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ABSTRACT: The field of polymer mechanochemistry has experi- N Mechanochemical reactivity »
enced a rapid growth in the past two decades because of the & .\ ® ',. A
establishment of the concept of mechanophores, which describes

mechanically active molecular units. A wide variety of mechanophore ~ AR —\/O\/_ ~ =N
functions have been developed, and these are expected to evolve into

practical applications. In particular, self-reporting mechanochromism ' L Y o ‘

in glassy polymers, thermoplastic elastomers, and polymer networks

has been extensively explored. However, owing to the low reaction
efficiency of mechanophores in bulk materials, the induced property

changes are restricted to optical properties. Recent studies have ; : .

j . Connecting points Macromolecular design
revealed that the macromolecular design contributes more
substantially to the mechanochemical sensitivity and efficiency than

the fine-tuning of the mechanophore structure itself. This Perspective aims to provide an overview of strategies based on the
macromolecular design to transfer force efficiently to mechanophores through polymer chains.

1. INTRODUCTION research in this area has uncovered that mechanochemical
reactions can yield products different from those obtained via
thermal reactions®”*® or provide access to conjugated polymers
that cannot be synthesized using conventional methods.*”~*!

Therefore, the rapid progress in the field of polymer

Exposure to forces causes changes in the position or state of
matter. In particular, the conformation, bond angle, and bond
length of polymers change upon exposure to an external force,
which is the origin of the viscoelastic behavior that is unique to

polymeric materials.” When the external force is sufficiently mechanochemistry can be exploited in diverse areas, including
high, irreversible destruction of the macromolecule occurs, polymer synthesis, functional materials, and biomedical
which goes beyond the scope of polymer physics, reaching the fields. "™

field of polymer mechanochemistry. Given that repeated or Mechanophores with diverse functions have been extensively
excessive force causes material deterioration or destruction, a explored in solution systems, which exhibit high reaction
deep understanding of the molecular behavior of materials under efficiency and can be easily analyzed. In contrast, reports
mechanical stress is essential to improve their toughness and describing functions other than mechanochromism in bulk
lifetime. However, polymeric materials are complex systems systems are comparatively scarce, despite the inherent interest
with structural and spatial inhomogeneities that range from the and practical value of realizing mechanoresponsive functions in
nano- to mesoscale, such as heterogeneous chain-length the bulk. This is because the low reaction efficiency of
distribution, entanglements, loops, dangling chains, phase mechanophores hinders achieving substantial changes in the
separation, and crystallinity, which hinder gaining a precise physical properties. For example, although intense research
understanding of their response to external forces.” In this efforts have been devoted to extending the lifetime of materials
context, the introduction of the concept of mechanophores by through reinforcement of damaged areas via mechanically

Moore in 2007 enabled the molecular-level observation and
utilization of an applied force.* Mechanophores generally
contain mechanically weak chemical bonds that can be
selectively cleaved to produce valuable chemical species.
Depending on the type of mechanophore, a wide variety of
functions have been realized, ie., color change,s_16 small-
molecule release,'”™** metal—catalyst generation,zg’_27 ener:

dissipation through the stretching of hidden length, 8
accelerated degradation,zg_32 and mechanical cascade reactions
for mechanically induced strengthening.”**™*® Moreover,

induced strengthening, no satisfactory results have been

achieved to date.>>™*°
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In 2019, Gong et al. developed an artificial double-network
hydrogel that grows under mechanical loading like a muscle
without relying on mechanophores. Monomers as solvents
polymerize from mechanoradicals generated inside the gel,
forming a new network and gaining weight and mechanical
strength.*® Because a sufficient number of mechanoradicals are
generated via the cleavage of covalent bonds in the stretched first
network, a sufficient amount of network is newly formed to
reinforce oneself, which stands in contrast to the macroscopic
destruction that progresses easily in conventional single
networks.

Meanwhile, mechanically induced consecutive reactions using
mechanophores rely on a very small number of active species
because stress concentrates on a small part of polymer chains,
resulting in low levels of activation. To circumvent this issue,
many studies have realized that the force required for activation
is tuned by modifying the electronic state of mechanophores or
their bonding position within the polymers ;47752 nevertheless, a
drastic improvement in the reactivity has rarely been achieved in
the solid state (Figure 1). Conversely, the macromolecular
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Figure 1. Factors affecting the mechanophore responsivity.

structure of a polymer connected to a mechanophore is known
to be a major determinant of the mechanochemical reactivity.
Unfortunately, useful findings are limited due to the large
number of variables, the complexity of the polymer design, and
the difficulty in experimental and computational analysis.
Herein, aiming to pave the way for an optimal macromolecular
design to realize novel mechanoresponsive functionalities and
their application in practical materials in the near future, we
provide an overview of studies that focus on the macromolecular
design in order to optimize the mechanoresponsive properties of

polymers.

2. MACROMOLECULAR DESIGN IN POLYMER
MECHANOCHEMISTRY (SOLUTION vs SOLID)

It is well-known that chemical reactions in polymers generally
exhibit lower reaction rates than those involving small molecules
due to significant steric hindrance and slower diffusion. On the
other hand, mechanochemical reactions are more active in
polymer systems because the polymer chain works as a force-
transmitting medium. Therefore, an appropriate design of the
polymer chains can improve the sensitivity and efficiency of
mechanochemical reactions without tuning the electronic state.
In fact, many stimuli-responsive small molecules behave as
mechanophores when they are embedded in polymer chains. In
solution-based mechanochemistry, highly dilute solutions are
generally subjected to ultrasonic treatment, and the reaction rate
is determined by the power of the ultrasound, type of solvent,
temperature, and concentration.”> In contrast, mechanical
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energy can be applied to polymer materials using various
methods, including pulverization, stretching/compression, and
kneading. Moreover, the mechanical response of viscoelastic
polymers largely depends on the environmental temperature
and strain rate, greatly expanding the influencing factors. Given
the complex interactions between polymers, the reactivity of
bulk polymers is different from that of solution systems, where it
is feasible to assume that the polymer exists in the form of single
chains. As a typical example, the rate of mechanochemical chain
scission during ultrasonic irradiation is solely governed by the
end-to-end length of the polymer, regardless of the presence of
slight differences in the side-chain structure®* or the existence of
arms.”> In contrast, both the arm length and the number of
branches determine the mechanical reactivity during the milling
of mechanophore-centered polymers.*® It is thus assumed that
the force can be transmitted more efficiently with increasing
number of arms due to the entanglement among polymer chains.
‘While polymers with a single mechanophore in the center allow
us to easily analyze the reaction, we may struggle with the low
mechanophore content. Accumulating multiple mechanophores
on a single chain is a straightforward approach to enhancing
mechanochemical response. However, as for polymers with
multiple scissile mechanophores in the main chain, mechano-
phores become inert to forces once the main chain is ruptured to
get the total main chain length below the limiting length.
Therefore, a nonscissile design in which scissile parts are
tethered to macrocycles is required to show a continuous
response to mechanical input.”” As another example, Weng et al.
accomplished both high conversion and high mechanophore
content through bottlebrush polymers containing multiple
scissile mechanophores at the root of graft chains because the
scission of mechanophore does not damage the main chain.”®
Polymer architecture is no longer limited to linear ones,
bottlebrushes, macrocycles, etc.; micelles and microgels are also
the targets of mechanochemistry in solution,””~®" which also
allow us to increase the number of activation events.

Peterson et al. have deepened the understanding of the
mechanical reactivity determined by polymer structures both in
solution and in the solid state.”””®* They explored the
mechanochemical reactivity of a variety of chain-like polymers
with or without mechanophores, including bottlebrush and
dendronized polymers, revealing that the rate constants of the
degradation during ultrasonication can be fitted to a master
curve using the natural log of persistence length or the square
root of the monomer molecular weight, as long as the chemical
structure of the backbone is preserved (Figure 2).°> They also
found a linear relationship between the initial glass-transition
temperature and the rate of mechanochemical degradation of
general amorphous polymers subjected to ball milling.**
Although a determining factor for the reaction rate has not
been identified yet, the ball-milling degradation of bottlebrush
polymers and dendronized polymers is known to be accelerated
upon increasing the length of both main and side chains.”” It can
be qualitatively interpreted that this is because the extension of
the side chains increases the conformational restrictions (i.e.,
rigidity) of the main chain. In addition to those described here,
the structure—reactivity relationships regarding topologically
complex polymers such as cyclic, dendritic, and intermolecularly
cross-linked polymers have been investigated. We will not go
into detéagils in this Perspective; please refer to the recent Feature
Article.”
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Figure 2. Comparison of the mechanochemical reactivity under
ultrasonication. (a) The rate of backbone scission (kyg) increases
following the increase in the chain rigidity, or persistence length (),
when sterically crowded side chains are connected. (b) Master curves of
kBE/ln(lP) plotted against the contour length (L) for three different
bottlebrush and dendronized polymers. Reproduced with permission
from ref 63. Copyright 2021 Wiley-VCH.

3. THERMOPLASTIC ELASTOMERS

Thermoplastic elastomers are practical polymer materials in
which mechanoresponsive properties can be incorporated.®®
With regard to thermoplastic elastomers, the introduction of
polar groups that induce strong intermolecular interactions is an
effective approach to improve the mechanophore reactivity. In a
representative study, Weng et al. have reported that the
introduction of ureidopyrimidinone (UPy) skeletons, which
form strong quadruple hydrogen bonds, into linear polyurethane
containing spiropyran (SP) results in deep mechanochromism
due to an increase in chain orientation and subsequent strain-
induced crystallization (Figure 3a).°”%® However, the strong
hydrogen bonds between UPy considerably improve the
macroscopic mechanical properties; therefore, this design is
not suitable for evaluating the effect of the introduction of polar
groups on the mechanochemical reactivity.

To address this issue, Sijbesma et al. have incorporated a
mechanochromic component (33.3 wt %), which comprised a
segmented polymer that contains a bis(adamantly)dioxetane
mechanophore with distinct hard segments, into a matrix of
nondoped polyurethane.”” Even though the macroscopic
mechanical properties did not change substantially after
introducing the mechanochromic component, the total light
intensity emitted upon elongation steadily increased due to an
increase in the molecular weight and the strengthening of the
hydrogen bonding within the hard segments (Figure 3b). This
study also disclosed that an increase in the strain rate of
thermoplastic elastomers leads to stronger mechanolumines-
cence. These observations suggest that a large local force is
generated to activate mechanophores through the inhibition of
chain relaxation via conformational rearrangement and disen-
tanglement. Meanwhile, in some polymer designs, a lower strain
rate is conducive to the mechanical and mechanoresponsive
properties because an appropriate rearrangement of hydrogen
bonds facilitates the segment/chain orientation.”’

4. CROSS-LINKED POLYMERS

Cross-linked polymers can undergo relatively efficient mecha-
nochemical reactions compared to linear systems because stress
is mainly concentrated at the cross-linking points. Binder et al.
have indirectly evaluated the relationship between the polymer
structure and the reaction efficiency by mechanochemically
activating Cu—bis(N-heterocyclic carbene) mechanophores
followed by a Cu(I)-catalyzed click reaction to generate
fluorescent molecules (Figure 4a).”" Upon subjecting a mixture
of mechanophores and reactants dispersed in a poly-
(tetrahydrofuran) matrix to compression cycles, the conversion
of the click reaction gradually increased until reaching a plateau.
The study revealed that the incorporation of mechanophores
into a long polymer chain or a polymer network enables a more
efficient mechanochemical reaction (Figure 4b). Saito et al. have
clearly demonstrated that mechanochemical reactions during
the elongation of elastomers proceed more efficiently at the
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Figure 3. (a) Optical images of fractured polyurethane elastomers that bear spiropyran (SP) mechanophores end-capped with ureidopyrimidinone
(UPy) or urethane. (b) Optical images and the corresponding cumulative light intensity from a 1,2-dioxetane mechanophore in thermoplastic
elastomers with different interactive blocks under tensile deformation. Reproduced with permission from refs 67 and 69.
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Figure 4. (a) Mechanochemical activation of Cu—bis(N-heterocyclic carbene) mechanophore and successive fluorogenic click reaction for
quantitative evaluation. (b) Order of the mechanochemical reactivity for different macromolecular designs. (c) Chemical equilibrium of a flapping
mechanophore that enables fluorescence changes in response to a relatively weak force. Change in the fluorescence spectra under elongation of
polyurethane elastomers in which the mechanophore is doped at (d) the main chain and (e) the cross-linking points. Reproduced with permission

from ref 72. Copyright 2022 Nature.

cross-linking points than at the main chains.”” When a trace
amount of a flapping mechanophore (Figure 4c) was doped into
the main chain or the cross-linking points of poly(urethane)
networks, the activation percentage at the cross-linking points
was about twice that at the main chain (Figure 4d,e), while their
macroscopic stress—strain curves completely overlapped. A very
recent paper examined how the molecular length of a
mechanophore strand in a PDMS network affects the activation
sensitivity but a spacer of ~50 atoms made little change in the
macroscopic mechanochromic properties.73

In polymer composites, the local force reaches a maximum
value at the interface between the polymer matrix and the filler.
Our group has already reported that polymer—silica composites
that contain diarylbibenzofuranone (DABBF), a dynamic
covalent mechanophore, undergo efficient mechanochemical
reactions through effective force propagation and inhibition of
the radical recombination at the interface.”*”* Afterward, Sottos
et al. have demonstrated that SP immobilized at the interface
between poly(methyl acrylate) and silica nanoparticles exhibits
greater mechanical reactivity than that functionalized in the
bulk; specifically, a smaller deformation is required to induce the
fluctuation of the optical properties, and a higher conversion of
SP to the merocyanine form is achieved.”

The magnitude of the force exerted on a polymer chain is
given by the ratio of the spatial end-to-end distance to the
contour length, i.e., chain length at maximum extension (Figure
5). In particular, a single polymer chain experiences low stress at
low strains because the entropy loss is small in the early stage;
however, the force exponentially 7grows as it approaches a finite
extensibility of polymer chains.”” The activation of mechano-
phores generally occurs around the finite extensible length
because the cleavage of covalent bonds in mechanophores
requires a force of at least 200 pN,78’79 which falls within the
stiffening region. Therefore, a macromolecular design that
allows more molecular chains to be fully extended will be
effective in improving mechanophore reactivity. Polymer
networks inevitably contain defects such as dangling and loop
chains, which serve as elastically ineffective chains.”® As a typical
example, nanogels that are formed in the early stage of free-
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Figure S. (a) Schematic of a change in the conformation of a polymer
segment. (b) Existence probability (¢) of the one-dimensional end-to-
end vector of a segment in an ideal polymer network. Here, I, and r,
represent the contour and critical length for the mechanochemical
reaction, respectively.

radical polymerization are linked to each other through the
remaining functional groups, and the strands that connect the
nanogels work as elastically effective chains. The cross-linking
heterogeneity leads to a broad distribution of the segment
length. Short chains largely contribute to the mechanical
properties, thus playing an important role in mechanochemistry.

Considering a single polymer strand in a network with a
contour length J; and initial end-to-end vector r = R (Figure Sa),
the distribution of an end-to-end vector ¢(r) can be described
by a Gaussian distribution under the ideal model assuming that
the exclusion-volume effect does not exist (Figure Sb). When a
polymer network is subjected to a macroscopic deformation F,
the end-to-end vector changes into r = R-F according to the
affine network model. The distribution of the vector broadens
through deformation, eventually damaging the polymer chains,
or via activation of mechanophores by approaching the fully
stretched conformation.®’ In order to realize efficient
mechanochemical reactions, the portion of polymer chains
that exceed the limit of stretching should increase. To this aim,
improving the extensibility of polymer networks to increase the
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Figure 6. Mechanically sensitive polymer networks based on a multinetwork strategy and a DFSN mechanophore. The multinetwork polymer
demonstrates outstanding mechanical response to uniaxial elongation and isotropic expansion during swelling. Reproduced with permission from refs

88 and 90. Copyright 2023 Wiley-VCH.

vector F can be regarded as the simplest approach. However, the
extensibility is not easily tunable because it is inherent to the
polymer species or composition. The threshold of activation
strain remains as high as 100%,””**~** indicating that
functionalities such as mechanochromism can be observed
only immediately prior to material destruction.

Another approach to facilitating mechanochemical reactions
is expanding the initial distribution of ¢(r); namely, polymer
strands are fixed at a strained conformation in the initial state.
Preorientation of molecular chains during sample preparation is
a relatively straightforward and general strategy to realize an
efficient mechanophore activity and to reduce the threshold
deformation for mechanophore activation. To achieve this, the
designed material should contain polymer strands fixed at the
stretched state, which is entropically unfavorable. For example, a
composite material based on mechanophore-containing ori-
ented fibers in a polydimethylsiloxane (PDMS) matrix exhibits
highly sensitive mechanochromism at strains as low as 10%. In
addition, elastomers exhibiting anisotropic mechanochromism
have been achieved by controlling the fiber orientation in a
uniform direction. The study conducted by Sottos et al. also
revealed that the orientation of mechanophores in the
elongation direction is important for mechanical activation,
utilizing fluorescence anisotropy of mechanically activated
spiropyrans.86

In cross-linked polymers, the sensitivity of mechanophores
has been increased via molecular stretching due to swelling. For
example, Qiao et al. have successfully reduced the strain and
energy required for mechanochromism under uniaxial elonga-
tion by prestretching the molecular chains through a stepwise
swelling and cross-linking process, i.e, a multinetwork (MN)
strategy.”” The first network doped with SP mechanophores is
expanded via monomer swelling, and the isotropically stretched
network structure is fixed after the polymerization. By taking
advantage of the quantitative feature of the stable radicals
generated from a difluorenylsuccinonitrile (DFSN) mechano-
phore, our group has demonstrated that the MN strategy boosts
the amount of mechanically active mechanophores, even though
the mechanophore is substantially diluted in the matrix networks
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(Figure 6).* In addition to its mechanochromic properties,
DFSN functions as a sacrificial bond™ because it is weaker than a
typical covalent bond, resulting in an improvement in the
mechanical properties of the elastomer. Moreover, the polymer
network cross-linked by DFSN with increased mechanosensi-
tivity responds to the force arising from solvent absorption.”
Solvent swelling induces an efficient mechanochemical reaction
compared to one-dimensional elongation because it provokes an
isotropic expansion of the network, while the uniaxial stretching
of elastomers is accompanied by compression in the direction
perpendicular to the loading direction. Because of its versatility,
this strategy has lately attracted increasing attention and has
been applied to a wide variety of reaction systems.”' ™"
Moreover, the mechanochemical sensitivity can be enhanced
simply by solvent swelling at the expense of the mechanical
performance.”’

As discussed above, the scission, or sometimes releasing
hidden length, within mechanophores can effectively dissipate
elastic energy to reinforce gels and elastomers. Recent notable
work from Craig’s group demonstrated that the sacrificial
species make networks either tougher or weaker, depending on
their positions.”* ™%’ Tetra-arm poly(ethylene glycol) gels get
weaker when mechanically weaker linkers (more active
mechanophores) are incorporated into the middle of elastically
effective strands (Figure 7a).”® However, the weaker linkers
work to strengthen elastic networks if they function as the bridge
between elastically effective chains (Figure 7b).'%° By
elaborately designing a network structure with mechanophores,
the mechanical properties of elastic materials can be significantly
altered.

A few examples of studies have successfully reduced the
activation threshold strain by focusing on the micro- and
macroscopic material design. Boydston and Boechler prepared
SP-containing polycaprolactone and PDMS with periodic
microstructures via three-dimensional printing and mold
casting, respectively. The microstructured materials undergo
activation at much lower global strains due to stress localization
in the thin regions. A smaller microporous architecture in PDMS
reduces the critical stress and strain for mechanochromic
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Figure 7. Polymer networks with mechanophores (a) embedded in the
middle of elastically effective chains or (b) as a bridge between
elastically effective chains. The orange part indicates the mechano-
phore.

response.'’’ A 5—25 um size pore was introduced by curing
PDMS with SP and silica nanoparticles in ethanol—water
hydrophilic cosolvents. Because of the stress—concentration at
the interface, i.e., the pore surface, the porous PDMS composites
show color change at a strain half of that of the nonporous one.
The study also revealed that the critical strain gets smaller
following the decrease in the pore size, while the intensity of
mechanochromism and stretchability increase.

Although approaches to decrease the molecular force
threshold on the basis of a mechanophore design, which avoids
relying on covalent bond scissions,””'**™'"” are beyond the
scope of this Perspective, a multiscale design of mechanores-
ponsive polymers in terms of the mechanophore, polymer
structure, and material shape will pave the way for novel
functions and future applications.

5. CONCLUSIONS

The paradigm shift in polymer mechanochemistry resulting
from the introduction of the mechanophore concept has
induced considerable progress in the development of functional
polymers. The fundamental characteristics of mechanophores
have been mainly investigated by ultrasonicating dilute polymer
solutions, which ensures high reaction efficiency and analytical
accessibility. However, despite the experimental evidence
supporting the numerous potential applications of mechano-
phores, the low reaction efficiency in bulk systems hinders the
development of practical applications. The studies mentioned in
this Perspective provide insights into the design of materials with
high mechanosensitivity. The establishment of strategies to
improve the mechanophore response will undoubtedly be key to
broadening potential applications by realizing novel function-
alities such as stress strengthening and reducing the synthetic
cost, which is proportional to the amount of installed
mechanophores. In addition, the ability to freely control the
mechanical sensitivity and response efficiency will lead to
materials that can potentially identify the type'®® and
magnitude'>”>”" of the force. Taking advantage of the flexibility
in designing mechanophore-based materials, it is feasible to
expect that a rational macromolecular design will lead to
significant breakthroughs in the field of mechanofunctional
polymers in the near future.
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