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Reassessing mechanochemical processes in
polyatomic systems for smart fabrication of
nanocomposites

Mamoru Senna @ *@ and Adam A. L. Michalchuk ©°

A brief review is given to reassess the integrity of the fundamentals and the application in mechanochemistry.
The discussion starts from the chemical response of polyatomic systems (PAS) to the mechanical stress, in
terms of the extended concept of the Jahn—Teller effects. The interplay between the deformation and the
chemical properties was extended to larger scale units toward solid particles or crystallites, which comprise
the ensemble and arrangements of PAS. Therefore, the role of disorder of PAS arrangement or defects in
solids on the reactivity of solids was discussed. Since the mechanochemical process is based on the
introduction and control of the defects in solids, the discussion abridges the fundamental understanding of
deformation — chemical property relationship from the basis of molecules with the reactivity of solids and
powder masses. By taking the subsequent steps of relaxation in different time scales, the affordability of
functional materials via a mechanochemical route has been demonstrated to finalize the entire discussion.

rsc.li/RSCMechanochem

Introduction

Global environmental concerns are demanding that chemists
find new, more sustainable routes to conduct chemistry and

“Faculty of Science and Technology, Keio University, Yokohoama, 223-8522, Japan.
E-mail: senna@applc.keio.ac.jp

School of Chemistry, University of Birmingham, Edgbaston, Birmingham, B15 2TT,
UK

Mamoru Senna is an emeritus
professor at Keio University. His
interests focus on the reactivity
of solids and mechanochemistry.
After receiving his PhD from Keio
University (1971), he worked as
a postdoctoral researcher at
RWTH Aachen and the Univer-
sity of Karlsruhe. He has been
the President of the Interna-
tional Mechanochemical Associ-
ation from 2012 to 2017. He
cooperated with the Institute of
Solid-State  Chemistry  and
Mechanochemistry in Novosibirsk with Prof. Vladimir V. Boldyrev.
Currently he is working at the Institute of Nanotechnology of KIT,
Karlsruhe with Dr Viadimir Sepeldk and his colleagues, and
Institute of Geotechnics, SAS, Kosice with Mgr., PhD Marcela
Achimovicova and her colleagues.

Mamoru Senna

© 2025 The Author(s). Published by the Royal Society of Chemistry

A short summary at the end emphasises the importance of learning from the exotic fields.

manufacture technologically important materials. Under this
guise, mechanochemistry has seen immense renewed interest
from a much broader community of chemists and materials
scientists than ever before. Unsurprisingly, with ‘sustainability’
in mind, the majority of research into mechanochemistry today
focuses on its use for molecular and materials synthesis,
including the preparation of entirely new chemicals or the
modification of materials to enhance/alter their properties.*™®
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This has been accompanied by transformative developments in
the way chemistry is being conducted, cementing mechano-
chemistry as a game-changing sustainability technology.
Recently published excellent reviews further furnish the
tendency.”*®

Despite this immense interest in its applications, the
development of mechanochemical processes remains largely
serendipitous. This stems from the current lack in the under-
standing of exactly how mechanochemical transformations
occur in the first place. Mechanochemical phenomena arise
from the interplay between the generation and subsequent
relaxation of a mechanical stress that is applied to various
polyatomic systems (PAS). Other discussions have been
described, aiming to understand ways to control mechano-
chemical reactivity in solids through the direct perturbation of
nuclear geometry. Notably, Rana et al.*® referred to historical
discussions based on transition-state theory, and summarized
the role of normal and shear stresses on mechanochemical
reaction kinetics. After thorough discussion on the role of shear
stress, they concluded that the change in reaction rate depends
on a modification of the activation volume that includes
contributions from both the normal stress and sliding. Boldyrev
discussed the related issues in detail.”® Therefore, an overall
and unified concept, including anything from the simplest
triatomic molecule to bulk solids and organic macromolecules
is required. This is the motivation of the present review.

Though much can be learned from the long history of related
processes, e.g., in mineral processing, metallurgy and metal
physics,*?° mechanochemistry has now extended to a much
broader class of materials, including oxides or
chalcogenides,®?*** and an immense number of organic
compounds.®>**** This inevitably requires a reassessment of the
phenomena associated with mechanochemical transformations
at all scales. It remains to be seen to what degree we can expect
the mechanochemical processes of metallurgical systems to
inform on the behaviour of soft organic materials upon
different types of external mechanical stimuli, with the aim
being towards constructing a common basis for understanding
mechanochemical processes.

With growing interest in understanding mechanochemical
transformations, there has been a surge in the breadth and
complexity of the analytical tools being used to probe them,
spanning advanced analytical tools such as high-resolution
electron microscopy,’** in situ structural analyses, and
atomistic simulations.**** Despite this remarkable accumula-
tion of knowledge, many gaps remain between experimental
and theoretical understanding. This is generally attributed to
the multi-length and -time scales associated with mechano-
chemical phenomena, which span many traditional disciplines
of physical sciences from theoretical physics*>**~* to large-scale
process engineering.>>>*

At one extreme, mechanochemistry is widely used for
particle processing.>* Bulk powders are routinely processed by
mechanochemical means for mixing and to modify particle size
controlling the properties of complex formulations. However,
the process of modifying particles at a macroscopic level has
direct effects on the underlying atomistic behaviour. As particle

43-45
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size is reduced, continued mechanochemical processing begins
to perturb the atomistic structure in the crystallite or particle,
often by injecting defects into the crystallite or particle (ie.,
plastic deformation). These defects subsequently affect the
chemical properties of the material by directly changing the
local electronic structure, by changing how a material responds
to mechanical stress at the local atomic level, or by influencing
the transport of chemical species within the defective lattice of
a single crystal,*>®* for example via mechanically generated
grain boundaries in polycrystals,®*® or by promoting transport
across the boundaries between particles or crystallites.®*%°

Understanding the onset of chemical reactivity under
mechanochemical conditions is unfortunately not the end of
the complexity. Often, the products that are generated by
mechanochemical processes do not coincide with those ex-
pected from conventional chemical intuition.*””*® This is
exemplified by the mechanochemical control of crystal
polymorphism,”®”> the synthesis of cluster-organic frame-
works,*”* and the high entropy stabilization of inorganic
materials.”*”® Such unconventional products can make the
interpretation of mechanochemical transformations a partic-
ular challenge. It follows that, to truly understand the effects of
mechanochemical processing, we need to understand the
impact of mechanochemical strains, and importantly, the
feedback between processes across different lengths of scale.

This is the inspiration for the present review, which aims to
compare, combine and reassess the various concepts associated
with mechanochemistry from the laboratory to industry, and to
find some commonality towards their rational application for
understanding the fabrication of advanced materials. The
present review begins by breaking down the mechanochemical
process and demonstrating — with selected case studies - a set of
atomic-level physico-chemical processes that can be initiated by
mechanical strain. As we proceed from those concepts to more
realistic materials systems, passing through the basics of solid-
state chemistry, we inevitably need the ensemble of PAS in the
solids and consequent disorder of PAS or defects in the solids.
We will have to discuss this in the section between the funda-
mental PAS-based one and materials-science based application
of mechanochemical processes to the fabrication of functional
materials. Building upon this foundation, we then explore how
mechanical strain alters properties at the scale of particles and
powder. Finally, we attempt to break down the boundaries
between ‘branches’ of the mechanochemical sciences by using
selected case studies to demonstrate how these multi-scale
phenomena link together and lead to mechanochemical trans-
formations in functional solids.

Using mechanical stress to modify
chemical reactivity at the molecular
level

Before we can discuss the effect that mechanical stress has on
chemical reactions, we must first agree how chemical reactions

are initiated via ‘conventional’ routes. Chemical reactions
inhibited by an energy barrier, E,, are generally associated with

© 2025 The Author(s). Published by the Royal Society of Chemistry
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thermally excited (temperature, 7) translational, rotational, and
vibrational energy states of the participating PAS. As these
excited states are fully equilibrated, and the systems allow for
spontaneous collisions, the reaction rates are generally
predictable by classical Arrhenius theory, with kinetics
described by a rate constant,

k= 4 exp(— IfT) (1)

This is to say that Arrhenius theory is generally useful to
understand the relation between thermal excitation and reac-
tivity, with particular suitability for describing conventional
fluid-phase chemical reactions.”””® The thermal excitation of
translational and rotational degrees of freedom leads to an
increase in the number and energy of interatomic/molecular
collisions, affecting the pre-exponential factor, A. Similarly,
vibrational excitation decreases the effective activation energy,
making the reaction more probable. In addition to describing
the reaction rates, the existence of a physical model for
conventional reactivity also allows us to understand the condi-
tions needed to enhance chemical reactions through other
external stimuli. For example, photochemical reactions take
place by directly exciting electronic energy states. This has
multiple effects, including to impose a ‘pressure’ on the nuclear
positions that causes them to rearrange into a new (often more
reactive) geometry. From this perspective, a photochemical
reaction differs fundamentally from a thermochemical reaction
in that the perturbation of the nuclear degrees of freedom
occurs as a byproduct of the electronic excitation, not directly as
a result of the (thermal) excitation.

This comparison between thermo- and photo-chemistry
reminds us of an important reality in chemical systems: that
the nuclear and electronic structures are intimately linked, and
that the perturbation of either can lead to the onset of chemical
changes. It is from this vantage point that we can now explore
the link between the nuclear and electronic degrees of freedom
and their response to mechanical stress.>

The interplay of mechanical stress and electronic energy
states

Jahn and Teller were, in 1937, amongst the first to describe the
interplay between the ‘mechanics’ of chemical bonds and elec-
tronic states.” Their description is of course now known widely as
the Jahn-Teller (JT) effect. The JT effect describes how the elec-
tronic structure can re-organise to enhance atomic stability, and
in turn lead to distortion (symmetry breaking) of inter-nuclear
interactions:* i.e. it describes the interplay between the nuclear
and electronic degrees of freedom at the atomic level.

Gilman subsequently demonstrated an ‘inverse’ of the JT
phenomenon by showing in a hypothetical 3-atom molecule
that the strength of covalent bonds can be reduced by
bending.**? This finding led to further studies on how elastic
strains can modify the electronic structures of small molecules
via symmetry break®* induced by shear stress. With recent
advances in molecular simulation, it is now understood that

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Demonstration of a shear-induced electronic interaction in
molecular crystal, 1,1-diamino-2,2-dinitroethylene (FOX-7). (left)
Strained (unrelaxed) and (right) unstrained (relaxed) state viewed at ab
plane. The "bonds” between O atoms NO, groups are located on the
neighbouring molecules located at the interface at the strained state,
as marked by a blue circle. They disappear after the stress was
relaxed.®? Reproduced from with ref. 92 with permission from Amer-
ican Physical Society, copyright 2007.

shear deformation of molecules can cause the HOMO-LUMO
gap (HLG) to close and ultimately enhance their reactivity.**¢
Though originally proposed for small molecules, this concept
linking molecular deformation with enhanced chemical reac-
tivity has been extended to larger molecules and extended
solids.?”"#

This ‘inverse’ JT effect - i.e. where internuclear distances are
mechanically perturbed, causing a distortion of electronic
energy states — provides an ideal basis for generalising mecha-
nochemical reactions.*”**** The molecular crystal 1,1-diamino-
2,2-dinitroethylene (FOX-7) provides an excellent example for
this mechanism, Fig. 1. By applying a shear to the crystal
structure of FOX-7, one can drive together molecules in adjacent
layers. In doing so it was shown that the dissociation energy
barrier for FOX-7 disappears, as the crystal is made ‘metallic’
through mechanical deformation (Fig. 1).*

Internal routes to control the Jahn-Teller effect with
mechanical stress

Having understood that the inverse JT effect provides a mecha-
nism for mechanochemical reactivity, it is left to identify
whether it is possible to control the interplay of mechanical
deformation, nuclear displacement, and the eventual distortion
of the electronic states and hence molecular stability. For the
purpose of clarity, we will define JT type processes caused by
mechanical stress as ‘internal’ channels, given that our
perturbations influence directly the internal degrees of freedom
of our system to induce the electronic response.

This concept is shown schematically in Fig. 2 in the form of
a contour diagram of the potential energy minima and the
isomerization transition state energies.”** The ability to selec-
tively pull apart covalent bonds - and hence directly probe the
relation of bond length and energy states — has become
a particularly vibrant area for the mechanochemistry of
macromolecules,®® and for detailed studies into the strain-
modification of small molecule decomposition.”*®” Though
much can be achieved theoretically, this ‘single molecule
mechanochemistry’ can be even experimentally probed, for
example by attaching molecules to atomic force microscopy set-
ups and pulling on individual bonds.

RSC Mechanochem., 2025, 2, 351-369 | 353
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Fig.2 Two-dimensional potential energy surface and contours for n-
butane stretched extensively past the C—C inflection points, with the
C1 atoms displaced by 2.40 A from the equilibrium separation of 3.9 A.
The structure at the top/right is for the C—C—-C—-C minimum.®>*7 The
numbers at the top/right define the energies in kcal mol™ for the
contour lines. Reproduced from ref. 93 with permission from Amer-
ican Institute of physics, copyright 2008.

Concepts of single molecule mechanochemistry have been
also explored under the guise of the ‘distortion-induced
molecular electronic degeneracy (DIMED)’ scheme, proposed
by Luty et al.,** as a particular mechanochemical analogy to the
inverse JT effect. In their theoretical study, deformations were
applied to an energetic molecule to cause electronic degenera-
cies across the HLG and hence facilitate electronic excitation.
Though not under the specific nomenclature of DIMED, similar
concepts of mechanically induced molecular deformations have
been also demonstrated for other simple molecules like
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Fig. 3 (a) Change in energy of system and dihedral angle of anthra-
cene with decreasing intermolecular distance calculated using AM1
method. The dihedral angle of anthracene at the state of activated
complex is 150°; (b) The intramolecular HOMO-LUMO gap of (A)
anthracene, (B) 9-methyl anthracene, (C) 9,10-dimethylanthracene,
(D) 9,10-bis(chloromethyl) anthracene, and (E) 9,10bis(bromomethyl)
anthracene with electron density of (A), (C), and (E).°® Reproduced
from ref. 98 with permission from Elsevier B.V., copyright 2004.
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anthracene and its derivatives, (Fig. 3).® In related studies of
a mechanically induced Diels-Alder reaction, mechanical stress
induced changes in the dihedral angles of the reagent anthra-
cene molecule. This mechanical distortion led to significant
reduction in the HLG, causing marked enhancement of the
reaction rates.”

It follows that, to understand mechanochemical reactions,
we need to elucidate the link between nuclear and electronic
degrees of freedom and identify how mechanical strains can
affect the former. This necessity is becoming increasingly clear,
with attempts to take the lessons learned from single molecule
mechanochemistry and extend them to more general mecha-
nochemistry, including for understanding material synthesis.*

Extending mechanochemical models
to the solid state
Direct inverse JT effect in solids

Whilst it is relatively straightforward to envision mechano-
chemical processes applied to individual molecules, the vast
majority of mechanochemical research is done on solids. An
obvious extension is through the bulk mechanical stressing of
solids, for example through the application of pressure (uni-
axial or hydrostatic) or shear.*”'* This leads to an entire
world of materials science (high pressure science) whose intri-
cacies are beyond the scope of this manuscript, though it
suffices to say that mechanical stress can exert enormous
influence over atomic positions in solids and lead to a plethora
of chemical and physical transformations. The major challenge
in the solid state is the difficulty with controlling which strains
will yield specific nuclear distortions (and hence which elec-
tronic effects), i.e. the solid-state equivalent of the aforemen-
tioned direct inverse JT effect. This has meant that our ability to
designable mechanochemical reactions in solids is far behind
our skill in e.g. single molecule
mechanochemistry.'*>%

This shortcoming has been noted, and recent efforts have
shown exciting opportunity to control mechanochemistry in
solids by controlling the flexibility in the crystal structure, and
hence controlling which degrees of freedom are preferentially
distorted by mechanical strain.'® There remains an enormous
amount to study and understand with regard to controlling
solid state mechanochemical response.

An early attempt to do so was put forward by Butyagin and
coworkers.'®%” In their early work, they proposed the concept
of energy yield, G,'* defined as the ratio of the amount of the
product, AN (in moles) to the expended energy or the dose D,

polymer

AN
“=7 @
The inverse of the yield
1
A= — 3
= ©)

is the formation energy, or the work done on the solid to create

products of the mechanochemical process. With this

© 2025 The Author(s). Published by the Royal Society of Chemistry
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framework in mind the team continued by developing a kinetic
model for solid state mechanochemical reactions based on the
exact moment at which a solid is destroyed by a mechanical
load. They posited that the rate depends on the lifetime before
rupture of deformed interatomic bonds, i.e.,

© = toexp([Up — yol/RT) @

where 7 is the lifetime before rupture, 7, is the period of atomic
oscillations, (U, — vyo) is the reaction activation energy, U, is the
bond energy, and the product ye is an equivalent of the defor-
mation energy.'”” While their discussions were exact and
extensive, the relationship to the microscopic view has been
missing. The role of various defects in solids on the mechano-
chemical effects will be discussed in the following sections.

Indirect inverse JT effect in solids

When considering mechanochemical processes in the solid
state, the inverse JT effect does not always occur in response to
the direct distortion of the nuclear geometry by e.g. pulling/
pushing on the system. Other unusual routes exist to incite
this crossover between electronic and vibrational energy, most
notably when we consider dynamic mechanical stressing.'*®
When stress is applied dynamically, one begins to discuss
transiently strained geometries, for example through the
mechanical excitation of nuclear vibrations. It is here that one
begins to find parallels between mechanical and thermal exci-
tations, and underpins major efforts to understand both the
simultaneous and separate effects of thermal and mechanical
erlerg}/‘19,36,109,110

To probe mechanistic aspects of mechanochemistry, it is
desirable to separate the effects of mechanical stressing from
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Fig.4 Dynamical mechanochemical excitation of crystalline LiN3.%* (a)
The response of the principal strain axes to hydrostatic compression,
and (b) the relative effect of different compression magnitudes on the
quasi-temperature of mechanochemically excited crystalline LiNs. (c)
Excitation of the N3 bending mode can induce transient metallisation
of azides, with (d) this bending motion achieving high degrees of
excitation following mechanochemical stimuli.>® Reproduced from ref.
35 with permission from Royal Society of Chemistry, copyright 2023.
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the thermal effects. In this respect, explosive chemistry has
proved to be a formidable playground. The concept of mecha-
nochemical excitation has been introduced through an up-
pumping model and has been explored through DFT simula-
tions for simple PAS like LiN3.** In this model, mechanical
energy is directly absorbed by the solid through excitation of
low frequency crystal vibrations. This excess energy then scat-
ters through phonon-phonon collisions and transfers the
energy into localised molecular vibrations, causing large
amplitude nuclear distortions and hence perturbation of the
‘HLG’, (Fig. 4). Once the correct nuclear distortions are excited,
this process can ultimately lead to chemical decomposition.*™

The excitation of electronic energy states by dynamic
mechanical stressing is not unique to explosive chemistry, with
such phenomena having been reported historically as
triboluminescence**3**¢ or mechanoluminescence,**”***
(Fig. 5)."**> There is growing needs to understand the similarities
between ‘mainstream’ mechanochemical reactions and these
more specific examples of mechanochemistry, with particular
need to identify the general transferability of the underlying
physical phenomena that cause them. Further discussion is to
be done in view of the features of the solid-state of the materials.

Role of various defects in solids on the
mechanochemical effects
External routes to mechanochemical effects in solids

We have thus far discussed the elementary, molecular level
processes by which mechanical energy can incite a chemical
response through indirect perturbation of the electronic struc-
ture (i.e. by mechanically distorting nuclear geometries). In
doing so, we have identified a number of routes by which
mechanical perturbations can cause chemical systems to react.
We have termed those routes as being ‘internal’ mechanisms, as
their effects occur by acting on the internal degrees of freedom
of our molecules. However, within the solid state there exist
many alternative ‘external’ channels, through which deforma-
tion around our molecules can influence mechanochemical
reactivity. An obvious example of an external channel to
mechanochemical reactivity is through the defect-chemistry of
solids.**>'**

Hierarchical defect structure in realistic solid materials

Most solid-state chemical reactions, and much of solid state
functional behaviour, is dominated by the type and quantity of
defects within the solid, or the response of defects to mechan-
ical stressing. These defects are hierarchical,** and discussions
related to their role in the reactivity of solids is often confused
due to the mismatch of their species and scales. There are yet
additional difficulties when discussing the relationship
between defects and mechanochemical phenomena. For
example, the generation and relaxation of defects in solids are
kinetic processes.’” The time period between subsequent
‘pulses’ of mechanical stressing under mechanochemical
conditions therefore plays an important role in addition to the
hierarchical phenomena.

RSC Mechanochem., 2025, 2, 351-369 | 355
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Fig. 5 (a) Photographs of the as-prepared and grounded Z-TPA-MB
and Z-TPE-MB taken under sunlight and UV light. (b) Emission spectra,
(c) powder X-ray diffraction and (d) DSC profiles.**? Reproduced from
ref. 112 with permission from Wiley-VCH, copyright 2022.

While well-defined defects can be introduced in solids by
ion-implantation,”***”  electromagnetic irradiation,””® or
hydrostatic compression,® such practice is generally restricted
to model systems and fundamental studies. In most real
mechanochemical studies, mechanical stressing is exerted by
grinding mills and applied to an ill-defined bulk powder. The
stresses are widely spread across the powder, and hence the
consequent strain is widely distributed. Under such scenarios
we have little understanding of what defects are generated, and
in what quantities, despite enormous experimental and
computational efforts being devoted to understanding this
phenomenon.”**** Studying the defects generated by mecha-
nochemical processing is a real challenge owing again to their
kinetic behaviour. Defects can relax or change once a mecha-
nochemical reactor is stopped and before analysis can be done.
It is therefore difficult to identify exactly what defects are
generated in situ and their role in a mechanochemical process.
This complexity has underpinned much of the recent develop-
ment of novel methods to probe mechanochemical reactions in
situ, for example using time resolved X-ray diffraction, X-ray
spectroscopy and vibrational spectroscopies.*>*?*'33

Effects of microplasticity on mechanical transport

A key mechanism that affects the bulk mechanochemical
reactivity of a solid is the efficacy of mass transport (electrons,
ions, or molecules) throughout or atop the solid. While these
mechanisms are generally well known for semiconductors***
and electroceramics,”* even with atomic-level detail in some
cases,"® these processes are strongly affected by mechanical
stressing. This is particularly important given the dynamic
formation/annihilation of defects during mechanochemical
processing, and the particle size-dependence of plastic defor-
mation, and hence the rate of defect formation.*®*” This size
dependence has been shown through numerical simulation,
using representative volume element (RVE) methods, for
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Fig. 6 Strain distribution around the different particles in terms of the
irregular meshes. The RVE analysis was based on the microstructural
SEM images of mechanically strained Ni60Nb40/Mg composites.*s
Reproduced from ref. 138, with permission from Elsevier B.V., copy-
right 2016.

example to probe how a small microstructure affects the
broader sample volume.**® For example, an RVE analysis of
mechanically stressed Ni-Nb alloy, Fig. 6, shows the strain
distribution around different particles. A similar concept is
understood under the more generalized concept coined as
micro-plasticity, which provides a general mechanism for
many mechanochemical processes induced by ball milling
wherein a solid's reactivity is enhanced by particle size reduc-
tion and the onset of plasticity.*****

Having understood that mechanochemical processing can

139-141

induce defect formation and strain in crystals, we are first
tasked with understanding the localization of this excess
mechanical energy within a bulk solid, and thus the potential
consequences mechanical deformation has on solid state
chemical reactivity."*>***

In deformable materials, the defects generated by mechan-
ical stressing (causing mechanical energy to be stored) can be
distributed throughout the bulk, but is instead localised at
microcrack tips in brittle materials. This localisation in brittle
materials occurs because the formation of cracks releases the
energy that was previously stored locally at the crack tip.
This phenomenon becomes very apparent when a well-defined
single crystal surface is indented, (Fig. 7), and subsequently
etched, Fig. 7(b). Within the indented deformation, we observe
slip bands, where the dislocation density is concentrated. After
etching, preferential activation at the slip bands becomes
visible as shown in Fig. 7(c). This suggests that, to control
mechanochemical excitations that cause sustained energy
accumulation, we must find a way to control the local concen-
tration of the lattice defects and amorphized area. Macroscopic
deformation is mostly associated with dislocations, ie.,

144,145

according to their species, concentration, and interactions.****”

Each dislocation gives rise to inhomogeneous stress and
deformation fields at the individual level.™® It is thus obvious
that plastic deformation is size dependent and based on the size
of the associated dislocation alleys.”® Stress-induced bulk
energy change of the solid is initiated with irreversible or
inelastic deformation via a slip. In a single crystal, slip occurs at
a specific crystallographic plane of lower energy barriers and
higher atomic density via dislocation, e.g., (111) in face-centred
cubic single crystal, as Wijnen et al. indicated in their detailed
computational study.*® In actual mechanical activation with

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4mr00084f

Open Access Article. Published on 30 gennaio 2025. Downloaded on 02/04/2026 21:22:24.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

Fig. 7 Scanning electron micrographs of the silicon surface as
indented at 100 g, (a) as-indented. (b) Subsequently etched for 165 min
in 0.1 N aqueous solution of KOH at 60 °C. (c) Aligned etch pits on the
surface of Si (111) indent after etching by 1 N HF aqueous solution.>®
Reproduced from ref. 50 with permission from Elsevier B.V., copyright
2020.

repeated stressing such as in a ball mill, the dislocations are
multiplied and entangled, and hence much more complicated,
as detailed simulative studies indicated.'*®

To complete the picture, we can finally begin to correlate the
effects of mechanical defects with the perturbation of electronic
structure and the mobility of charged species within the
crystal.*? This link can occur through two main mechanisms,
(1) alter local chemical stability and charge density,"* (2)
reduced diffusion/mobility barriers that hinder transport (c.f:
decomposition of ammonium perchlorate, silver oxalate),*****>
and (3) by changing the local ‘concentration’ gradients of
charged species and hence driving diffusion.’®® As an example
of the first mechanism, we can consider an analogy to the
heterogeneous strains associated with the recrystallization of
metallic species, as seen through finite elements (FE) simula-
tions, (Fig. 8). There are various types of dislocations displayed
here, associated with the recrystallization of metallic species.
However, the nuclei-growth mechanisms are common to more
general mechanochemical reactions. What is crucial with
respect to mechanochemistry is the localized electron distri-
bution, triggering rearrangement of the chemical bonding in

Microstructure-based FE model
v

3D Cellular automata

Fig. 8 lllustration of the modelling approach of the full coupling 3D
crystal plasticity finite element method (CACPFEM).**® Reproduced
from ref. 149, with permission from Elsevier B.V., copyright 2016.
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a solid-state.***®'>* Note that the dislocation induced structural
change discussed above is not strictly separated from the effects
of thermal excitation," as discussed previously.

Peculiarities of deformation near particle surfaces

Applying mechanical stressing on solids primarily changes the
microstructure of the near surface region, including the specific
surface area. Since penetration of any chemical species into
solids begins from the surface into the interior, it is of utmost
importance to examine first of all the chemical changes at the
surface or near-surface region.******** However, the definition of
solid surface is very ambiguous. Even at the well-defined surface
of the single crystal, there are differences in the chemical bonds
in the near surface area, primarily due to spontaneous surface
relaxation.'®'* Such a relaxation process can be expedited and
controlled, playing an important role for materials synthesis via
a mechanochemical route. In addition, atomic movements and
their energy states are highly restricted and dominated by those
of phonons.

Summary of single-particle reactivity

Despite the significant progress made in understanding
mechanical deformation and its effect on solid reactivity, we are
far from fully understanding the associated elementary mech-
anisms or obtaining complete experimental validation. There is
currently significant effort being devoted to the development of
novel methodology to follow mechanochemical reactions in real
time, with excellent reviews on the state of the art.'*3¢41¢> At the
time of writing, these methods are limited to probing meso-
scale phenomena and thus more detailed mechanisms are
still to be elucidated.

The physical response of solid materials is derived largely
from their crystalline packing and both the strength and
geometry of the interatomic or intermolecular interactions.
Materials that are dominated by non-directional, delocalised
interactions tend to be easily deformable (e.g. metals), whereas
those with highly directed, strong interactions (e.g. quartz) tend
to be more robust to mechanical strain. Molecular crystals are
in a more complex situation, where both types of interactions
are present. The mechanical response comes from a combina-
tion of the response of the weak intermolecular interactions and
from the deformation of the molecular entity (comprised of
stronger interatomic interactions) itself.

Understanding the mechanical response of a crystal is
essential to the onset of mechanochemical reaction, as any
perturbation of the atomic positions changes the underlying
electronic density distribution, and hence the chemical reac-
tivity itself.’**'®” This is exemplified by a recent study that
showed the specific mechanical response of a coordination
polymer complex.'®® Similar studies have also been reported for
molecular crystals, in which mechanical deformations are
known to decrease the dissociation barriers of covalent
interactions.”**

The direct effect of mechanical stressing of a solid to incite
charge density redistribution is just one avenue that can affect
material reactivity. Mechanical stressing can also cause
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imperfections in a crystal structure (mechanical activation)
around which electron maldistributions are prominent.***™"* In
non-ideal crystals, mechanical stressing can also affect reac-
tivity by enhancing or hindering the mobility of chemical
species, either by introducing or ‘clustering’ imperfec-
tions,**'”>'”* or by introducing strain gradients along which
defect or ion conduction is directed. The former is exemplified
by the mechanical activation of ammonium perchlorate,"”*
whose thermal decomposition is greatly enhanced after
mechanical treatment, and silver oxalate,'”> where both the rate
and product of thermal decomposition are sensitive to
mechanical activation.

To understand when mechanical activation can be expected,
and to what degree, it is important to first discuss various
mechanical deformation regimes. In the simplest case,
mechanical deformation caused by an external stress is entirely
reversible once the stress is removed - i.e. the deformation is
elastic. While elastic deformations can cause electronic redis-
tribution during the mechanical stress and can hence tran-
siently influence the material reactivity, there are no long-term
effects to reactivity once the stress is released. Pure elastic
deformation is relatively uncommon in real-world systems.
Instead, mechanical stress tends to induce deformations that
are only partly irreversible, known as inelastic deforma-
tion."”*"”” Such deformations induce lattice imperfections like
vacancies, dislocations or stacking faults, accompanied by local,
microscopic strain energy. Macroscopically, this is identical
with the calorimetrically measurable stored energy. This area
was explored extensively by metallurgy and metal physics,”*'”
and the concept have only recently expanded into our attempts
to understand the reactivity of solid compounds more

180,181

generally.

Particulate processes

As we begin to extend our discussion towards bulk powder
systems, we first consider the macroscopic processes associated
with mechanochemical processes in bulk powders. When
powders are placed into a milling vessel and the mill is actu-
ated, many different processes take place simultaneously.
Qualitatively, we can classify the dominating processes into
three main categories: (i) the bulk mixing of the various ingre-
dients and the macro- and meso-scales, (ii) the fracturing of
solid particulates resulting in size reduction (which also leads to
enhanced mixing), and (iii) the introduction of crystalline
imperfection once a comminution threshold has been
achieved.™”

From a chemical perspective, the importance of process (i) is
self-evident: one cannot initiate a reaction unless the reagents
come into contact with one another. However, unlike in
conventional fluid-phase chemistry, these contacts do not occur
spontaneously in bulk powders, and must be manufactured
through mechanical agitation. The formation of contacts
between reagents is facilitated by process (ii). As particles
becomes smaller, their accessible surfaces contain a larger
proportion of the starting materials and hence lead to more
numerous reactive contacts being formed. Importantly, the
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process of particle size reduction also leads to enhanced reac-
tivity of the powders, noting that surface species are inherently
less stable than those residing in the bulk. Finally, as particle
sizes are reduced, the associated fracture processes and
inelastic deformations lead to permanent deformation of the
particle structures, which themselves can enhance or alter the
reactivity of solids.*® This very simplistic view of bulk mecha-
nochemical reactivity already demonstrates the extreme
complexity of the problem at hand, and the interdependence of
processes across lengths of scale and time. From this point of
view, we can now break down processes (ii) and (iii) in more
detail. We then discuss briefly the mechanisms that underpin
them and their role in mechanochemical reactivity, and refer
readers to discussions elsewhere for further technical
details.'**54

Materials transport across the boundary between crystallites
or particles

Diffusion is the main transport mechanism within and between
solid-state materials. The mechanisms of these diffusion
processes have been studied in great detail for well-defined
single crystals of metals, alloys or oxides.®**:*#>1%¢ Studies
related to mechanochemical processes are much more
complicated. The challenge is exacerbated by the fact that most
of the syntheses and functional materials being studied
mechanochemically are composites of different components
that start from a heterogeneous powder mixture. Under-
standing these multi-component reactions thus demands
understanding beyond diffusion within a crystal, but rather
across particle boundaries (grain boundaries and inter-
particulate interfaces).®>*

Fortunately, diffusion across the boundary of heterogeneous
solid particulates is well known within the field of mechanical
alloying (MA), and much can be learned from the wealth of
literature. Conventional explanations of MA are set out in
extensive review articles elsewhere,'®®'®* with some of the key
features associated with diffusion in mechanosynthesis and MA
exemplified in Fig. 9. Structure evolution during molecular
dynamics simulation of MA is shown for approximately equia-
tomic structure after 20 000 to 700 000 time-steps, together with
the corresponding radial distribution functions.'® In an ideal
system, diffusion occurs along a well-defined grain boundary
defined by a vertical line of numbered atom and interstitials
denoted by 1™ In contrast to the traditional model of
mechanical diffusion of metallic species in the case of MA,
mechanistic studies of mechanosynthesis have developed with
higher precision.

In a real mechanosynthesis process, one must look more
closely at the mechanisms of atomic transfer across the inter-
face of solid compounds within the reacting bulk mixture.
Conceptually, atomic transfer is initiated by some activation of
the surface (e.g., removing passivating layers, heating surface
layers, etc.). Following this activation, the process of atom
transfer begins with the transfer of electronic charge from one
surface to another.""***> This transfer is followed rapidly by the
shuttling of lighter cationic species in the same direction and
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Fig. 9 Structure evolution during molecular dynamics simulation of
mechanical alloying (MA) is shown for approximately equiatomic
structure after (a) 20 000, (b) 150 000, (c) 300 000, and (d) 700 000
steps. Applied impact are random direction (axial and diagonal
together). Visual change in the two different species, red and blue, are
schematically illustrated in the upper case. Radial distribution functions
for (a) and (d) are shown beneath their parent structure.*®” Reproduced
from ref. 187, with permission from Elsevier B.V., copyright 2008.

across the same boundary, followed by mass transfer of heavier
ionic and molecular species, as appropriate.*®**%

The elementary mechanisms associated with atom transfer
are much more complicated than the ideal model displayed in
Fig. 8, and must account for the (1) simultaneous participation
of multiple materials, (2) participation of molecular crystals,
wherein the interplay of intra- and inter-molecular mechanical
response must be understood, (3) continued deformation and
restructuring of particle surfaces, (4) transport of chemical
species across the boundary of solid particles in response to
mechanical stress, and (5) relaxation of the products in the time
scale from picoseconds to years.

Given this exceptional degree of complexity, it is not
surprising that even today our most detailed views of diffusion
during mechanochemical reactions still come from atomistic
modelling efforts, which have shown that ionic diffusion across
and between particle surfaces is essential for mechanochemical
reactivity.”® Significant new developments in experimental
methodology and capabilities will be required to truly unravel
and confirm the complexity of these diffusion phenomena.
However, the emerging trend of using atomic force microscopes
and tribometers to carry out carefully controlled mechano-
chemical reactions, while allowing detailed structural analysis
of the reacting surfaces, is particularly promising in this
regard.102,197,198

Effects of mechanochemical stress in
materials syntheses

To this point we have introduced the physical processes asso-
ciated with mechanochemical processes in bulk powders, with
particular focus on understanding how mass transport
phenomena are initiated and proceed in response to mechan-
ical stress. This of course does not account for the chemical
phenomena that lead to the

themselves onset of
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mechanochemical reactions, which becomes the focus of this
section 10158199213 A physical system will always attempt to
stabilise itself and relax to its ground energy state via dissipa-
tion of energy.® In realistic chemical process, however, the
relaxation toward equilibrium is dominated by kinetics.**
There are many potential relaxation processes, each with their
own rate constant, which can vary by orders of magnitude. The
relaxation is often observable, such as by photoemission***'” or
through the generation of heat, which can have a feedback
effect on the subsequent relaxation rates. Understanding these
feedback phenomena and their relative rates is essential for
understanding mechanochemical reactivity, given it is this
relaxation that controls the properties of the final products of
functional solids.>*®>'#>1°

We must also remember that the rates of energy relaxation
can be manipulated based on experimental conditions. This is
best exemplified by considering the effects of heating on
mechanically treated solids.>**** Based on conventional ther-
modynamics, the mechanical stressing of crystalline solids
automatically increases the concentration of crystal lattice
imperfections and thus increases the Gibbs free energy. When
a mechanically activated material is heated, recovery and
recrystallization take place, leading to a lowering of the Gibbs
free energy,”***** as discussed in detail in thermal metallurgical
processes. This occurs when the stored energy is released,
including via the reduction of point defects, annihilation or
rearrangement of dislocations, absorption of these defects by
grain boundaries, or the reduction of grain boundary area.>***

Cold working and subsequent annealing are the mainstream
of metal industry to optimize the metallic materials for further
treatment. Recovery and recrystallization during annealing are
much common to the mechanical activation and subsequent
heating.**”**® Nuclei-growth is of the largest importance since
this predominates the microstructural properties.>**>%°

Function-oriented studies in this context are reported from
different points of view.'*****?> Most of the diffusion mechanisms
in the solid state are based on thermal diffusion at high
temperature, while different mechanisms are studied with
mechanically driven diffusion.”*** Note that there are many
confusing steps when we realize that mechanochemical processes
are automatically and inevitably coupled with thermal processes
by local heating during mechanical activation.>***

Even once we have a model for energy relaxation, we must
remember that most mechanochemical processes are initiated
under repetitive dynamic stresses. Under these conditions the
reaction occurs through the successive excitation and relaxation
of a solid. This dynamic behaviour has important implications for
our description of thermodynamics in solid state mechano-
chemical processes. The equilibrium of a chemical reaction is
well defined in terms of the law of mass action. In contrast, the
terminology of mechanochemical equilibrium does not adhere to
these same foundational principles. It is more accurate to discuss
a mechanochemical ‘equilibrium’ as a kind of steady state. Size
reduction stops at a certain point, which can be explained as
a steady state between disintegration and reagglomeration.
Another example is in the self-sustaining mechanochemical
reaction including polymorphic transformation.>’
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Given that mechanochemical reactions do not reach a true
thermodynamic equilibrium, but rather a (kinetic) steady state,
it is important to mind the nature of ‘stability’ in these reac-
tions. Since all solids except perfect single crystals of infinite
dimension (which do not exist!) are imperfect, we have to think
about the material stability. At a finite temperature, there are
only a small number of thermodynamically stable defects.>**>%°
Since the products obtained from a mechanochemical route
contains many crystallographic defects, it becomes important
to discuss the concepts not of thermodynamic stability, but of
kinetic stability.>*>** In the case of molecular crystals, kinetic
stability can be discussed in terms of HLG. A higher HLG
implies high kinetic stability and low chemical reactivity due to
the lower probability of achieving an activated complex. The
concept of molecular stability can be extended to the reactivity
of deformed molecules for an organic reaction such as the
Diels-Alder type.*® The reactivity of organic solids under
mechanical stress has also been explained within the frame-
work of HLG, such as fullerene oxygenation*** or cocrystal
formation.***

Role of temperature in mechanochemical processing

From the early stage of mechanistic discussion of mechano-
chemical processes, the key word “hot spot” appeared. A new
concept of a hotspot was recently proposed by Hamilton et al.**®
Their proposal under the concept of extemporaneous or ad lib
mechanism suggests the possibility of energy localization
regions, hotspots, to govern shock initiation and run-to-
detonation in energetic materials. Their definition of the hot-
spot is completely different from the traditional one based on
frictional heat.>** Mechanochemical self-explosive reactions fall
under a similar concept.>®” Direct reactions between elemental
metal powders are strongly exothermic and the product phases
were formed in a self-sustaining manner.**® It is a mixture of
mechanical and thermal reactions.”*®

The technical process of thermal relaxation is called
annealing, which is amongst the most important steps of
metallurgical processing. A deformed metal stores energy as
lattice defects, ie. dislocations and point defects.>***® The
manner through which energy is released during subsequent
heat treatment is controllable and crucial for material design.
Processes or changes of state associated with thermal relaxation
have been observed from various angles. Microscopically, the
streaks of the electron diffraction of Al-3% Mg alloy become
clear spots after annealing at 200 °C for 1 h. Spectral change of
cubic-Li[In,Li,]Br, was examined by “Li NMR line width (full
width at half maximum) as a function of temperature, as shown
in Fig. 10.>* This exhibits the controlled structure via thermal
relaxation. Structural control of LiFeSi,O¢ by different combi-
nation of mechanical activation and thermal relaxation shown
in Fig. 11 demonstrates the possibility of short and long-range
ordering.

Mechanophores

Mechanically labile molecular entities are coined as mechano-
phores (MPs)."® The concept belongs to an emerging area of
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interests in mechanochemistry, not only as a basic component
of mechanochemical polymerization,** but more generally for
their potential applications in e.g. stress sensors. MPs are a class
of PAS that exhibit chemical changes or reaction in response to
external mechanical stimuli.*® Structural changes of PAS upon
mechanical stressing like stretching, compression, shear are
visible as simple colour change,’*****> photoemission*® or fluo-
rescence,**** as a consequence of electron redistribution and
molecular deformation including scission or ring deformation.
The mechanophores are a visible example of the direct inverse
JT effect.

The concept of a mechanophore is not restricted to organic
molecular crystals but is also observed in covalent crystals.”**
For example, metal oxides exhibit 3D covalent networks of
metal-oxygen units, typically MO, tetrahedra or MO octahedra.
When they are mechanically stressed, different states of the
networks occur, leaving several dangling bonds with radi-
cals.'?82952%¢ Gensitization of MPs is attempted via various
routes.?*>*°72% Applications of MPs are expanding to numerous
technologies, including as smart materials with self-heal-
ing,?***'° pharmaceutics®* or medicine.*">***

The transfer of chemical species across a boundary between
particles or crystallites (without heating) is achieved by local
structural destruction and polarization, which effectively
shorten the ‘jumping distance’ that the migrating species must
overcome. After arrival of the migrating species on the edge of
the neighbouring site (or structural island), they should migrate
further into the interior of the new island. The concept of this
migration corridor has been proposed in the field of solid
electrolytes.**® Understanding what is the real structure of the
corridor and how we can tune the corridor to favour the trans-
port of a specific chemical species is a key open question. For
the specific case of migrating ionic species, it is a local electric
potential that helps tune this corridor. Elucidation and identi-
fication of the ionic species in the real crystalline materials with
lattice defect by magnetic resonance spectroscopy will
contribute to the progress.
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Fig.10 Relaxation and stabilization of deformed cubic-Li[In,Li,IBrs. “Li
NMR line width (full width at half maximum) as a function of temper-
ature; regime (1) denotes the rigid lattice, (2) refers to the motional
narrowing regime, and (3) represents the regime of extreme narrow-
ing. Change of the shape of the “Li NMR spectra with temperature
(233, 295, 353, and 413 K). The spectrum at 295 K has been decon-
voluted with a sum of a Gaussian and a Lorentzian function (see
dashed lines).?**
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Identification of the excited species is another important
issue. For instance, singlet oxygen (SOX), the lowest excited
electronic state of molecular oxygen and powerful oxidant could
play an important role in many organic reactions.”**** Indeed,
in a mechanochemical reaction of fullerene, participation of
SOX was verified by EPR.>**25?

Choice of starting materials

Insufficient attention has been paid to the selection of starting
materials for mechanosynthesis. For the mechanosynthesis of
complex oxides, the initial stage is the formation of bridging
bonds of two dissimilar cationic species abridged by an oxygen
atom.”™ For this indispensable step, water molecules play
a decisive role.?®>*** The use of hydroxides is in most cases
beneficial than using conventional oxides for this reason.>*>?>>®
By the same token, use of oxyhydroxide of iron, goethite, o-
FeOOH, is superior to conventional oxide, hematite, a-Fe,O3. As
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Fig. 11 (Top) Difference in the products, LiFeSi,Og via varying milling-
heating conditions. Heating and cooling were carried out in air at the
constant rate of 10 K min~ beween room temperature and 1273 K,
without holding at the maximum temperature. (a) Examined by XRD.248
(Bottom) Difference in the products, LiFeSi,Og via varying milling-
heating conditions. (b) Examined by Mdssbauer spectra.*® Repro-
duced from ref. 248 with permission from Elsevier B.V., copyright 2017.
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a matter of fact, replacing of hematite with goethite, a-FeOOH,
enabled the product phase pure in the case of mechanosyn-
thesis of LiFeSi,06.>* For the mechanosynthesis of more
complicated structures like the Sr,FeMoOg double perovskite, it
turned out that using metallic Fe powders instead of hematite
brought about the higher phase purity.” For a vast amounts of
the research work of mechanosynthesis now days, a planetary
mill is used. This is often due to their compact size and high
mechanical intensity. However, a conventional planetary mill is
not suitable for scaling up for industrial mass production.
Efforts are paid for the scale up of the mechanochemical
processing.'?%>¢°

Use of temporary liquid states

Additives are important components of many mechanochem-
ical reactions, particularly when considering the mechano-
chemical reactivity of molecular solids. It is extraordinarily
significant when the additive produces low-melting eutectic
compound, bringing about partial and temporal participation
of liquid phase and facilitate mixing between reagent molecules
at the molecular level (overcoming diffusion barriers of mole-
cules within and between solids). We note that eutectics can
also be formed directly between solid reagents without the need
for additives, as shown in Fig. 12. Fig. 12A demonstrates an
example of a Diels-Alder reaction.**® As shown in Fig. 12B, the
starting mixture and the end product were dry powders, while
the intermediates are partly wet, due to the formation of
eutectics with their melting point close to or lower than room
temperature. Autogenous fusion during mechanochemical
organic synthesis has also been found in the quinone-phenol
systems via charge transfer complex.”®* Similar phenomena are
reported elsewhere. 872627264

A solvent-free process, typically dry grinding of a powder
mixture, typically results in strong aggregation, which is detri-
mental for most applications. Therefore, efforts have been

A 0 o
OH /- OH
CCO - | Q0 | === SO
=
N Mo C A~ N Z~Me
Me o M =
Eutectic Complex Solid mixture
Enry  Addites  Condition  Time(h)  Yield (%)
1 None Solid state 1 1
2 None Solution 1 9
3 BINOL Solid state 1 18
4 BINOL Solution 1 2
5 2-Naphthol  Solid stte 1 9
6 2-Naphthol  Solution 1 18
7 Thymol Eutectic 05 9
Thymol Solution 1 7
9 Pyrene Solid state 1 3
pKa of the additives, BINOL: 8.28, 2-naphthol: 9.57, thymol: 10.59.
Yields were determined by 'H NMR (CDCl; solution). Additives
(200 mol %) was used in entries 1-8. Additive (100 mol %) was used in
entry 9. See Experimental section for reaction details

Fig. 12 (A) Eutectic Diels—Alder reaction. Crystalline powders of TM (2
mmol), BQ (I mmol), and DMA (1 mmol) were mixed in an agate mortar
and pestle in an ambient condition. (B) Time-resolved observation: (a)
quinone powder, (b) TM added, (c) autogenous fusion, (d) DMA added
(0 min), (e) 1 min, (f) 5 min, (g) 10 min, (h) 20 min, and (i) reaction
completed with solidification (30 min). (C) Effects of additives.
Reproduced from ref. 243, with permission from Elsevier B.V., copy-
right 2006.
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made to maintain or improve the colloidal dispersion states
during the formulation process and to avoid post-redispersion
treatment. The effects of dispersing surfactants are enhanced
when the one co-mills the host particles with the dispersing
medium.**

The combination of mechanochemical processing and
colloidal dispersion is versatile. Kasprzak et al. succeeded in
producing iron nanoparticles by planetary milling after carbon
arc treatment with simultaneous surface modification and good
dispersion state. An innovative process was proposed by
combining mechanochemical and colloidal synthesis to
produce well-dispersed metal nanoparticles.>**>*® Similar
methods are considered environmentally friendly as they do not
require tedious redispersion steps.'®*2¢27°

Selected case studies

Having demonstrated and discussed the hierarchical mecha-
nisms associated with solid state mechanochemical reactions,
we will finish by providing a brief overview of selected applica-
tion fields of mechanochemical techniques in materials
synthesis. It is not our aim to detail the associated chemistry,
but rather provide a base for readers to begin exploring a wider
scope of martials synthesis made possible by mechanochem-
istry, that is transformative for achieving global sustainability
goals,””* and thus appreciating the sheer breadth of potential
applications is of significant importance to the adoption of
mechanochemistry across the chemical and materials sciences.

Mechanosynthesis of complex oxides

There are many literature examples that report on inorganic
mechanosynthesis, with a significant subset of these papers
dedicated to the synthesis of oxide nanocomposites.>**** Those
with complicate structures like double perovskite are of
particular interest with the initial process of phase emergence
exclusively via a mechanochemical route.”””> In the field of
energy storage application, efforts are paid for rational
syntheses of the tuneable materials for all solid rechargeable
batteries.”*?**”> As mentioned in the previous sections, the
milling process serves to homogenize the powder mass, and
facilitate the incorporation of small amount of dopants.

Organic synthesis for pharmaceutics and biocompatible
materials

Scaling up organic synthesis is one of the game-changers in
mechanochemistry, leading to significant expansion of the
technology. Selected literature illustrates how to transfer from
the small scale wet-chemical laboratory experiments to indus-
trially affordable flow processing, and demonstrate the related
scientific issues with detailed mechanistic
elucidation.*>»**?® Twin screw extrusion is emerging as
a particularly powerful approach to scaling up mechanochem-
ical  reactions for organic and  pharmaceutical

applications.””*?%
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Fig.13 Mechanosynthesis of MOFs (A) mechanochemical reactions of
M@TCPP and different zirconium precursors for controllable prepa-
ration of MOF-525 or PCN-223.2¢° Reproduced from ref. 260 with
permission from American Chemical Society, copyright 2023. (B)
Schematic illustration of the one-pot mechanochemical synthesis of
guest-ZIF complexes.?®2 Reproduced from ref. 282, permission from
Elsevier B.V., copyright 2021.

Metal-organic frameworks and cluster organic materials

Metal-organic frameworks (MOFs) are now spotlighted due to
their extensive application capability. Fabrication techniques
for those compounds used to be laborious until mechanosyn-
thesis of MOFs has been developed. A number of mechano-
chemical routes toward MOFs were reported, where addition of
small amount of liquids (liquid-assisted grinding, LAG), and
ionic additives (ion and liquid-assisted grinding, ILAG), turned
out to be effective, as displayed in Fig. 13.**> When metal sites of
MOFs are replaced by metal clusters or compound particulates
in sub-nanometre size, they are often called as cluster organic
materials (COFs).>**2% By extending from MOFs to COFs, their
functionality, e.g., as various sensors, will be enhanced.>**>
COFs are also prepared via a mechanochemical route.**®

High entropy compounds

High entropy compounds (HEC) are a new class of materials
and defined as those with single-phase solid solutions con-
taining more than four or five metallic species.”®** The
concept of entropy stabilization is based on the increasing the
configurational entropy of the resulting compounds.>**> There
is a related, but a bit less strict definition of the similar
compounds under the name of multiphase compositionally

Single Crystal
Structure

ONi ©2zn
© Mg @ Co
© Cu @ Pt/Ru

Single Pt atoms
~3 nm Pt particl
2 nm Pt pa |§fes CO2

b High-temperature stability
MgO Co0_ N0

ZnO CuO PtO,/RuO,
Fig. 14 Mechanochemical Synthesis of Pt/Ru-(NiMgCuzZnCo)O

entropy-stabilized metal oxide solid solution.??> Reproduced from ref.
222, with permission from Am. Chem. Soc., copyright 2019.
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complex (MCC).>*?* Most HECs or MCCs are intermetallic
compounds (high entropy alloys, HEA).>**>*® However, oxides
(HEO) or chalcogenides are also joined to HECs.*® The
apparent stabilization of HECs is thought to originate from the
high configurational entropy and slow diffusion, which
increases the activation energy of nucleation for recrystalliza-
tion.™** Thus, the concept of entropic stabilization is close to
that of kinetic stabilization which we discussed above. It should
be emphasized that mechanochemical technologies are
understood to be very suitable for the preparation of HECs given
the dominance of kinetic stabilisation.®® An example of
mechanosynthesis of HEO, (NiMgCuZnCo)O, by milling an
oxide mixture of ingredient metallic species is displayed in
Fig. 14.2

Non-firing ceramics and building materials

Several mechanochemical technologies for ceramics materials
synthesis at room temperature are reported.***** Change in the
surface silanol during milling the starting material is known to
play a key role.*** Geopolymer is a kind of non-firing cements
formed due to reaction between alumino-silicates and oxides
with alkaline media, where mechanical activation plays an
important role.***?** Mechanochemical activation also serves
positive role for the modification of geopolymers with polymeric
materials as shown in Fig. 15.%”

Biopolymers from biomass

Reduction of petroleum-derived polymeric species is another
urgent problem in conjunction with SDGs. It could be done by
replacing with biopolymers made from biomass resources or
wastes.**®** Energy intensive process of controlled disintegra-
tion of cellulose of chitosan for repolymerization is the main
role of mechanical activation, as exemplified in Fig. 16.3°

Replacing rare-earth with ubiquitous metals

Efforts to replace precious or rare earth metals with more
ubiquitous materials are to be recommended and respected.
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Fig. 15 Mechanosynthesis scheme of geopolymer—epoxide
composites.*®” Reproduced from ref. 307, with permission from
Elsevier B.V., copyright 2022.
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Functionalized
Polymer Materials

Fig. 16 Mechanochemical conversion from biomass to functional
composites. (a) Concept, and (b) explicit example.3°® Reproduced from
ref. 308, with permission from Wiley-VCH, copyright 2022.

Rare-earth-free phosphors are complex oxide, nitride or chal-
cogenide with small amounts of dopants.****> The homoge-
neous incorporation of small amounts of dopants is suitable for
a mechanochemical procedure. Care should be taken to avoid
abrasion contamination during milling inducing brightness
loss.

Concluding remarks

In this brief review, an effort has paid to present an integrated
concept abridging elementary processes of electronic excitation
by mechanical stressing and green industrial processing via
mechanochemical routes. Fundamental studies of the mecha-
nisms of mechanochemical processes, both theoretical and
experimental, are laborious and time-consuming, but indis-
pensable to a fruitful applicational goal. By learning from
“exotic fields”, science and technology in mechanochemistry,
with its truly interdisciplinary nature, will continue to flourish.
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