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Mechanical activation of reactions can reduce significantly the amounts of solvent and energy required to
form covalent organic bonds. Despite growing interest in the field of mechanochemistry and increasing
reports of mechanochemical synthesis of organic molecules, the fundamental question of how stresses
activate covalent-bond-forming (CBF) reactions remains unresolved. This question remains unresolved
because of the difficulties involved in measuring the applied forces and the reaction times in
mechanochemical reactors, and the challenges related to deconvoluting microscopic (primary) and
macroscopic (secondary) processes in the analysis of reaction kinetics. Here we discuss the use
nanoscopic probe-microscope tips to explore the kinetics of CBF reactions. Because these experiments
examine reactions on monolayers, surfaces, or nanoscopic particles, they circumvent secondary
processes to isolate how stress affects the rates of the primary, CBF events. The major result of these

studies is an emerging consensus that stress accelerates reactions by distorting organic molecules and in
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Accepted Sth February 2024 doing so, lowers reaction activation energies and alters reaction trajectories. This new understanding of

how stresses activate reactions can be used to predict the outcomes of CBF mechanochemical
reactions, which will lead to the wider adoption of sustainable mechanochemical processes by the
synthetic community.
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because the mechanochemical reactions often proceed with
lower relative energy demand than solvothermal syntheses and
without toxic solvents.” Because of these advantages over sol-
vothermal conditions - including faster reactions, access to

Introduction

Mechanochemistry is the use of mechanical energy to form or
rupture chemical bonds, and is an alternative to conventional
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chemical syntheses that use solvothermal methods involving
heating reactants in a solvent bath to activate chemical
transformations."® Mechanochemical methods have already
been used to generate organometallic compounds,*® active
pharmaceutical ingredients,*® nanoparticles,>'® metal-organic
frameworks,"*> and stimuli-responsive materials.™ In addition
to the wide range of materials that have been made, mecha-
nochemical methods can produce chemicals that are difficult to
obtain using solvothermal processes,™ or, in other instances,
result in product distributions that differ from those obtained
when the same reaction is carried out using conventional sol-
vothermal methods."*** Perhaps the most compelling attribute
of mechanochemical reactions is that they are significantly
more sustainable than their solvothermal counterparts'”
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alternative reaction products, and increased sustainability - the
interest in mechanochemistry amongst synthetic chemists is
growing rapidly. In the last two decades, the number of publi-
cations appearing under the search term “mechanochemistry”
or “mechanochemical” has increased from 227 in 2002 to 2046
in 2022 according to Science Direct (Fig. 1), confirming the
growing interest in mechanochemistry.
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Fig. 1 Mechanochemistry-related publication from 2002 to 2022 in
Science Direct and Web of Science search engines. Title search
queries were limited to "mechanochemistry” or “"mechanochemical”.
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Despite the advantages of mechanochemical reactions and
the growing interest in using them in chemical fabrication, they
have not yet been widely adopted by the synthetic community
and incorporated into manufacturing processes for several
reasons. These include unfamiliarity with the reactors used to
carry out mechanochemical reactions, a lack of appreciation for
mechanochemistry's substantial sustainability benefits, and
a poor understanding of how mechanochemical conditions
alter reaction trajectories to dictate reaction selectivities - in
other words, what distribution of products will form under
mechanochemical reaction conditions. Here, we first briefly
discuss how these reactions are performed and detail the
sustainability benefits of mechanochemistry. Understanding
selectivity, however, is more challenging. The question of
reaction selectivities — specifically, why product ratios differ
between mechanochemical conditions and solvothermal
conditions - is not yet well-understood. Selectivity is a very
important problem in mechanochemistry because grasping the
molecular-scale origins of selectivity can lead directly to the
understanding of how stresses affect reaction trajectories, and
this knowledge could be used to develop predictive models that
anticipate products and energy landscapes for reactions that
have not yet been performed. As a direct consequence of solving
the selectivity question, sustainable, mechanochemical reac-
tion conditions could be designed to attain particular products.

Understanding selectivities in chemical reactions is typically
approached through the measurement of reaction kinetics to
determine activation energies (E,s) and transition state geom-
etries,’® however the measurement of kinetics in mechano-
chemical reactions has unique challenges that do not occur
when studying reactions in solution. The first challenge arises
because the rates of mechanochemical reactions in mills or
extruders are affected by coupled macroscopic and microscopic
processes occurring in tandem (Fig. 2). The macroscopic
processes — referred to here as the ‘secondary reactions’ -
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involve, for example, grinding powders into smaller pieces to
expose reactive sites that had been buried inside solid particles.
The microscopic process, or ‘primary reaction’, refers to the
formation of covalent chemical bonds, like new C-C bonds,
which are the same bond-forming processes that are typically
followed when studying reaction kinetics in solution. These two
terms have been used previously in the literature,'” and are
interdependent in ball-mills and extruders. As such, under-
standing the contribution of force on molecular-scale processes
requires disentangling microscopic/primary and macroscopic/
secondary processes, which may not always be possible. The
second challenge is experimental, in that tracking the reactions
under stress can be extremely difficult and requires specialized
instrumentation. For example, many of the reaction vessels for
mills are stainless steel and cannot be interrogated spectro-
scopically. Even if the tracking problem is overcome,***** certain
parameters that are essential for the kinetic modeling of
mechanically driven reactions, such as the magnitude and
direction of the force applied to the reactants, F, or the time
a reactant is under stress, t, can be difficult to determine
accurately.” Consequently, there do not yet exist widely adopted
methods to measure the kinetics of mechanochemical reac-
tions. Although evidence has shown that mechanochemical
conditions alter reaction pathways,**?* the fundamental ques-
tion of how force changes the primary mechanochemical reac-
tion to alter the trajectory that a reaction follows along the
energy landscape from reactants to products has not yet been
resolved to the satisfaction of the mechanochemistry commu-
nity. To address this, here we discuss how recent, tip-based
experiments have been used to isolate the kinetics of primary
covalent bond-forming (CBF) mechanochemical reactions on
surfaces, and how these studies have provided insight into the
unique role force has on the outcomes of mechanochemical
reactions carried out in mills and extruders. These tip-based
studies also can explain the selectivities of mechanochemical
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(A) Primary and (B) secondary mechanochemical reactions in a ball mill reactor.
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reactions in some cases, although it is too early to determine
whether the results of these studies provide more general
guidance beyond the particular reactions described. Although
mechanochemistry has broad applications throughout chem-
ical synthesis,* the focus of this review is on CBF mechano-
chemical reactions. This review focuses specifically on how
force affects primary mechanochemical CBF reactions, and how
our understanding has been furthered as a result of tip-based
experimental techniques. For discussions of mechanochem-
ical bond rupture,” combining mechanochemistry with sono-
chemical, thermochemical, photochemical or electrochemical
activation,®?* polymer mechanochemistry,**® molecular
modeling of reactions under external force,*” or a more general
overview of mechanochemistry,*®*** we refer interested readers
to the recent reviews on those subjects.

Discussion
Mechanochemical reactors

Mechanochemical syntheses are carried out in reactors that
exert stress and shearing forces on the reagents, such as milling
devices, like ball mill**** and planetary mill reactors,” or in
twin-screw extruders.*>*® Each of these reactors has a different
working principle, energy efficiency, and applies a unique
combination of impact, compression, and shear forces on the
reactive contents.” The milling vials in shaker mills (Fig. 3A) are
filled with grinding balls and the reactive chemicals, and the
vials oscillate back and forth, causing the balls to impact the
molecules with a frequency that governs the efficiency and
a speed of the grinding process. In doing so, it mixes reagents,
reduces particle sizes, and activates reactions through impact
and shear forces generated by the balls. In planetary ball mills
(Fig. 3B), the milling vial is placed on a rotating plate.>** The
milling jar and plate rotate in opposite directions around their
respective axes. As the underlying plate rotates, it causes the
grinding balls inside the milling vial to rotate around their own
axis. This combination of the two rotational motions causes the
grinding balls to impact with high force and create frictional
forces within the material being ground. Sometimes the mate-
rials of which the balls and vials are composed can take an
active role as catalysts in the primary chemical reactions as
well.*"? Twin-screw extruders (Fig. 3C) operate by feeding
materials into the extruder, which are then conveyed along the
barrel by screws that intermesh with each other. As the material
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is transported, it is mixed and ground between the screws, and
the resulting product is extruded through an aperture located at
the device's end. Screw extruders are particularly interesting
tools for scaling-up mechanochemical reactions® - while mill
instruments can generally only be run in batches, extruders can
be run continuously®® and produce products at rates of
hundreds of g hr ™.

Mechanochemical sustainability

One aspect of mechanochemistry that is particularly compelling
to the chemical industry is the sustainability benefits of reac-
tions performed mechanochemically compared to performing
the same transformation under solvothermal conditions. The
majority of CBF reactions performed in research laboratories or
by the chemical industry use solvents to solubilize molecules
and to tune the reaction trajectory, and these solvents typically
account for 80-90% of reaction mass.” These solvents them-
selves are costly and might require preliminary conditioning,
such as degassing and drying, before the reaction can be per-
formed. Often these solvents are toxic, flammable, or environ-
mentally detrimental, and their storage and disposal is
a growing concern since 80-85% of all chemical waste is
solvents. One approach to minimizing the negative impact of
toxic solvents is to replace harmful solvents with “greener”
alternatives,*® however these changes may attenuate reaction
yields and purities. Another challenge that occurs because of
the solvents in reactions is that the chemical industry consumes
37% of all manufacturing energy, in part because of the need to
heat, cool, and remove solvents involved in the reactions.” So,
between their toxicity, waste, and energy demands, there are
strong drivers to reduce solvent usage or eliminate them
altogether.

Mechanochemistry is a promising approach to eliminating
the dependence of CBF reactions upon organic solvents because
CBF mechanochemical reactions are carried out solvent-free or
using only stoichiometric equivalents of solvents under condi-
tions termed “liquid-assisted grinding” (LAG).*** In a solvent-
free mechanochemical reaction in a mill, solid reagents and
grinding bearings are added to a milling vial and the vial is then
shaken.”> LAG***° is a variant of these methods, where only small
amounts of solvent (<1-2 stoichiometric equivalents) are added
to the system to improve the reactivity.®® It should be noted that
running the reaction mechanochemically does not eliminate
solvents that may be needed for purification, but improvements
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Fig. 3 Common mechanochemical reactors. (A) Ball-mill, and (B) planetary mill reactors for batch synthesis. (C) Twin-screw extruder for

continuous mechanochemical production.
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Fig. 4 Changes in selectivity under solvothermal and mechanochemical conditions. Triangles indicate solvothermal conditions, three balls
indicate mechanochemical conditions. (A) Oxidative coupling of indoles with acrylates. (B) Oxidation of methoxylated aromatics. (C) Dimer-
ization of alkynes. (D) [4 + 2] Diels—Alder reaction. (E) [2 + 2] cycloaddition reaction. (F) Fluorination of dibenzoylmethanes.
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in selectivity and conversion that have been observed mecha-
nochemically'® could also reduce solvent usage in isolation
processes as well.®*

Mechanochemical selectivity

In addition to reducing the solvent and energy demands of
synthesis, one of the most compelling aspects of CBF mecha-
nochemical reaction conditions is that they may sometimes
produce different products than those obtained using other
forms of activation, including heat, light, or electrochemical
potential.’® For example, Jia et al. studied the mechanism of the
Pd-catalyzed oxidative coupling of indoles with acrylates under
neat grinding and compared the results to those obtained under
solvothermal conditions.®> Using DMF as a solvent, the reaction
yielded exclusively 3-vinylindoles, whereas under neat milling
conditions, B,B-diindolyl propionates were obtained as a major
product (Fig. 4A). Sommer and co-workers have reported
oxidation of methoxylated aromatic chemicals® in the presence
of Oxone®. In aqueous media, 1,2,3-trimethoxybenzene is
converted to 2,3,4-trimethoxyphenol along with byproducts.
Alternatively, neat grinding conditions provided 2,6-dimethox-
ybenzoquinone as a single product at higher total conversion
(Fig. 4B). Many other examples of mechanically altered selec-
tivity exist, which have been reviewed elsewhere,'>** including
in the synthesis of biaryls via C-H/C-H arylation,* halogenation
of organometallic complexes,*® dimerization of alkynes®
(Fig. 4C), pericyclic reactions*®** (Fig. 4D), and photo-
mechanochemical reactions® (Fig. 4E). LAG has also led to
different product distributions than those for solvent-free
mechanochemical and solvothermal conditions.*® Recently,
Howard et al. studied the fluorination of dibenzoylmethane
with Selectfluor® reagents (Fig. 4F).”” The reaction in MeCN
proceeded in 88% yield in 3.5 hours with selectivity for mono-
fluorinated : difluorinated product >50 : 1. Under neat grinding,
a higher yield (95%) was achieved at shorter time (2 h) with
a selectivity of 1.5:1 monofluorinated : difluorinated product.
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Interestingly, the addition of a small amount of MeCN (10% of
total volume of all materials in milling vial) led to 98% yield
with a selectivity of 50:1 monofluorinated : difluorinated
product. Why these different selectivities arise under mecha-
nochemical conditions compared to solvothermal conditions is
still a matter of considerable debate and may not be explained
by current mechanochemical kinetic theories.

In some of these cases, theories have been presented as to
why differences in selectivity are observed between sol-
vothermal and mechanochemical conditions. Whether these
theories are correct or not, the following must be true of the
primary reaction for the selectivity to be altered: changes in
product distribution in mechanochemical conditions
compared to solvothermal conditions occur because the
mechanochemical conditions change the favored trajectory the
primary reaction takes across its energy landscape. In other
words, the application of stresses alters the structures and
energies of the reaction reagents and transition states of the
preferred reaction pathway. To measure the changes in the
reaction pathways, the E, of reactions should be determined
from kinetics experiments.'®”* Kinetic measurements of mech-
anochemical reactions have led to two primary theories to
explain the rate accelerations that occur because of mechano-
chemical conditions, which we refer to here as the ‘hot-spot
theory’ and the ‘mixing efficiency theory’. Below we describe
each theory, and their limitations in explaining increased rates
and the changes in selectivity of mechanochemical reactions
compared to when the same reaction is carried out under
strictly solvothermal conditions.

Hot-spot theory

Hot spots were first proposed by Bowden and Yoffe in their
investigations on impact explosives in the 1950s.”>7 This theory
states that kinetic energy is dissipated into the milling medium
during collision, and, as a result, extremely high temperatures
can occur at the location of impact (Fig. 5A). The temperatures
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Fig.5 Theories of mechanochemical activation. (A) Hot-spot theory: hot-spots arise as a result of collisions within mechanochemical reactors.
(B) Mixing efficiency theory: increased contact between reactants as a result of increase in the surface areas of the reactants.
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of these hot-spots have been hypothesized to be >1000 K (ref. 74)
and to last for a few milliseconds before dissipating,’ and it is
further hypothesized that these increases in temperature
provide the energy to overcome the reaction activation barrier.
The hot spot theory, however, has been questioned by recent
experimental studies. Delogu et al investigated the phase
transition of metals and metal oxides under milling.”® These
metals and metal oxides can undergo transitions between
different structures under thermal activation. For example, the
face-centered cubic a-phase of Ca transforms into the body-
centered cubic B-phase at 720 K, while Cul y-phase undergoes
structural phase transitions, first to a B-phase and then to a a-
phase structure at 650 and 672 K, respectively. However, no
changes in phase were detected during milling of these mate-
rials even though the temperatures required for this conversion
in both cases could presumably be accessed under hot-spot
conditions. The recent development of mechanochemical
reactors with the ability to control temperature precisely”” or
monitor temperature in situ’® have also been used to test the
hot-spot theory. The experiments revealed that the mechanical
impact occurring within the reactor can increase temperature,
but these increases are closer to 10 °C.” It is worth noting,
however, that these experiments may be insensitive to sharp
rises in local temperatures at the site of impact from ball
collisions. To measure the temperature of the balls, since the
temperature rise during the milling that are hypothesized to be
the result of ball-to-ball, ball-to-powder, and ball-to-wall colli-
sions, Gerasimov et al. used calorimetric techniques to estimate
the local temperatures of the balls during the milling, and
found the temperatures as high as 600 °C can occur on the
surface of the balls.?” As such, the roles of localized hot-spots
and temperature spikes on increasing the rates of reactions
remains unresolved but suggest that increased temperature
could have a role in increasing reaction rates. However, because
the activation here remains thermal, the transition state ener-
gies and structures would not differ from those that arise under
typical thermal activation, and, as such, hot-spot theory does
not account for changes in selectivities that occur in mecha-
nochemical reactions.

Mixing efficiency theory

Butyagin divided mechanochemical reactions into two groups
based on their kinetics.” In the first case, the rate of the
mechanochemical process is determined by the rate of the
primary chemical reaction that is under a constant field of
mechanical stress. Mechanical energy is absorbed quickly when
a constant stress is applied, and the stress is distributed evenly
along the reaction system. In this model, the dependence of
reaction rate on external stress should be defined mainly by the
characteristics of the primary chemical reaction. The second
class of reactions consist of a multistep process, involving both
the mechanochemical deformation of matter (secondary reac-
tion) and the primary chemical reaction. In this case the
deformation of matter involves grinding neat reactants into
smaller particles. Mixing of these particles increases diffusion
and contact between reactants, and in turn, opportunities for

16 | RSC Mechanochem., 2024, 1, 1-32
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the reaction to occur. By milling powders, grain sizes are
reduced, which increases the surface-to-volume ratio, and in
turn, the amount of reagent available for reacting (Fig. 5B). The
roles of diffusion and grinding on reaction rates have been
studied by several research groups. Boldyreva®** and others
have studied the mixing efficiency of powders."®?*** They
concluded that many factors affect the mixing efficiency, such
as mixing time, mixing method, particle size and shapes,
density, and rigidity of particles, and the formation of surface
charges or fluid phases. They also found that pre-grinding of
one or more reactants is often required before mixing two
reactants together, otherwise particle segregation may occur
instead of homogeneous mixing. They conclude, for example,
that “if it is necessary to mix needle-shaped and spherical
particles, preliminary grinding of the needle-shaped particles is
required”.*® In another example, Calvet and Baltas studied the
Diels-Alder reaction between diphenyl fulvene and maleimide
by ball milling.** They reported a significant acceleration of the
reaction was observed with pre-ground starting materials
compared to when the same reaction was carried out without
pre-grinding, revealing that the smaller particles reacted faster
and that the rate acceleration was associated with the increased
surface area. These studies show that the mixing efficiency
theory has some merit, and that secondary reactions that reduce
particle size do indeed affect the kinetics of mechanochemical
reactions. However, according to this theory, the reactions are
still thermally activated, and this theory does not explain why
the stresses within mechanochemical reactors alter the selec-
tivities, transition states, and trajectories of primary mechano-
chemical reactions, so isolating the role of stress on primary
reactions will still require experiments that can disentangle
primary and secondary processes in CBF mechanochemical
reactions.

Mechanochemical bond rupture

Probing the kinetics of CBF mechanochemical reactions
requires methods that can disentangle the rates of grinding, or
other secondary processes, from those of the primary reactions.
In addition, any such technique must be able to measure the
stresses exerted between the reactants so the role of force on the
reaction and the time the reaction is under stress can be probed
quantitatively, thereby providing values that can be incorpo-
rated into kinetic models. These parameters, however, have
proven difficult to quantify in mills and extruders, even when
these reactors have been modified so the reactions occurring
within them can be probed spectroscopically during the course
of the reaction. Until these experimental prerequisites - the
ability to measure stresses and reaction times accurately - can
be met, the understanding of mechanochemical mechanisms
will be incomplete and the rates and selectivities of mechano-
chemical reactions cannot be modeled and anticipated.

One area in where there has been substantial success in
disentangling how force affects reaction energies is in the study
of the mechanically driven bond-rupture of mechanophores.
The kinetics of bond rupture of mechanophores®**® - molecules
that selectively respond to applied mechanical energy - has

© 2024 The Author(s). Published by the Royal Society of Chemistry
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been studied far more extensively than mechanochemical bond
formation, and has been reviewed elsewhere.*®*® Mechano-
chemical bond rupture is being discussed briefly here only to
demonstrate that the quantitative understanding of mechano-
chemical bond-rupture can inform how mechanochemical
bond-formation can be studied. Mechanical energy has been
applied to mechanophores through sonication,* laser pulses,*
sliding along the surface with an atomic force microscope
(AFM) probe,*** and pulling AFM probes.”>*® The latter has
been the most broadly used as AFMs are widely available and
can control precisely the stress applied and pulling rate that
cause the mechanophore to rupture.

A landmark in the investigation of covalent bond-rupture in
organic mechanophores was the 2007 report by Hickenboth
et al. who studied the mechanically driven ring opening of
a polymer-functionalized benzocyclobutene (BCB) mechano-
phore using sonication.” It was hypothesized that pulling stress
would cause an electrocyclic opening of the butene ring, and the
researchers sought to determine the stereochemistry of the
resulting products. They discovered that both the ¢rans and cis
isomers of the 1,2-disubstituted BCB undergo an electrocyclic
ring opening reaction upon sonication, resulting in identical
E,E-isomer products, despite the fact that the E,E product from
the cis-isomer starting material is thermally forbidden under
the Woodward-Hoffmann rules.®* This is in contrast to reac-
tions initiated solely by light or heat in the absence of sonica-
tion, where the cis and trans isomers produce different products
- those that are predicted by the Woodward-Hoffmann rules.
These experiments showed that pulling on the reactants
produced products distributions that violate these rules. The
authors then rationalize the unique mechanoselectivity of the
ring opening of BCB under mechanochemical conditions. They
propose that the E,E-isomer arises upon sonication because
a new, distorted state precedes the transition state when the
molecules are being pulled upon. This distorted intermediate
directs the mechanically driven reactions along a different
reaction trajectory than would be followed under thermal
reaction conditions. These new, mechanochemical trajectories
favor the E,E-isomer as product, regardless of which BCB isomer
was used as the starting material. The Martinez group modelled
the response of BCB to applied external mechanical force,* and
confirmed that the application of mechanical energy signifi-
cantly affects the trajectory that the primary mechanochemical
reaction takes across the reaction landscape, and in turn
produces a transition state that favors the E,E-product. Despite
the elegance of this work and the new theories about mechan-
ical activation that arose from these results, the drawback of
using sonication to apply force is that the magnitude and
direction of the stresses applied to the mechanophores is
difficult to determine, which limits the ability to probe quan-
titatively the effect of forces on the kinetics of mechanochem-
ical reactions.

AFM®® is known for its nanoscale imaging capabilities®” and
its ability to create nanoscale structures.”®® Its versatility is
demonstrated by the fact that it can operate in a variety of
100101 jncluding ultrahigh-vacuum, ambient
4 and organic solvents,*

environments,

atmosphere,’®'* and in aqueous

© 2024 The Author(s). Published by the Royal Society of Chemistry
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making it well-suited for studying a wide range of processes.
Importantly, AFM can apply different forms of mechanical
force, including shear force pulling force,** and
compression.'””'® Because of these attributes, AFM-based
methods have been used extensively to study the rupture of
mechanically sensitive bonds in mechanophores. Another
important advantage of AFM methods is that the force applied
to the mechanophores, and the pulling rate can be controlled
precisely. Several probe-based methods have been developed to
study bond rupture, including nanoshaving,'®™'* nano-
dissection,''* and nanografting,'**'** but the two primary AFM-
based methods have emerged for studying how stresses affect
bond rupture are single-molecule force spectroscopy (SMFS)*>**
and sliding the tip across the surface under load.**** How these
experiments operate, and the knowledge gained regarding
mechanophore bond-rupture are detailed below.

Using SMFS to study mechanochemical bond-rupture
involves embedding mechanophores within polymer chains
and adsorbing the opposing ends of the polymer chain onto the
rigid substrate and onto an AFM tip, respectively (Fig. 6A). It is
necessary that a sufficiently high adhesion force between the
polymer chain and the AFM probe and the polymer chain and
the substrate exist so that when stress is applied, the mecha-
nophore is the weakest link and ruptures before the bonds
between the polymer and the surfaces break. Retraction of the
tip at a constant velocity gives rise to a force vs. chain extension
curve (Fig. 6B). The bond cleavage of an individual mechano-
phore induces only small chain extensions, which may be
difficult to detect. As such, SMFS experiments often embed
multiple mechanophores within the polymer chains or involve
the attachment of multiple chains between the probe and the
substrate to increase signal. SMFS can apply forces ranging
from a few piconewtons to several hundred nanonewtons.'*®
This sensitivity permits the determination of the force required
to rupture the bonds in the mechanophores and also investi-
gates how the structure and conformation of the mechanophore
impact the mechanical activation energy. For example, Wang
et al. reported the force-induced acceleration of the electrocyclic
ring opening of gem-dichlorocyclopropanes (gDCC),**® and
found that the reaction rates are affected by the stereochemistry
of the a-alkene group on the gDCC, despite the two isomers
having effectively identical force-free ring-opening reaction
rates. It was discovered that the force required to open the E-
alkene-substituted gDCC was ~400 pN lower than that required
in the corresponding Z-isomer (Fig. 6B). The experimental data
revealed that the activation lengths - the change in bond length
from ground state to transition state — was lower for the Z
isomers than the E isomers, resulting in a lower susceptibility to
stress for Z isomer, thereby requiring greater force to drive the
ring-opening reaction. The same authors also conducted
a systematic investigation into the contrasting reactivity of
BCB"** (Fig. 6C). They found that the symmetry forbidden dis-
rotatory ring opening of BCB occurs in the SMFS experiments,
and that mechanochemical reactivity was different than sol-
vothermal reactivity, as was observed when the same systems
were ruptured using sonication.” Additionally, using AFM
methods, the authors could determine the activation force for

91,100,105
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gem-dichlorocyclopropane (gDCC) isomers with 1.1: 1 ratio at a retraction rate of 300 nm s

(A) Single-molecule force spectroscopy (SMFS) with an atomic force microscope (AFM). (B) Force curves of the SMFS-induced rupture of

~1 (C) Benzocyclobutene (BCB) showcasing both

a symmetry allowed thermal conrotatory pathway and a symmetry forbidden thermal disrotatory ring-opening pathway. Under mechano-
chemical pulling, both cis and trans isomers favor the E,E-produce. Adapted from ref. 106 with permission from the American Chemical Society,
Copyright 2014, and ref. 116 with permission from the American Chemical Society, Copyright 2021.

the mechanochemically driven ring-opening (1490 pN),
demonstrating the impressive ability of AFM platforms to
measure mechanochemical events quantitatively.

The second method of studying the rupture of chemical
bonds using AFM involves removing surface-anchored mole-
cules by applying a high load and sliding the tip across the
surface (Fig. 7A). The bond-rupture is subsequently monitored
by measuring changes in the surface properties in areas where
the load was applied, often using the very same tip that caused
the bond cleavage to analyze the surface. The changes to surface
properties, such as changes in topography,***” optical proper-
ties,®'18 and friction,*'** can be used to extract kinetic data and
determine bond strength (Fig. 7B). In one example, the change
in friction of a graphene layer was used to quantify the removal
of covalently bound chemical groups from the graphene surface
upon applying different loads with a tip.** Since the modified
graphene interacts more strongly with the probe than with the
pristine graphene, bond rupture results in decreased friction.'*®
Therefore, the relative difference in friction between function-
alized and pristine graphene can be used to determine the
degree of chemical functionalization.’*® As an example, the Felts
group studied the kinetics of graphene oxide (GO) reduction by
applying heat and stress with an AFM tip.'*° First, they studied
oxygen removal from graphene driven by tip heating, with
temperatures ranging from 310 to 355 °C (Fig. 7C). They defined
the dependence between reaction rate k and relative friction, fas
a first-order process (eqn (1)):

18 | RSC Mechanochem., 2024, 1, 11-32

A1) = Age ™™ + yy (1)

where ¢ is the cumulative dwell time - the total time that the tip
spends at any point during the entire scanning process - 4, is
the effective attempt frequency prefactor, and y, is the initial
friction (Fig. 7D). For this process, the activation energy, E, was
found to be 77.2 + 28.9 kJ mol " using the classical Arrhenius
activation model'®® (eqn (2)):

k= e () )

where k;, is Boltzmann's constant, and T is the absolute inter-
face temperature.

They found that adding force during sliding lowers the E,.
Fig. 7E shows friction measured during sliding an AFM probe at
T between 50 and 450 °C and tip loads ranging from 40 to 320
nN. The dependence of E.¢ on F can be estimated from eqn (3):

A
Eur = E, — AlFy — 7"FN2 3)

where E.g is observed energy barrier, E, is the activation energy
barrier when no external force is applied, Al is the reaction
coordinate between the initial and transition states, and Ay is
the change in mechanical compliance of the molecules on
which force is applied. Calculated E.s decreased from
58.8 k] mol™' at 40 nN to 21.2 k] mol™" at 320 nN tip load
(Fig. 7G), so they showed that higher loads result in faster and
more complete removal of functional groups.*

© 2024 The Author(s). Published by the Royal Society of Chemistry
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removal with lateral friction measurements. (B) Friction force map of the reduced graphene oxide patterns. (C) Relative friction drop as a function
of cumulative tip dwell time at various heater temperatures. (D) Reaction rate as a function of temperature; inset shows the Arrhenius plot. (E)
Ramp heating rate (760 °C min~Y) curves at varying tip force. The friction data obtained were normalized for the purpose of analyses. (F)
Normalized relative friction derivative showing a shift in maximum removal toward lower temperatures for increasing tip force. (G) Effective
energy (Eer) as a function of tip force. Adapted from ref. 105 with permission from the American Chemical Society, Copyright 2017.

Although our interest here is in mechanochemical bond-
formation, these studies using SMFS and AFM sliding to
understand bond rupture suggest that AFM-based techniques
can be used to quantify the kinetics of primary mechano-
chemical reactions, where the precise application of force can
be used to obtain quantitative kinetic data. They serve as
a roadmap to how the kinetics of primary CBF mechanochem-
ical reactions can be interrogated using AFM techniques, where
applying precise forces to understand the role of stress on the
reaction kinetics that can be incorporated into predictive
quantitative models. In addition, the hypothetical distorted
state that precedes bond-rupture under pulling force, first
proposed by Hickenboth®® et al., may have an analogue in bond-
forming CBF events, and understanding similarities between
bond-formation and bond-rupture under stress could help
clarify the unexplained mechanochemical mechanisms that
lead to alternate selectivities.

Analysis of CBF primary mechanochemical reactions by tip-
based methods

Taking lessons from investigations into mechanochemical
bond-rupture, researchers have turned to tip-based methods to
understand how force can drive CBF mechanochemical reac-
tions. Tip-based methods are ideal for studying CBF mecha-
nochemical reactions because the stresses applied to the
reactants and the reaction times can be controlled precisely,
and they can interrogate reactions occurring on monolayers,
surfaces, or other nanoscale systems that do not require
grinding into smaller structures before the primary reaction can
occur. As such, tip-based methods can be used to study

© 2024 The Author(s). Published by the Royal Society of Chemistry

mechanochemical reactions where only the primary reaction
occurs. This is advantageous over investigating CBF mechano-
chemical reactions in macroscopic reactors, like mills or
extruders, because, with AFM, the secondary processes can be
circumvented, and the complications in the kinetic analysis
that arise from the convolution of primary and secondary
reactions are mitigated. Overall, this can result in a simpler
kinetic analysis where bond formation rates are dependent only
upon the primary reaction. Here we will discuss these studies of
CBF mechanochemical reactions using tip-based methods and
how they are leading towards a consensus of how stress affects
reaction rates and selectivities.

Polymer pen lithography'** (PPL) is a variant of tip-based
lithography that uses massively parallel arrays of elastomeric
pyramids to pattern surfaces. In PPL, the tip arrays are coated
with ink and mounted onto the piezo actuator of an AFM, which
is used to repeatedly bring the arrays into contact with the
surface to create a pattern (Fig. 8A). Unlike other popular
nanolithography methods, like electron-beam lithography or
ion-beam lithography, those tip-based methods do not use
ionizing radiation that would denature or destroy soft matter to
form patterns, rather the ink is gently transferred from the tips,
typically through an aqueous meniscus that forms between the
tips and the surface.” Like dip-pen nanolithography, where
a rigid AFM tip is used to deliver the ink to the surface,” the
feature dimensions of patterns created by PPL can be depen-
dent upon the time the tips and surface are in contact. However,
because the PPL tips are elastomeric, they are compressed when
pushed into the surface, resulting in square features whose
edge-lengths are dependent not on the dwell-time but rather

RSC Mechanochem., 2024, 1, 1-32 | 19
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(A) Polymer pen lithography uses elastomeric tips to transfer molecules (green) onto a surface via an aqueous meniscus (blue) and apply

mechanical stress by compression. (B) Diels—Alder reaction between functionalized cyclopentadiene and a SLG surface. (C) Raman mapping
image (1324 cm™2, D-band) of 2 x 3 dot arrays of cyclopentadiene covalently immobilized onto the SLG. (D) Signal-to-background of the printed
features of dye-labelled alkyne increases with p and t. (E) Plots of In([azide]) vs. t at different p, whose slope provides reaction rate constants, k. (F)
Molecular distortion of the azide monolayer as a result of the uniaxial force. Adapted from ref. 123 with permission from the American Chemical
Society, Copyright 2013; and ref. 133 with permission from the American Chemical Society, Copyright 2014.

upon the force exerted between the tips and the surface.’ As
such, PPL arrays are ideal for studying the kinetics of force-
accelerated reactions on surfaces because the force can be
determined from the area of the printed feature, and the reac-
tion time is controlled precisely by the piezoactuators that hold
the tip-array. In addition, because these arrays can contain
thousands of tips printing in parallel, each feature is printed
thousands of times resulting in higher fidelity datasets for more
accurate fittings. Consequently, the adoption of PPL for inter-
rogating mechanochemical reactions has led directly to
a greater understanding of how forces drive CBF reactions.
The first demonstration of the ability of PPL arrays to drive
mechanochemical reactions involved the covalent functionali-
zation of the graphene basal plane using force-accelerated
Diels-Alder reactions.” Graphene has been championed as
a promising material for sensors, transistors, and energy-
harnessing devices,"” however the inability to functionalize
covalently the conjugated basal plane of graphene has hindered
the realization of many of these proposed technologies. Cova-
lent reactions with the basal plane require disrupting the
conjugation of the relatively inert graphene lattice, and so
reactions that typically proceed with alkenes do not typically
react with graphene double bonds. A reaction that had been
shown to proceed for functionalizing graphene lattices in
solutions at high temperatures is the Diels-Alder reaction
between a diene and the graphene flakes as a dienophile."*>**¢
Although those reported solution conditions would be difficult
to reproduce on immobilized substrates, they suggested
a compelling route to pattern graphene substrates mecha-
nochemically. As early as 1963 it was found that applied pres-
sure increases the rate of Diels-Alder reactions in solution,**” so

20 | RSC Mechanochem., 2024, 1, 11-32

the Braunschweig group reasoned that PPL tips could apply
force between a graphene substrate and tips coated with an
appropriate diene, and the Diels-Alder reaction would proceed
via the same pressure-accelerated mechanism'* (Fig. 8B). To
this end, the Braunschweig group prepared electrochemically
active and Raman-active cyclopentadienes that could poten-
tially react with graphene in a Diels-Alder reaction and used
those as inks. PPL arrays were coated with those diene inks by
solubilizing them within a polyethylene glycol (PEG) matrix,
and patterns were generated by pressing the inked PPL tips into
the surface with a force of ~100 mN. Raman microscopy, AFM,
cyclic voltammetry, and molecular modeling confirmed that
patterns formed as a result of covalent bond formation, with the
Raman spectra showing an increase in sp® character of the
surface, as would be expected from a Diels-Alder process on
graphene (Fig. 8C). Importantly, the reaction did not proceed in
the absence of force. In addition to demonstrating the first
method to pattern covalently the graphene basal plane, this
work demonstrated that PPL arrays could be used to drive
mechanochemical reactions on surfaces, while providing the
ability to researchers to precisely monitor reaction force and
reaction time, capabilities which continue to elude most in situ
mechanochemical experiments. Additionally, in this experi-
ment - the mechanically driven patterning of graphene - the
Braunschweig group showed that reactions that are known to be
sensitive to pressure in solution are likely also mechanically
active.

Building upon this result, the Braunschweig group used PPL-
based mechanochemical printing to address an unresolved
question in mechanochemistry. Specifically, contradicting
reports had arisen in the literature as to whether the 1,3-dipolar

© 2024 The Author(s). Published by the Royal Society of Chemistry
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cycloaddition reaction between an alkyne and an azide, a reac-
tion known as the Huisgen cycloaddition,””®"® could be
induced to proceed on surfaces by applying pressure between
the reactants. Using microcontact printing, the Reinhoudt'*®
and Ravoo'' groups had reported that the reaction does
proceed upon the application of pressure, whereas the Stoddart
group attributed the progress of the reaction in the Reinhoudt
and Ravoo experiments to metal catalysts leeching from the
stamp.”* In all three studies, the authors had been unable to
precisely determine the reaction force, leaving the question of
whether force acted on the reaction unresolved. To determine
whether force could be used to induce the Huisgen reaction on
surfaces, the Braunschweig group prepared azide monolayers
on SiO, and Au substrates, which would react with fluorescent
and redox-active inks, respectively, that were delivered to the
surface with PPL arrays.'* Again, because the azides were
present as monolayers, and the alkynes were solubilized in
a PEG matrix and present in great excess, no secondary mech-
anochemical processes were considered to be significant in the
reaction. With PPL, patterns were created where the force and
the reaction time at each feature could be independently
controlled, and the reaction progress as a function of force
(0.29-0.42 pN) and time (0-600 s) was monitored by deter-
mining the grafting density, I', at each feature (Fig. 8D). They
found that I' increased monotonically with both force and time,
and this observation was used to explain the contradiction in
the literature: at low force, the reaction does not progress, so the
lack of observed reactivity was likely the result of insufficient
force exerted upon the reactants.

The quantitative data from these experiments was used to
understand how force affects the reaction progress. The rela-
tionship between pressure and reaction rate was first suggest by

van't Hoff (eqn (4)),
dink\  —AV? ()
dp ), RT

where k is the rate constant, p is pressure, R is the gas constant,
T is temperature and AV* is the activation volume. Thus, the
Braunschweig group sought to determine the AV* for the
Huisgen reaction on the monolayers composed of alkanethiols
with terminal azides and alkane chains of various lengths. k was
determined for the reaction at different forces by applying
a pseudo-first order approximation by assuming alkane inks
were present in large excess (Fig. 8E). Force was converted to p
by dividing by the feature area. From these data AV* of —39 to
—189 cm® mol " were determined for alkanethiols with lengths
of 3 to 11 carbons, respectively. These results were surprising
because they were substantially larger than the AV* of —13 cm?®
mol " determined for the Huisgen reaction in solution. Addi-
tionally, the AV* values were correlated to the change in
monolayer volume occurring upon compression of the mono-
layer (Fig. 8F), but why such correlation exists remains unclear.
Nevertheless, this work demonstrated several advances in the
ability to study and understand mechanochemical reactions.
Specifically, this work showed that patterns created by PPL
could be used to extract k and, in turn, activation parameters,
such as AV*. Secondly, they showed that AV* on surfaces differ

© 2024 The Author(s). Published by the Royal Society of Chemistry
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substantially from AV* in solution, although why such differ-
ences exist was still not well understood.

To further investigate the values and meaning of AV* in
primary mechanochemical reactions and why they are larger
than the AV* observed for reactions in solution that are run
under hydrostatic pressure, PPL was used to study the Diels-
Alder reaction between anthracene monolayers and a series of
fluorescently labelled dienophiles that varied in steric and
electronic structure.” The Diels-Alder reaction was chosen
because it has been widely studied in solution, so the rela-
tionships between reaction rates, electronic structure, and
steric bulk in solution are well understood.*****” Also, the Diels—
Alder reaction is accelerated by increasing p in solution
has been successfully carried out in ball-mill reactors.** In the
latter case, however, the rate is dependent on both primary and
secondary processes, so activation parameters of the primary
reaction, such as E, and AVi, could not be determined. Using
a similar approach as was used for studying the Huisgen reac-
tion described above, the Braunschweig group created fluores-
cent patterns by pushing the fluorescently labelled dienophile
inks into the anthracene monolayer using PPL tips (Fig. 9A and
B). The fluorescence intensity of the patterns was used to track
reaction progress and measure k (Fig. 9C). Using a kinetic
model (eqn (5)),

138 and

E, AV
B (5)
kT kT

In(k) =1n(A4)

where A is the preexponential factor, T is the temperature, and
kv is Boltzmann's constant, they were able to determine exper-
imentally both E, and AV* for each of the four dienophiles,
where the E, is the barrier for activation in the absence of
applied pressure. E, corresponded well to the expected trends
known for Diels-Alder reactions in solution as well as values
determined by molecular modeling. However, AV* for these
reactions ranges from —60.7 x 10° to —21.8 x 10° cm® mol %,
which is several orders of magnitude higher than the AV*
measured for the Diels-Alder reaction in solution (—20 to —45
cm?® mol ). These data suggest that the mechanochemical CBF
reactions on surfaces that experience uniaxial stresses proceed
via a different mechanism than their solution counterparts that
proceed under hydrostatic pressure (Fig. 9D).

The mechanism of the tip-driven reaction was analyzed by
multiscale modeling, where it was assumed that the tips caused
uniaxial stresses that resulted in bending of the immobilized
anthracene, and the changes in the reaction energies as a result
of this bending was analyzed. It was found that bending specific
bonds (Fig. 9E) of the immobilized dienophile raises the reac-
tant energy, AEj, and the transition state energy, AES", but the
transition state energy rose less than the reagent energy
resulting in a lower overall reaction energy (Fig. 10). To achieve
this effect, the force must deform the reagents along a specific
coordinate which differs from the solvothermal reaction
trajectory. In case of the reported reaction, the bending of the
top H atom of the anthracene towards the dienenophile desta-
bilizes the weak, van der Waals reaction complex. At the same
time, the same distortion has a weaker effect on the energy of
the transition state because of a decrease in Pauli's repulsion
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the Advancement of Science, Copyright 2023.
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Fig. 11 Force-induced [1,3]-aryl shift within 1,4-dimethoxy-2,5-cyclohexadiene derivatives. The shift occurs as two consecutive [1,2]-aryl shifts,
where the second shift is promoted by the intramolecular strain. Adapted from ref. 139 with permission from John Wiley & Sons, Inc., Copyright

2023.

energy between the diene's and dienophile's occupied molec-
ular orbitals. Thus, the difference in the distortion energies,
AAE = AEY® — AES, is negative which results in lowering of the
activation energy.

This mechanism - molecular distortion because of uniaxial
stress lowering reaction energy - explains several unresolved
questions in mechanochemistry. First, it explains why AV* are
significantly higher for reactions in mechanochemical reactors
than those carried out in solvent under hydrostatic pressure.
Only in the former does molecular distortion occur, and rela-
tively small amounts of uniaxial stress (<1 MPa) could cause
those bends, so a small uniaxial stress could cause significant
acceleration of the reaction rate. However, at least one reactant
must be affixed by proximity to an interface so the distortion
can occur when the stress is applied to the molecule, which is
why these large accelerations are observed in mechanochemical
reactors and not hydrostatic pressure. Second, this mechanism
also explains the unique selectivities that are often observed
under mechanochemical conditions. The underlying potential
energy surface (PES) which defines the reaction trajectory is
altered by the uniaxial stress which yields force-modified PES
(FMPES).>” The changes to the conformations and energies of
reagents and transition states on the modified PES are signifi-
cant in that they may affect the primary trajectory the reaction
takes across the energy landscape. Under this specific condi-
tion, applied force may make the trajectory for a different
product more energetically favorable than the trajectory
towards the major product that is obtained under solvothermal
conditions.

This model of mechanochemical reactivity can also be
extended beyond the Diels-Alder reaction because many mole-
cules will be distorted and, in turn, destabilized as a result of
molecular distortion that occurs under uniaxial stress, leading
to increased reactivity, and suggests that the number of
mechanically active reactions could be far greater than previ-
ously anticipated. For instance, Liu et al. recently studied force-
induced  [1,3]aryl  shifts  within  1,4-dimethoxy-2,5-
cyclohexadiene derivatives (Fig. 11) through the use of molec-
ular bows in solution.*® Although the [1,3]-aryl shift can be
realized by two consecutive [1,2]-aryl shifts, the second shift is
only observed in the presence of a molecular “bowstring”.
Molecular modeling showed that the bowstring causes uniaxial
stress in the ring and the amount of stress increases after the

© 2024 The Author(s). Published by the Royal Society of Chemistry

first shift, but it is relieved as the reaction proceeds through the
transition state of the second shift. In other words, the stress
raises the energy of the intermediate formed after the first shift
more than more than the transition state connecting it with the
final product of the [1,3]-aryl shift.

Tip-induced force has also been used in combination with
other stimuli, such as heat,'® electrical potential,*** and light'**
to study CBF reactions on surfaces, and these efforts have hel-
ped explain how mechanical energy operates within the
complex energy landscape of CBF reactions. For example,
Raghuraman et al. studied the relationship between applied
mechanical force and applied voltage on the rate of oxygenation
of multilayered graphene using conductive AFM probes.**® The
reaction was monitored by tracking changes in the friction of
the surface, which increased in oxygenated areas relative to
unmodified graphene (Fig. 12A). They found that applied
voltage between the tip and surface primarily affected the
splitting of water into H" and OH ™ ions, while the applied load
affects the reaction of the OH™ with the graphene surface
(Fig. 12B) because the onset voltage for OH™ deposition
decreases with increasing applied load. In this case the E. is
a thermal barrier affected both by the mechanical force and the
voltage, and the rate of this reaction will proceed according to
an Arrhenius relationship (eqn (6)):

Eeir (FNV)

ky=Ae  RT (6)

The authors argue that the applied electric field, V, acts along
the mechanochemical force Fyy and pushes the reactant state
towards the transition state structure, thereby sufficiently
lowering the activation barrier for the reaction to proceed
(Fig. 12C).

Khare et al have introduced a nanoscale additive
manufacturing technique called “Nanotribological Printing”,**>
wherein structures are formed at the interface between
a substrate and an AFM probe. The molecules are dispersed in
a carrier liquid surrounding the AFM probe and diffuse into the
contact during sliding. They dispersed zinc dia-
lkydithiophosphate (ZDDP) in carrier oil in 0.8 wt% and
exposed this solution to normal and shear force with a pyra-
midal Si AFM probe on a Si substrate (Fig. 12D). The applied
stresses activates the formation of surface-bound structures
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(A) Conductive AFM tip in contact with graphene surface causes local anodic oxidation through an aqueous meniscus. The voltage bias

between the tip and surface splits H,O into H* and OH™ groups, which migrate towards the oppositely charged surfaces. (B) Voltage ramps.
Relative friction as a function of voltage for 10, 100, 200, 300 and 700 nN applied tip loads. (C) Effective energy barrier as a function of applied tip
load. Insets show force per atom when contact mechanics and electrostatic forces are included. (D) The stress-assisted formation surface-
bound structures on the substrate in the presence of ZDDP. (E) AFM height profile. (F) Corresponding cross sections from (E). Adapted from ref.
140 with permissions from the Royal Society of Chemistry, Copyright 2018; and ref. 142 with permissions from the American Chemical Society,

Copyright 2018.

(Fig. 12E). Successive line scans were performed with increasing
values of applied normal load over 200 cycles. As shown in
Fig. 12F, ZDDP-derived patterns increase in height with
increasing normal load.

Although technically involving bond-rupture, a study by
Ducker et al.™' that combines tip-applied force in combination
with photoirradiation provides further insight into how
compressive force affects reactivity. In this study, they examined
the photochemical cleavage of a nitroveratryloxycarbonyl
(NVOC) protecting groups from aminosilane monolayers by
simultaneously irradiating the surfaces while compressing the
monolayers with tips. They showed that with this method they
were able to create lines in the monolayers of selectively
deprotected regions, as narrow as ~20 nm, where the NVOC
groups were removed. An interesting aspect of this study is that,
while compressing the monolayers, they were able to signifi-
cantly lower the energy barrier for photodeprotection from
3.1 eV to 1.2 eV - so the NVOC could be removed with visible
photons - as a result of the compressive force on the mono-
layers. They note that the charge transfer p—p* transition is the
energetic barrier of the photodeprotection reaction. The
compression of the adsorbate layer decreases the N-N separa-
tion, which changes the energies of molecular orbitals and
reduces this energy barrier, even under modest loading. Thus,
this is another example of uniaxial stress causing a distorted
state that leads to a lowering of the reaction energy, and adds to
the growing body of evidence that the uniaxial stresses that
occur under mechanochemical conditions cause changes in
conformation that lower reaction energy barriers.

24 | RSC Mechanochem., 2024, 1, N-32

Another example to support this thesis was reported by
Hawthorne et al.*** and does not involve nanoscopic tips, but
rather uses a distorted surface to arrive at the same conclusion.
In this work, the authors studied the reaction between 4-nitro-
benzenediazonium tetrafluoroborate (4-NBD) and the basal
plane of graphene, as well as the basal plane of a graphene layer
that had been strained by depositing it over a layer of 6 nm
diameter silica beads. The 4-NBD can react with graphene via
a diazonium reaction. The authors found that the strained
graphene that was draped over the silica beads had a signifi-
cantly higher rate of reaction than the basal plane of unstrained
graphene. In this case, draping the graphene over the silica
beads has the same role as a tip that applies force has, ie.
straining and distorting the surface away from its ground state
conformation and, in turn, increasing its reactivity. The authors
argue that the strain decreases the sp” character of the graphene
lattice, which lowers the activation barrier, and renders the
surface more reactive towards the 4-NBD.

Theoretical modeling of molecular distortions under stress

Computational techniques have contributed to the develop-
ment of theories of mechanochemistry that account for macro-,
meso-, and molecular-scale effects. Each of these scales pres-
ents a unique set of challenges for computational studies,
leading to the development of computational toolsets to tackle
these challenges, such as finite element analysis,"***** kinetic
Monte Carlo,**® coarse grain methods,'*” reactive force fields,
parallel tempering,’* atomistic molecular dynamics (MD),?®
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metadynamics ab initio MD*° and density functional theory
(DFT).****** Each of these methods has been reviewed recently,
and here we will focus on the application of quantum methods
that model the effect of molecular distortion on molecular
reactivity.

The relationship between force and a mechanochemical
reaction's rate can be inferred from Bell theory.*” To a first order
approximation, the rate of the chemical reaction under external
force can be calculated as (eqn (7)):

AEY — FyA FyA
k=A4 exp( — T()q) :ko exp(;—Tq) (7)

where A is Arrhenius pre-exponential factor, AE* is the activa-
tion energy in an absence of force, k, is the canonical rate of the
reaction, F, is the applied external force acting along a reaction
coordinate g. The term Agq then, represents the distortion
between the reactant and the transition state along this reaction
coordinate. From here, we obtain a fundamental insight into
mechanochemical reactions - that they are governed by the
relation between the reaction's activation energy in the absence
of force, AE*, and the mechanical work done on the system,
FAgq, along reaction coordinate g. Expanding this idea from
a single pathway to a PES, we can say that the application of
mechanical constraints on a molecule (molecular distortion)
induces changes on the reaction's Born-Oppenheimer
(unmodified) PES depending on the total work applied to the
system, W = FAg.” In other words, the application of force
induces structural deformations in the reactant molecules,
which in turn affects the reaction profile directly.

Quantum chemical methods allow us to investigate the
influence of molecular distortion on chemical reactions, and
DFT, as a result of its accuracy and computational tractability, is
the most commonly used method to study reaction mecha-
nisms. Perhaps the most intuitive approach to include the effect
of force in quantum mechanical treatment of mechanochem-
ical conditions is the constrained geometries simulate external
force (COGEF) method.**'** As the name suggest, the methods
applies arbitrary constraints to the molecular geometry to
mimic the effect of the molecular deformation caused by an
external force (eqn (8)):

Veoger(X, ¢) = Veo(x) — A(q(X) — qo) (8)

where Vpo(x) is a Born-Oppenheimer PES as a function of
Cartesian coordinates X, Veoger(X, ¢) is the PES modified by the
constraints, A is a Lagrange multiplier, and g, is a fixed position
of the structural control parameter. The force needed to deform
the molecule along the generalized coordinate g(x) is simply
given by a negative derivative of the conformational energy with
respect to that coordinate.’”

Alternatively, the external force can be included during
geometry optimization.”® An example of such class of methods
is external force is explicitly included (EFEI) method,***” which
transforms the PES with a constant, explicit force (eqn (9)):

Verei(X, Fo) = Vpo(x) — Fog(x) )

© 2024 The Author(s). Published by the Royal Society of Chemistry
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where Vpo(x) is a Born-Oppenheimer PES as a function of
Cartesian coordinate X, Vgpgi(X, Fo) is the force-modified PES,
and ¢ is a generalized coordinate, and F, is the explicit force
acting along this coordinate. This force leads to distortion of the
molecular PES which leads to changes to in conformational
structure and energy of the reagents and transition states, as
well as the reaction trajectory. Within the EFEI framework, the
effect of the force on the activation energy, AE*(F,), can be
generalized to (eqn (10)):

AEi(Fo) = VEFEI(XTsa Fo) — VEFEI(XR» Fo), (10)
the difference between the energy of the transition state and
reagents on the force-transformed PES. This equation is
equivalent to the expression for the change in the reaction
energy shown in Fig. 10. Interestingly, Ribas-Arino et al. showed
that CoGEF and EFEI methods are related to each other by
a Legendre transform and they are equivalent manifestation of
the same concept of the molecular distortion.”

Both methods have been applied extensively in polymer
mechanochemistry with a focus on bond rupture, which
involves constraining end-to-end bond distances to simulate
the effect of force. These methods have been repeatedly vali-
dated in the scientific literature,'***> however, the application
of both methods requires defining a molecular coordinate along
which the pulling occurs. This coordinate can span multiple
molecular degrees of freedom — molecular bonds, angles, and
dihedral angles - and the resulting distribution and magnitude
of mechanical forces throughout the system depends on the
choice of an appropriate coordinate system. Several different
coordinate systems,*”****** which can be divided into redun-
dant and non-redundant sets of coordinates, have been
proposed, but the outcome of the analysis strongly depends on
the coordinate system. Recently, this problem has been
addressed by Baron et al.,'**'*” who explained the acceleration
of the Diels-Alder reaction in a ball-mill reactor by expressing
the molecular distortion using a basis set of vibrational modes.

The challenge of defining the coordinate of the uniaxial force
is amplified during study of mechanochemical CBF reaction
where, in contrast to stretching, a pushing force is involved. The
pushing force opens up new trajectories of mechanical activa-
tion, but they may not align with a deformation of a specific
bond. Instead, the force is allowed to act along additional
degrees of freedom, which likely occurs in mechanochemical
reactors, and multiple coordinates are deformed simulta-
neously, which poses a combinatorial problem for PES evalua-
tion. The challenge that arises is that any arbitrary selection of
distortion coordinates, such as bending only a single H atom in
the Diels-Alder reaction, might oversimplify the system and
omit the sampling of the true reaction trajectory. Sampling all
potentially relevant coordinates, however, is not computation-
ally feasible, as the number of calculations increases exponen-
tially with the number of coordinates.

Finally, it should be noted that the described quantum
mechanical treatment involves only static calculations on
a molecular PES that addresses the ‘primary reaction’. A
consequence of this static approach is that the effects of
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temperature fluctuations and entropy,”® nuclear quantum
effects,'® and non-adiabatic effects'® are not included. While
MD and AIMD methods can address the effect of the tempera-
ture and entropy, as well as be able to sample relevant reaction
coordinates, they still suffer from increased computational
costs and other limitations. A more comprehensive computa-
tional toolset investigating force-based reactivity must go
beyond Born-Oppenheimer surfaces, but such a toolset has yet
to be applied for the investigation of microscale molecular
distortion on the rates and selectivities of CBFs. The complete
multiscale computational toolset, however, should include the
‘secondary reaction’, such as mixing and grinding powders into
smaller pieces.

Open questions in CBF mechanochemical reactions

The tip-based studies of mechanically driven CBF reactions
have led to an emerging consensus on how mechanochemical
conditions - the application of uniaxial stress to a chemical
reaction - drives primary CBF reactions towards products:
uniaxial stress distorts and destabilizes bonds, thereby lowering
the reaction energy. This paradigm suggests that the chemical
reactions that are susceptible to mechanochemical conditions
could be far greater than previously anticipated and provides an
explanation of the anomalous mechanochemical selectivity that
has been observed experimentally because the distorted tran-
sition state is different than the transition state involved when
using other modes of activation (e.g. solvothermal, electro-
chemical, photochemical). With this new understanding of the
mechanisms of mechanochemical understanding, several new
questions about CBF mechanochemical reactions can be
considered. These include: Are CBF mechanochemical reac-
tions reversible? And can we create kinetic models that consider
both primary and secondary reactions?

Reversibility of CBF mechanochemical reactions

Based on the literature, it appears that at least some mecha-
nochemical CBF reactions are reversible, and that the direction
of the reaction is dependent on how the mechanical energy is
applied. Take for example the Diels-Alder reaction, where
dienes and dienophiles are reacted to produce cyclohexenes,
and its reverse, the retro-Diels-Alder reaction. Both reactions
can be driven mechanochemically,**'"® suggesting that at least
one mechanochemical reaction is reversible, but how does one
control the direction of the reaction? Answering this question
illustrates the unique aspect of mechanical energy compared to
thermal energy or even hydrostatic pressure in that mechano-
chemical reactors can control the direction of uniaxial stress
relative to the reaction trajectory, whereas other activation
forms do not have this directionality. Pulling with AFM tips
apply uniaxial stress in a direction that favors bond rupture,
whereas pushing forces that occur in mills, extruders, or when
tips are used to push upon a surface, applies uniaxial stress in
the opposite direction. So, the direction of the reaction - as in
Diels-Alder reaction or retro-Diels-Alder reaction - under
mechanochemical conditions is determined by the directions of
the uniaxial stress relative to the reaction coordinate. It is
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important to note that the forward and reverse reactions of the
Diels-Alder/retro-Diels-Alder reactions, and likely any other
reversible mechanochemical reaction pair, have important
similarities and differences.”** The mechanochemical reaction
pairs are similar in that they form a mechanically distorted state
that precedes the transition state as uniaxial stress is applied,
and that their transition state structures differ from those of
their thermally driven counterparts. As a result of the distorted
transition state, the reaction energy is lower than that of the
thermally driven reactions, such that uniaxial stress causes
a significant acceleration of the reaction rates. While both the
forward and reverse reactions proceed through strained tran-
sition states, the structures and energies of their transition
states differ significantly.

Combining primary and secondary reaction kinetics

It is increasingly clear that the rates of mechanochemical
reactions in macroscopic reactors - ball mills, planetary mills,
and extruders - are dependent on the rates of both primary and
secondary processes. While some kinetic models have been
developed,'”*"* models that consider both processes have not
yet been successfully applied to describe the kinetics of mech-
anochemical reactions. While selectivity can now be explained,
until new kinetic models emerge that combine primary and
secondary processes, the rates and energetics of mechano-
chemical reaction kinetics cannot be anticipated. However, we
anticipate that as more knowledge and data is generated
regarding primary mechanochemical processes, these data can
be combined with the substantial literature on secondary
processes to develop unified mechanochemical kinetic models
that account for both primary and secondary processes on
reaction rates.

Conclusions

Mechanochemistry has the potential to revolutionize the
synthesis of organic compounds by reducing solvent and energy
usage substantially, and providing products that may not be
accessible by conventional solvothermal methods. However, the
inability to understand mechanochemical kinetics has
hindered the development of predictive models to explain the
outcomes of mechanochemical reactions, and, in turn, the
wider adoption of mechanochemistry by synthetic chemists.
Here we discussed emerging literature from the use of scanning
probe tips and computational studies to investigate the kinetics
of primary mechanochemical reactions. What we find is that
there is an emerging consensus that suggests that mechano-
chemical acceleration and unique product selectivities in CBFs
arise because molecules are distorted in mechanochemical
reactors. The result of this distortion is that mechanochemical
CBF reactions proceed via a different trajectory than their sol-
vothermal counterparts, and that this distortion causes
a decrease of reaction energies. Although these studies reveal
how uniaxial stresses affect primary mechanochemical mecha-
nisms, several fundamental questions remain unresolved. For
instance, the question of how crystal polymorphism may affect

© 2024 The Author(s). Published by the Royal Society of Chemistry
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the selectivity of mechanochemical reactions. The most
pressing of these questions, however, is how the primary and
secondary processes together dictate the overall rates, energies,
and selectivities of mechanochemical reactions.
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