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Figure 1.12 (a)Mechanical dissociation of rotaxane mechanophore 5 by an unstoppering
process. (i) US (20 kHz, 11.5 W cm−2, 1 s ON/2 s OFF), CH3CN, 5–10 ∘C, 240 min. Red arrows
indicate the direction of force. (b) Distribution of tensile stress in rotaxane mechanophore
obtained from CoGEF calculations (DFT B3LYP/6-31G*).
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C—O bond at the axle-stopper junction. This bond is only observed to cleave in
rotaxane 5, as its force-uncoupled rotaxane and axle counterparts cleave in the
poly(methyl acrylate) backbone. This selectivity originates from the constriction
of the axle by the stretched macrocycle, resulting in the accumulation of high
tensile, bending, and torsional stress that active covalent bonds that are otherwise
unreactive. In other words, a rotaxane actuator enhances the mechanical reactivity
of the covalent bond in the axle. This finding has significant implications for the
future development of slide-ring materials (a network of polyrotaxanes connected
by their macrocycles) [63]. They display a remarkable ability to absorb mechanical
energy at low extension due to “pulley effect” of their mobile cross-links, but this
finding suggests that their rotaxane architecture could accelerate the failure of this
material at maximal elongation (when the macrocyclic crosslinks are forced against
the terminal stoppers of the polymer axles).

1.3.2 Polymers Containing a Catenane

As rotaxane actuators are able to induce a substantial amount of deformation in the
axle (Figure 1.12b), it is noteworthy that the macrocycle itself is virtually free from

Figure 1.13 Sonication data for Craig’ s polymers. Limiting mass and length of polymers
containing a catenane (a), compared to macrocyclic (b), and linear (c) controls. Red arrows
indicate the direction of force.
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deformation. Indeed, because tension can spread over the entire circular backbone
of macrocycles, they are less susceptible to elongational deformation than linear
segments.

In an early study, Craig and coworkers have shown that copolymers
containing [2]catenane junctions were as strong as their non-interlocked and linear
counterparts. Multi-mechanophore gem-dichlorocyclopropanatedpolybutadiene
copolymers with 5 mol% of either a benzamide [2]catenanes, or a macrocyclic or
linear mimic were sonicated for a prolonged time in order to reach the limiting
molecular weights (Mlim) below which mechanical activation does not occur
[64]. All three polymers show similar limiting molecular weights (Mlim) and
limiting lengths (Llim), which confirms their similar mechanochemical reactivity
(Figure 1.13).

The previous results suggest that bond scission occurs outside the topological fea-
tures of these polymers (i.e. in the linear segments in between); however, the location
and nature of the scissile bond were not investigated. This issue was tackled in a

Tensile deformation / %
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Figure 1.14 Mechanical activation of catenane mechanophore 9. (i) US (20 kHz,
13.0 W cm−2, 1 s ON/2 s OFF), CH3CN, 5–10 ∘C, 240 min. Red arrows indicate the direction of
force. (b) Distribution of tensile stress in catenane mechanophore obtained from CoGEF
calculations (DFT B3LYP/6-31G*).
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recent study by Zhang and De Bo, where they investigated the mechanical activa-
tion of a [2]catenane containing two identical mechanophores, one placed inside
the main ring of the catenane and the other one in the linear segment joining the
other ring to the actuating polymer (Figure 1.14a) [65]. The catenane is formed of
a B21C7 macrocycle threaded onto a larger 39-membered ring macrocycle and con-
tains two identical proximal-exo DA mechanophores. The intracyclic mechanophore
is embedded in the main ring, while the extracyclic mechanophore separates the
smaller B21C7 macrocycle from the actuating polymer. Sonication of catenane 9
leads to the sole activation of the extracyclic mechanophore. Indeed, as the catenane
is stretched, the macrocycles will rotate along each other to a position where the ten-
sion is spread equally over the two rings. As a result, the intracyclic mechanophore
experiences a much lower level of deformation than its extracyclic counterpart in the
linear section of the construct (Figure 1.14b).

1.4 Changes in Optical Properties – Reversible
and Irreversible Changes of Optical Properties
by Movement of Macrocycle in a Rotaxane

External force can also be applied to polymers containing mechanical bonds in the
solid state. This activation has previously been used in the development of irre-
versible force sensors as the cleavage of covalent bonds in mechanophores gives
an optical response [66]. Polymers containing mechanical bonds provide access to
reversible force probes. Gradually applying force in the solid state will first disrupt
weak non-covalent interactions in the mechanophores, followed by bond dissocia-
tions as the force is increased or many cycles are applied. This behavior has resulted
in the development of optical force sensors that act both reversibly and irreversibly
and have the ability to visualize both small and large forces.

Slide ring gels contain polymer chains that are covalently cross-linked by a figure
of eight cross-links. These cross-links are neither covalently linked to nor have phys-
ical interactions with the polymer chains, allowing for the links to pass over the
chains, causing the dispersion of applied tension over the material. The slide ring
effect causes these gels to have improved mechanical properties compared to poly-
mers containing covalent cross-links [63].

In an effort to visualize the slide-ring effect, Takata, Otsuka, and coworkers assem-
bled a slide-ring gel in which macrocycles are connected by a diarylbibenzofuranone
(DABBF) [67] mechanochromophore [68]. As the gel is stretched, mechanical
energy is dissipated via the sliding of the macrocycle (slide-ring transition). In this
context, the DB24C8 macrocycle is pulled away from the secondary ammonium
station over the C12 linker until it reaches the terminal 2,5-dimethylphenyl stopper.
Further elongation would activate the DABBF mechanochromophore to produce
a blue-colored arylbenzofuranone (ABF) stable radical, effectively revealing where
a slide-ring transition has occurred (Figure 1.15a). Covalent (CCP) and rotaxane
(RCP) cross-linked polymers were formed by reacting a methyl acrylate (MA)-based
random copolymer modified with 3-isopropenyl-α,α-dimethylbenzyl isocyanate
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Figure 1.15 (a) Schematic illustration of the activation of a rotaxane crosslinked polymer
10. (b) Photographs of polymers during tensile tests. (c) Activation of rotaxane crosslinked
polymer at 570% elongation. Red arrows indicate the direction of force. Source: Lu et al.
[68] / Royal Society Of Chemistry.

(TMI) with DABBF or DABBF-linked [3]rotaxane cross-linkers respectively. Both
CP were subjected to tensile tests, and the mechanochromic behavior of DABBF
was monitored visually while the formation of the ABF radical was quantified
by electron paramagnetic resonance (EPR). Both CCP and RCP form white films
when no strain is applied. At maximum strain (CCP: 490%, RCP: 570%), CCP color
turns to a deep blue over the entire sample, unlike RCP, which only displays a faint
blue domain in the neck of the sample (Figure 1.15b). This picture was confirmed
by EPR, where the dissociation rate of RCP was found to be about four times
lower than that of CCP. The low degree of activation in the rotaxane cross-linked
system was attributed to the slide-ring transition itself (i.e. the mechanical energy
is dissipated before the DABBF can be activated) and to a faster recombination of
ABF radical in RCP than CCP due to the higher mobility of the rotaxane junction.
However, a dissociation of the rotaxane by dethreading cannot be excluded as
the 2,5-dimethylphenyl stopper can be easily crossed by the macrocycle under
tension [69].

Stoddart’ s earliest example of the mechanochemistry of rotaxane-centered
polymers involved a change of optical properties due to exposure of a DNP unit after
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disruption of CT interaction (Figure 1.10) [57]. However, in this work, the change in
optical properties was used only to determine the mechanical change depending on
whether the polymer is still intact. More recently, groups have been able to develop
mechanical bonds containing mechanochromic devices to give an optical response
to a force. Mechanochromic mechanophores have been previously reported [70],
but they usually rely on the rupture of a covalent bond and hence require high
activation force (nN regime). The ability to sense lower force is particularly desirable
to detect mechanobiological processes, which typically occur in the low pN regime
[71]. This force regime is the realm of non-covalent interactions, and a rotaxane
is an ideal platform to build such a sensor as its subcomponents are often held in
place with non-covalent interactions. This strategy was recently used by Sagara
and Weder to design a mechanochromic rotaxane in which a fluorophore-bearing
macrocycle is wrapped around an electron-poor aromatic quencher [72]. The
rotaxane consists of a 1,5-dinaptho[38]crown-10 macrocycle modified with a
4,7-bis(phenylethynyl)-2,1,3-benzothiadiazole (BTH) fluorophore around an axle
containing a 1,4,5,8-napthalenetetracarbocyclic diimide (NpI) quencher. As tension
is applied, the macrocycle moves away from the quencher and green emission is
observed; the emission then immediately disappears as the film is stretched and
released, and the macrocycle can re-locate to the quencher (Figure 1.16a,b).
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Figure 1.16 (a) Schematic illustration of reversible rotaxane mechanophores 11a–c.
(b) Photographs of mechanophore-containing thin film during elongation. (c) Activation of
rotaxane mechanophores at 600% elongation. Red arrows indicate the direction of force.
Source: Sagara et al. [72] / American Chemical Society.
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Changing the luminophore part gives access to blue (π-extended pyrene), green
(π-extended anthracene), and orange (π-extended 4-(dicyanomethylene)-2methyl-
6-(4-dimethylaminostyryl)-4H-pyran) photoluminescence (Figure 1.16c). A white-
light emission elastomer can be built by combining 11a–c rotaxanes in the same
elastomer [73].

These systems can be activated at low force in a reversible fashion, as they only
require the rupture of non-covalent interactions between the macrocycle and its
station. However, this design does not enable the fine-tuning of the activation force
as the optical and mechanical responses are coupled. In addition, some applications
would benefit from an irreversible activation. For example, when the stress history
of the material is important (e.g. to indicate when a material has experienced a cer-
tain deformation). To address this challenge, Sagara, Weder, and coworkers reported
a rotaxane-based mechanophore that can display both reversible and irreversible
responses depending on the magnitude of the applied force (Figure 1.17a) [74]. At
low tension, the macrocycle is pulled away from the quencher, but it is still retained
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Figure 1.17 (a) Schematic illustration of reversible and irreversible rotaxane
mechanophores; red arrows indicate the direction of force. (b) Example structure of dual
response rotaxane mechanophore 12. Source: Muramatsu et al. [74] / American Chemical
Society.
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Figure 1.18 (a) Activation of a mechanochromic hydrogen-bonded rotaxane 13 containing
ACM O’Reilly dye after compression. (b) Schematic illustration of force applied to
polyacrylamide gel containing rotaxane mechanophore as cross-linker, red arrows indicates
the direction of force. Conditions (i) acrylamide (12% w/v), bis-acrylamide (0.3% w/v),
rotaxane 1 (0.3% w/v), N,N,N′ ,N′-tetramethylethylenediamine, (NH4)2S2O8, THF/H2O (1 : 1).
(c) Fragments of rotaxane crosslinked gel under 254 nm UV light. (d) The same fragments
after compression of * with tweezers for 5 s. (e) comparison of compressed * and native
PAAG-RTX fragments with PAAG-FT. Scale bar = 5 mm. Source: Sandoval-Torrientes et al.
[75] / John Wiley & Sons / CC BY 4.0.
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by the stopper, and releasing the tension restores the initial state. Beyond a certain
force threshold, the macrocycle can be pulled over the stopper, and the activation
is irreversible. This feat is achieved with a smaller stopper (p-di-tert-butylphenyl)
than in the previous design (Figure 1.17b). Consequently, the size of the macrocycle
has been reduced, and a smaller pyromellitic diimide quenching unit is used.
Reversible activation of thin film of polyurethane elastomers incorporating the
rotaxane (0.05 mol%) was achieved over 50 strain/release cycles (300% maximal
strain). However, when the strain was increased to 600%, the emission intensity
in the relaxed state increased gradually with the number of cycles and the applied
strain. The effect was more prominent at higher strain, which suggests an increasing
amount of irreversible activation by dethreading. This study shows how a small
change in the architecture of a rotaxane can result in both reversible and irreversible
responses to force. Notably, the rotaxanes that become dethreaded over time can
allow for the recording of the mechanical history of a material undergoing repeated
stain as an optical signal.

In 2021, De Bo and coworkers were able to introduce a rotaxane force sensor into
a polyacrylamide gel (PAAG), which can serve as a model for living tissue [75].
The rotaxane 13 is centered around an aminochloromaleimide (ACM) derivative
(O’Reilly dye) [76], which acts as both a fluorescent dye and a recognition motif
for the macrocycle (Figure 1.18a). These dyes exhibit a strong emission due to their
donor–acceptor architecture, which is quenched in the presence of a strong hydro-
gen bond donor [77]. Additionally, their optical properties can be tuned by altering
the substitution pattern [78]. It was hypothesized that the macrocycle, containing
both a hydrogen bond donor unit (pyridyl-2,6-dicarboxyamide) and a hydrogen bond
acceptor crown ether-like region, would be a suitable host for the ACM unit and that
the fluorescence of ACM would be altered due to the presence of two electron-rich
aromatic flanking groups and the hydrogen bond network (Figure 1.18a). The rotax-
ane was incorporated as a cross-linker in a PAAG, a popular matrix model to mimic
living tissues due to their similar viscoelastic properties (Figure 1.18b). The green
fluorescence of the resulting PAAG-RTX gel is greatly reduced when the gel is com-
pressed (Figure 1.18c–e); however, the activation proved irreversible, probably due
to stronger hydrogen bonds between polar groups in the gel and components of the
rotaxane, than between the components themselves (i.e. between the dye and the
macrocycle). Though a reversible activation was not achieved, this system offers a
versatile platform for the assembly of a force sensor for in vivo applications.

1.5 Conclusions

As the number and complexity of mechanical bonds expand, new force-responsive
transformations will become available. SMFS and ultrasound activation can work
hand-in-hand to uncover new and interesting dissociation pathways and the
real-time events leading to bond cleavage. The different ways in which rotaxanes
and catenanes direct force will have important applications in the design of future
materials containing these architectures, which will be subjected to high force,
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either accelerating the cleavage or shielding specific sites from force. The way
that component parts can be pulled either toward or away from each other can be
exploited to unlock new reactivity within the mechanical bond structure. Continu-
ous development of force-responsive materials could result in increased responses to
multiple levels of force, allowing for materials to display more detailed information
on the stress applied and offering a wider range of potential applications in different
settings.
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