistry represents
a powerful and versatile tool for synthe-
sizing and modifying inorganic mate-
rials. Its application in various industries
highlights its potential to revolutionize
traditional chemical processes, offering
environmentally friendly and efficient
processes.

B.3. Polymers

Mechanochemistry has also opened new
avenues in the areas of polymer degra-
dation and recycling, smart materials
development, and polymer synthesis. By
enabling controlled chain scission,
mechanochemistry reduces the polymer
molecular weight and viscosity to facili-
tate more efficient recycling.***> Smart
polymer materials incorporate mechano-
phores that activate under stress or
strain. These report on failure mecha-
nisms in real-time or trigger material self-
healing. In the area of polymer synthesis,
mechanochemical techniques provide
a solvent-free and energy-efficient way for
sustainable materials production.*®

The mechanical degradation of poly-
mers was reported by Staudinger and
coworkers in 1934. Because polymer
degradation posed a challenge for many
applications, extensive research has
focused on strategies to minimize this
destructive process. Recent advances
increasingly  leverage  mechanically
induced bond scission in constructive
ways to address pressing issues like
plastic pollution. The main remediation
strategies are the controlled depolymer-
ization of custom-designed polymers
with predetermined breaking points and
the mechanical breakdown of common
plastics in existing waste streams. For
controlled  depolymerization, force-
responsive functionalities are strategi-
cally integrated into the polymer chains
to ideally reform the original monomers.
For plastic breakdown, ball milling has
shown promise, for example, as demon-
strated with polystyrene, where a signifi-
cant drop in molecular weight, and even
a measurable yield of styrene monomers,
was achieved.*® While further research is
needed to understand the efficiency of
depolymerization and breakdown in
amorphous, crystalline and glassy

regions, current advancements in

© 2025 The Author(s). Published by the Royal Society of Chemistry
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molecular weight reduction may already
help streamline existing chemical or
emerging biological recycling processes
that include plastic-degrading enzymes.

Mechanoresponsive molecular building
blocks facilitate the development of smart
polymer materials with self-reporting, self-
healing or even self-reinforcing proper-
ties. Self-reporting capabilities often rely on
the use of mechanochromic, mechano-
fluorescent or mechanoluminescent dyes,
while other strategies include the activa-
tion of mechanocatalysis with optically
detectable products, reactions of pro-
fluorescent molecules with mechanically
generated radicals, supramolecular dye
stacking and Forster resonance-energy
transfer. Incorporated into the backbone
or utilized as crosslinking units, these self-
reporting capabilities have provided crucial
insights into the mechanical failure
mechanisms of polymers. Self-healing can
generally be achieved by using reversible
supramolecular or dynamic covalent
bonds, but can also involve the activation
of mechanocatalysts or the formation of
mechanoradicals. Although mechano-
phores were initially applied primarily in
thermoplastics and elastomers, recent
advancements have extended their use to
hydrogels. Mechanoresponsive and self-
reporting hydrogels offer promising new
applications in fields such as biomedicine
and soft robotics, enabling innovations
such as smart implants or adaptable, soft-
robotic systems with builtin self-
diagnostic and repair functions.

More recently, mechanochemistry has
demonstrated significant potential for
polymer synthesis where, for example,
ball milling has been applied to chain-
growth as well as step-growth polymeri-
zations. Beyond linear homopolymers,
mechanochemical methods have been
used for creating block copolymers and
for performing post-polymerization
modifications. One example of the latter
is the mechanochemical transformation
of chitin into chitosan, where ball milling
disrupted the crystalline structure, giving
access to a larger number of functional
groups and thus, ultimately, opening up
novel routes for utilizing this abundant
biopolymer.* Together, these develop-
ments highlight the potential of mecha-
nochemistry to revolutionize polymer
science, from sustainable production and

recycling to the creation of multifunc-
tional smart materials.

B.4. Mechanocatalysis

Mechanocatalysis is an emerging field that
combines the principles of mechano-
chemistry and catalysis to modify reaction
barriers and drive chemical reactions.
Reactions such as Sonogashira,* Heck,*
Suzuki,” and Negishi** and others have
been successfully demonstrated under
these unique conditions.> One of the key
benefits of mechanocatalysis is its ability
to facilitate reactions under ambient
conditions, which is particularly useful for
sensitive substrates that might degrade
under high temperatures or harsh chem-
ical environments.>

The future of the field lies in the
application  of  direct = mechano-
catalysis.**® Here, the milling jar and/or
milling spheres themselves constitute the
catalytic material that drives the reaction.
This approach has been demonstrated
for various reactions and, similar to other
forms of mechanocatalysis using tradi-
tional catalysts, direct mechanocatalytic
reactions are impactful due to their ease
of use and low cost of reagents. Addi-
tionally, direct mechanocatalysis can
enable unique reaction pathways that are
not accessible through conventional
methods.*

The progress of this field will depend
on the ability to recycle the catalytic
material, especially if it is a precious
metal such as palladium or platinum. In
the pharmaceutical industry, the ability
to remove the metal from active phar-
maceutical ingredients is also an impor-
tant aspect.®®

B.5. Supramolecular materials

The combination of mechanochemistry
and supramolecular chemistry® opens
exciting new opportunities for developing
new functional materials, for improved
and more efficient chemical synthesis and
catalysis,* as well as for the isolation of
increasingly complex structures as bulk
materials. The efficiency of syntheses
using milling, grinding, extrusion or other
techniques has made mechanochemistry
a highly popular technique to discover, as
well as to synthesise new pharmaceutical
materials, such as hydrogen-bonded

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cocrystals or polymorphs. This is possible
even using continuous twin-screw extru-
sion.®* This, and other reactors such as
drum and vibrating eccentric mills are
leading to new, efficient, and scalable
approaches to manufacture pharmaceu-
tical materials.*** Future translation of
such benefits towards other, more exotic
and complex, functional self-assembled
materials, such as semiconductor cocrys-
tals,® catenanes or rotaxanes,®” will, for the
first time, make such systems accessible in

bulk for the development of new
technologies.
Mechanochemistry also offers

a means to advance the fundamental
understanding of supramolecular inter-
actions, by permitting more efficient,
real-time exploration of molecular recog-
nition processes in the absence of
competing solvents. Learning how to
combine reversible covalent bond
formation with mechanochemistry®® will
enable the manipulation of reaction
equilibria for improved reaction effi-
ciency, the synthesis of novel (supra)
molecular architectures via dynamic
covalent chemistry in a solventless envi-
ronment, or the more efficient produc-
tion of such structures.* Finally, real-
time monitoring of mechanochemical
reactions has led to the identification of
cocrystals as reactive, solid-state inter-
mediates in a number of covalent bond-
forming reactions.”” While such cocrys-
tals provide insights into molecular-
assembly processes under mechano-
chemical conditions, they will also
present blueprints for designing supra-
molecular surrogates for reagents that
are difficult to synthesize and store.”™

C. Mechanochemical
processes in living
systems

C.1.
chemomechanical signal conversion in
biology

Mechanochemical and

Mechanical forces play important roles in
biology. Biological systems have evolved to
address a diverse range of mechanical
challenges, including materials with
exceptional strength and toughness as well
as those that strengthen under load.
Mechanochemical  reactions  enable

RSC Mechanochem., 2025, 2, 10-19 | 13
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biological systems to sense mechanical
signals and to adapt to changes in their
mechanical environment (mechanosens-
ing and mechanotransduction). Key
players in these processes are proteins that
respond to tensile, compressive or shear
forces by undergoing specific conforma-
tional changes. They can form catch bonds
(bonds that strengthen under load), expose
cryptic binding or catalytic sites, or become
susceptible to cleavage. These mechanisms
are mimicked in synthetic systems, such as
catch bonds based on DNA nanotech-
nology”>” and mechanically activated
catalysts (see Section B.4)™ In addition to
mechanosensors, biology has also evolved
molecular motors and actuation systems
that convert chemical energy into lateral or
rotational displacements, allowing cells
and organisms to move and change shape.
These biological strategies and mecha-
nisms inspire the field of polymer mecha-
nochemistry (see Section B.3) and pave the
way for the design of biomimetic smart
materials capable of adaptive, self-healing
or force-responsive behaviors.

C.2. Targeting biological questions
with mechanochemistry

Mechanobiology and mechanochemistry
share many mechanical characterization
methods, from the single-molecule to the
bulk material scale. Mechanochemistry
further provides mechanophores, mecha-
noresponsive polymers and smart mate-
rials for interfering with biological systems.
Mechanophores that respond to cell-
generated forces in 2D or 3D cellular envi-
ronments may serve as diagnostic tools to
identify and characterize cells with altered
mechanical responses, which are common
in a range of diseases (e.g., cancer, athero-
sclerosis, asthma, fibrosis). Mechanically
tailored biomaterials may serve as
synthetic extracellular matrix mimics to
influence cell responses in regenerative
medicine, while mechano-activated drug
delivery systems are also being developed.
Emerging drug delivery strategies envision
using ultrasound to release small mole-
cules from polymers with latent mechano-
phores” and leveraging cell-generated
forces in situ to trigger drug release and
uptake.” Overall, the interaction between
mechanochemistry and mechanobiology is
an exciting frontier, offering innovative

14 | RSC Mechanochem., 2025, 2, 10-19

approaches for diagnostics, therapeutics or
tissue engineering, with potential to
reshape how we address diseases linked to
altered cell mechanics.

D. Applications of
mechanochemistry

D.1. Green chemistry and solvent-free
syntheses

Integrating  mechanochemistry  into
green-chemistry practices holds signifi-
cant potential for the pharmaceutical
industry, materials science, and other
fields that rely heavily on chemical
syntheses. Based on the twelve principles
of Green Chemistry, mechanochemistry
can directly address and contribute to
more than half of them.”””** Mechano-
chemical reactions have been shown to
prevent waste, significantly reduce
solvent use, be catalytic, be less
hazardous, reduce energy consumption,
use safer chemicals, and minimize
derivatives. Since solvents contribute
significantly to chemical waste, especially
in the chemical industry, reducing their
use alone is a huge benefit in developing
sustainable chemical practices.*>*

To further enhance the synergy
between green chemistry and mechano-
chemistry, sustainable goals must be
developed specifically for mechanochem-
istry to foster innovative technologies that
are both economically viable and envi-
ronmentally benign. While mechano-
chemistry can significantly impact green
chemistry simply by reducing solvent use,
many other principles are often over-
looked. The field of mechanochemistry
has the potential to develop reactions that
fully incorporate all 12 principles, but
there needs to be a focus on principles
other than solvent reduction.

As industries and researchers continue
to seek sustainable solutions to chemical
synthetic problems, the importance of
green chemistry and mechanochemistry
will only grow, driving the transition to
more sustainable practices and contrib-
uting to a healthier planet.

D.2. Mechanochemical processing for
pharmaceuticals

Mechanochemistry has also emerged as
a transformative approach for the synthesis
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of active pharmaceutical ingredients
(APIs),®* offering significant advantages
over traditional synthetic techniques,

particularly in terms of sustainability, effi-
ciency, and product optimization.

The pharmaceutical industry's growing
emphasis on green chemistry and
sustainable manufacturing practices pla-
ces mechanochemistry in a privileged
position for API development. The possi-
bility of minimising or completely elimi-
nating organic solvents, which are often
associated with environmental hazards
and high production costs, overcomes the
solvent waste issue (see Section D.1).%¢
Additionally, enabling cleaner processes
that generate fewer byproducts and reduce
waste,  mechanochemical  processes
address both economic and environ-
mental challenges, which makes them
a vital tool for advancing pharmaceutical
innovation and sustainability.

Seminal examples have demonstrated
that both batch®” and continuous-flow
mechanochemistry'” are suitable for the
scalability of World Health Organisation
(WHO) essential medicines or pharma-
ceutical co-crystals,*® with improved
green chemistry*®* and environmental
metrics®* compared to the corresponding
manufacturing processes in solution.

Additionally, mechanochemistry
enables the design of APIs with improved
physical and chemical properties. For
instance, it facilitates the production of
co-crystals, amorphous materials, and
nano-sized particles, which can enhance
the solubility, stability, and bioavail-
ability of pharmaceuticals, which are
crucial for improving drug efficacy and
patient outcomes, especially for poorly
soluble compounds. Mechanochemical
processes also allow new molecules and
reactivities to be achieved that would
otherwise be impossible in solution,*
and potentially tailoring API production
to specific needs.

D.3. Low-technology industrial
processes

As the industrial revolution started in the
18" century, new industries grew over
a period of decades, along with develop-
ment of the requisite supporting infra-
structure of roads, railways and canals.
This allowed a limited number of large

© 2025 The Author(s). Published by the Royal Society of Chemistry
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facilities to efficiently make products that
could then be transported to where they
were needed through a sophisticated
worldwide transportation network. This
model has worked (reasonably) well for
advanced industrial nations, but less well
for developing countries, because it is
difficult for poorer countries to develop
the requisite infrastructure to get their
feet onto the first rungs of the industrial
development ladder. New technologies
have helped developing countries
develop alternative approaches to those
used in developed ones; a recent example
in the area of finance has been the use of
cheap and simple cellphones to build an
alternative payment and banking system
in Africa. In a similar way to which new
technologies might be built in new
settlements in space (see Section E.1),
mechanochemical  syntheses  could
provide local technologies that do not
require large complex equipment. One
example is the local mechanocatalytic
synthesis of fertilizers (see Section
B.4),°>°* which could be made locally and
close to the location where they will be
used. Mechanochemical synthesis of
pharmaceuticals (Section D.2) not only
requires less solvent to provide environ-
mentally more acceptable synthetic
methods, but it is also simpler.

D.4. Mechanical materials processing

Mechanochemistry has a long history of
being used to process and modify mate-
rials, largely beginning in the areas of
metals and inorganic materials.””> An
additional area that mechanochemistry
is seeing a marked impact in is the pro-
cessing of materials, for re-activating and
recycling of materials, providing greener
and more sustainable approaches to
these processes for upcycling. Examples
include the breakdown® and conversion
of poly(ethylene terephthalate) (PET) into
metal-organic  frameworks (MOFs)*
where the mechanical milling of PETs
affords their degradation which, when
combined with the appropriate metal
ions, enables the direct formation of
MOFs. Interestingly, MOFs formed under
mechanochemical conditions, such as
liquid-assisted grinding, were shown to
exhibit a highly dynamic character,
demonstrating increased solubilities,

and an ability to readily interconvert
between materials of different structure,
topology and dimensionality.”®> Such
observations highlight mechanical treat-
ment as a means to transform, assemble,
or even disassemble, otherwise robust
materials. Such approaches have also
shown that MOFs can be completely
reconstructed under mechanical milling,
affording new modalities of materials
design through phase transformations.®
The extraction of biomaterials has also
been enabled by mechanochemistry, with
the isolation of materials such as chitin
from waste crab shells,” demonstrating
how such approaches can be used for
more sustainable production of this
important material, with additional
studies elucidating how the chitin can be
further processed mechanochemically
into chitosan with controlled molecular
weight.”

D.5. Tribochemistry

Tribochemistry, from the Greek “to rub”,
is broadly defined as the study of con-
tacting bodies in relative motion and
encompasses effects such as friction, wear
and lubrication. In general, it describes
processes that are induced by a combina-
tion of normal and shear stresses and the
field is viewed as a subfield of mechanical
engineering. As first pointed out by Jost in
the 1950's, a significant proportion of the
gross-domestic product of an industrial-
ized nation is lost due to friction, wear and
the failure of mechanical components.
More recently, it was realized that such
losses also contribute to greenhouse gas
emissions, so that the design of new,
friction- and wear-reducing lubricants will
contribute to mitigating the emission of
greenhouses gases.”” As a result, tri-
bochemistry is arguably the most
currently economically important field of
mechanochemistry.

Early research to understand tri-
bochemistry invoked an array of effects
from high local temperatures at contact-
ing asperities in the sliding interface to
the creation of plasmas that induced
reactions. However, over the last few
years, it was realized that additives to
lubricants that form friction- and wear-
reducing films could react under mild
siding conditions through

© 2025 The Author(s). Published by the Royal Society of Chemistry
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mechanochemical reaction
pathways.'®***>  Under more severe,
extreme-pressure lubrication regimes,

the reactivity is dominated by the high
interfacial temperatures.'®***

Common general principles underpin
both tribochemistry and mechanochem-
istry; that is, applied forces/stresses
modify the potential energy profile of
the system to modify, and ideally lower,
the energy barrier to increase the rate of
the process. This notion was first
proposed in the 1920's by Prandtl'® by
using a simple sinusoidal potential with
the goal of analyzing the non-elastic
behavior of materials, but it was subse-
quently realized that this approach could
also be used to describe friction and the
model has been verified for the sliding of
an atomic force microscope tip over
a surface in numerous situations. A
similar general approach of using
transition-state theory with a sinusoidal
potential energy was used by Eyring to
develop a molecular-scale model of
viscosity.'*® These friction, viscosity and
mechanochemical models therefore
depend on a common physical principle
and work to understand tribochemical
processes will inform our understanding
of mechanochemistry, and vice versa.

E. Future directions

E.1. A role for mechanochemistry in
space?

Potential new directions for mechano-
chemistry also include its use in space
exploration. Central to the needs for
manned missions on the Moon or Mars
are the ability to generate resources, such
as oxygen and water that will be essential
for long-duration missions. While there
are numerous approaches that have been
proposed for the use of regolith as the
source for generating these, much of the
focus has been around using electro-
chemical processes.’”'* One can envi-
sion how mechanochemical processes
could be used to take advantage of rego-
lith in order to also generate important
reactants such as perchlorates and
nitrates."® Such opportunities for in situ
resource utilization are already envi-
sioned for lunar construction,"** but, due
to mechanochemical syntheses being
largely solvent free, this also opens the
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door to using locally sourced materials
for chemical manufacturing as well. With
regolith being rich in transition
metals,">"** these sources represent
natural materials from which -catalyst
systems can be made, which could then
be wused for oxygen and water
reclamation.

E.2. Mechanochemistry,
digitalization, and robotics

Mechanochemistry, digitalisation, and
robotics represent three pivotal realms of
contemporary science and technology.
Each domain holds significant promise,
yet their convergence opens up unprece-
dented opportunities for innovation and
advancement and their intersection
holds immense potential for advancing
scientific research and industrial appli-
cations. By integrating these fields,
researchers can create more efficient,
precise, and scalable processes. Some
potential examples are outlined below.

Robotics can be employed to automate
mechanochemical syntheses, ensuring
the consistent application of mechanical
force and precise control over reaction
conditions. Digitalisation can further
enhance these processes by enabling real-
time monitoring and analysis of reac-
tions, providing immediate feedback to
allow rapid optimization.

The integration of big data, machine
learning and artificial intelligence (AI)
methods with mechanochemistry can
lead to a deeper understanding of reac-
tion mechanisms and the discovery of
new reactions. By analysing large datasets
generated  from  mechanochemical
experiments, Al algorithms can identify
patterns and predict optimal reaction
conditions, accelerating the development
of new materials and compounds.

One of the major challenges for
mechanochemical syntheses is ensuring
the reproducibility of results. Robotics
and digitalisation can address this issue
by standardizing experimental proce-
dures and providing detailed documen-
tation of each step. This not only
enhances reproducibility but also facili-
tates the scaling up of mechanochemical
processes for industrial applications.

Several case studies have highlighted
the successful integration of

16 | RSC Mechanochem., 2025, 2, 10-19

mechanochemistry, digitalisation, and
robotics, for example, in the areas of
sustainable chemistry; the combination
of robotics and digitalisation has allowed
the development of sustainable mecha-
nochemical processes that are both effi-
cient and environmentally friendly.***

While the integration of mechano-
chemistry, digitalisation and robotics
holds great promise, several challenges
remain. Ensuring the compatibility of
different systems and technologies,
managing large volumes of data, and
addressing the high costs associated with
advanced robotics are some of the
hurdles that need to be overcome.

Future research will focus on devel-
oping sophisticated robotic systems that
can handle a wide range of mechano-
chemical reactions, as well as creating
comprehensive digital platforms that can
seamlessly integrate data from different
sources. Additionally, fostering interdis-
ciplinary collaborations will be crucial to
address these challenges and to unlock
the full potential of these technologies.

The convergence of mechanochem-
istry, digitalization, and robotics repre-
sents a transformative force in modern
science. By leveraging the strengths of
each field, researchers can achieve
unprecedented levels of efficiency, preci-
sion, and innovation.

E.3. A merging of areas for greener
chemistry - mechanochemistry and
electrification of the chemical industry

In an effort to decarbonize the chemical
industry,
processes provides a means to aid in the
reduction of greenhouse gas
emissions."** Y While numerous
approaches are under consideration, the
adoption of mechanochemical methods
affords one direct option that has received
little attention. If one considers the
majority of mechanochemical reactors,
they are already immediately implement-
able using renewables to power them. Key
reactions such as ammonia synthesis,
which normally requires high tempera-
tures and pressures, have been shown to
occur mechanochemically at lower
temperatures and pressures than the
thermal procees.”*"*® This demonstration
opens the door for the adaptation of other

electrification of industrial
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such large-scale syntheses to mechano-
chemical approaches. While there is still
a long way to go, the design and translation
of other reaction platforms to mechano-
chemical methods could enable a marked
reduction in the energy needs and
greenhouse-gas emissions of industry.*
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