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Abstract: The application of external force to mechanical bonds allows for the investigation of how 
these architectures behave to various levels of force, leading to useful applications in force responsive 
systems. This chapter covers different techniques used to study the response of mechanical bonds to a 
range of forces. Single molecule force spectroscopy (SMFS) can be used to study responses to force in 
the pN range, including the disruption and reformation of non-covalent interactions within the 
component parts of mechanical bonds. Ultrasonication activation has been used to investigate the 
dissociation mechanism of catenanes and rotaxanes in the nN force regime. Finally, solid state 
activation has led to the use of mechanical bonds within force responsive materials. The studies in this 
chapter highlight the useful properties of the mechanical bond in the development of force responsive 
systems in both the small scale within single molecules and the development of smart materials. 
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1 Introduction 

Mechanical bonds present useful dynamic properties that have been instrumental in the development 
of molecular machines and smart materials, as their subcomponents can undergo large internal 
displacement (e.g. shuttling of a macrocycle along the axle of a rotaxane).[1] When coupled with a 
directional elongation force, such a large amplitude movement can trigger a useful mechanochemical 
transformation.[2] As an external force is applied, molecules respond by bond rotation and bending 
before cleavage of covalent bonds occur at high force. Mechanical bonds follow a similar two-stage 
response to external force. If the macrocycle of a mechanical bond is forced away from its equilibrium 
position the molecule will go through a stage of deformation (Figure 1, dashed arrows) before the 
eventual cleavage of a covalent bond (Figure 1, plain arrows). An alternative non-covalent dissociation 
pathway is accessible if the macrocycle can pass over the stopper of a rotaxane (dethreading). 
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Figure 1. Response of catenanes and rotaxanes to external force. 

Different experimental techniques can be used to study the two force ranges involved in the 
application of force to mechanically interlocked molecules. Single-molecule force spectroscopy (SMFS) 
has been used to probe non-covalent (e.g. elongation, dethreading) and dynamic (e.g. shuttling) 
processes in interlocked molecules. These phenomena typically occur in the pN regime, and SFMS 
provides quantitative information on the force and elongation distance involved. Ultrasound 
activation generates forces in the nN regime where the scission of covalent bonds occurs. This 
technique has been used to activate mechanically interlocked molecules and elucidate their 
mechanism of dissociation under tension. This chapter will cover the recent advances in the study of 
mechanical bonds under external force moving from low force (SMFS, section 2) to high force 
(ultrasonication in solution, section 3) processes. The final section presents the recent developments 
on the use of interlocked molecules in mechanoresponsive materials (section 4). 

2 SMFS in the study of non-covalent interactions 

Single-molecule force spectroscopy (SMFS) consists in trapping and stretching a molecule between an 
atomic force microscopy (AFM) tip and a surface, or in a laser trap or between magnetic beads, to 
probe molecular processes in situ and in real time through the application of mechanical forces. For 
more than two decades, SMFS has proved efficacious in deciphering mechanistic information of 
individual biomolecules and in quantifying their force response to external stress. Such experiments 
have provided unprecedented insights into the structure and function of many biological systems, 
including DNA, proteins, enzymes, biomolecular machines.[3–15] In addition to its widespread use 
with biological macromolecules, the technique has been adapted for the study of intra-molecular 
processes in synthetic macromolecules including polymers,[16] mechanophores,[17–20] and 
interlocked systems.[21,22] However, only a few investigations on intra-molecular processes and 
single-molecule mechanics have been realized on small molecules (1–5 nm), successful examples 
including molecular recognition pairing,[23] helical structures [24] and artificial molecular machines 
prototypes.[25–30] The rarity of such studies stems from the difficulty in developing proper tools and 
preparing appropriate molecules that can be interfaced with SMFS techniques, especially when one 
wants to probe sub-molecular motions. 

 Rotaxanes 

Stoddart, Houk, Ho, and co-workers have pulled the macrocycle over the bulky end groups of a redox-
active rotaxane with an AFM tip.[31] They compared the large forces required to de-thread oxidized 
and unoxidized molecules. They have used the switchable, bistable, [2]rotaxane R4+ shown in Figure 2, 
whose mechanism is based on the redox-controlled mechanical shuttling of the macrocycle along its 
axis. The molecule was specifically designed with a short thioctic acid linker tethered to the ring for 
tight attachment to a gold AFM tip and with a hydroxymethyl group on one of the stoppers for 
attachment to SiO2 substrates via covalently bound monolayers of isocyanatopropyl linkers. They used 
force spectroscopy to probe the steric and electrostatic interactions present in the ground and 
oxidized states of R4+ (Figure 2). Control measurements consisted in probing molecules to measure the 
repulsive steric interactions between the cyclobis(paraquat-p-phenylene) (CBPQT4+) ring and the 
diisopropylphenyl ether stopper. The probing of the R6+ molecules in an oxidizing solution was used 
to measure the repulsive force between the CBPQT4+ ring and an oxidized tetrathiafulvalene (TTF2+), 
which is responsible for molecular actuation. On the basis of the differences in the force required to 
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pass the ring over the stopper in presence and absence of the Fe(ClO4)3 oxidizing agent, they made an 
estimation of the repulsive electrostatic barrier, which is ultimately responsible for the molecule’s 
actuation. 

By using the measured force spectroscopy values of 66 pN for the de-threading barrier under 
nonoxidative conditions and 145 pN for the oxidant-induced electrostatic repulsion barrier, along with 
the distance of 8.6 Å of the energy barrier produced from molecular simulations for the dethreading 
of the CBPQT4+ ring over the bulky stopper, and 13.0 Å as the distance necessary for the CBPQT4+ ring 
to travel from the DNP recognition site to the TTF2+ dication, the difference in interaction energies can 
be calculated as 19 kcal mol-1. By combining the 19 kcal mol-1 difference in oxidative and nonoxidative 
interaction energies with the theoretically determined value of 46 kcal mol-1 for the energy associated 
with ground-state dethreading, a final value of 65 kcal mol-1 was obtained, representing the amount 
of repulsive actuation energy between CBPQT4+ and TTF2+ produced by the oxidation of R4+. As 
estimated by this approach, 65 kcal mol-1 represents the upper limit of the total actuation energy. 

Unfortunately, the irreversible rupture of molecules due to the dethreading required by this 
experiment prohibits the realization of a relaxing step to complete the cycle required to directly probe 
the mechanical work generated against the external load and to verify the estimation of 65 kcal mol-
1.  

 

 
Figure 2. Chemical structure and schematic representation of the AFM force spectroscopy experiment of the bistable 
[2]rotaxane R4+, in which an electron-poor cyclobis(paraquat-p-phenylene) (CBPQT4+) ring is confined to an axis containing 
two electron-rich recognition sites, tetrathiafulvalene (TTF) and 1,5-dioxynaphthalene (DNP), by the presence of bulky 2,6-
diisopropylphenyl ether stoppers at each end. The stopper close to the DNP site carries a hydroxymethyl group for 
subsequent attachment to silicon wafers. Left: The CBPQT4+ ring, which carries a very short tether terminated by a thioctic 
acid ester for attachment to a gold-coated AFM tip, displays a stronger interaction with TTF than with DNP and thus resides 
selectively on the former. Right: Chemical oxidation of TTF to TTF2+ results in a strong charge–charge repulsion between the 
CBPQT4+ ring and TTF2+, a situation that causes the CBPQT4+ ring to shuttle to DNP in the oxidized [2]rotaxane R6+. Adapted 
from ref.[31] 

In 2011, Duwez, Leigh, and co-workers succeeded in detecting sub-molecular movements in a 
hydrogen-bonded rotaxane and in directly measuring the work generated by this molecule against a 
load.[25] They designed a hydrogen-bonded rotaxane with a poly(ethylene oxide) (PEO) tether 
attached to the ring to track its motion by an AFM cantilever (Figure 3). The [2]rotaxane consists of a 
ring mechanically locked onto a thread by two bulky groups situated at either end of the axle. The 
thread bears a fumaramide and a succinic amide-ester site, each of which can bind to the macrocycle 
through four intercomponent hydrogen bonds.[32] The ring predominantly resides over the 
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fumaramide site (green in Figure 3), the occupancy ratio being higher than 95:5, compared to the 
succinimide ester (orange in Figure 3). A chain, suitable for binding to an AFM tip, was attached to the 
macrocycle. Close to the fumaramide binding site, a 1,2-dithiolane ring was introduced to enable the 
grafting of the rotaxane onto a gold surface.  

 

 

 

Figure 3. Left: Schematics of the single-molecule force spectroscopy experiment of the rotaxane. The rotaxane is grafted 
onto gold and the PEO tether is caught by the AFM tip. Right: Chemical structure of the rotaxane molecule. The rotaxane 
consists of a benzylic amide molecular ring (in blue) mechanically locked onto an axle by bulky diphenylethyl ester groups 
situated at either end. The axle bears a fumaramide group (in green) and a succinic amide-ester group (in orange), either of 
which can act as a binding site for the ring through up to four intercomponent hydrogen bonds. The affinity of the ring for 
the fumaramide site is much higher than for the succinic amide-ester site, so that the fumaramide:succinic amide-ester 
occupancy ratio is higher than 95:5. Next to the fumaramide binding site, a disulfide group (in red) was introduced to 
enable the grafting of the molecule onto gold substrates. A PEO tether (in blue) is attached to the ring in order to link the 
molecule to the AFM probe and track the motion of the ring along the axle. Adapted from ref.[25] 

They used the cantilever of an AFM microscope to catch the tether, then apply a mechanical load to 
the ring of the rotaxane and follow its movement. The caught molecules were stretched in a controlled 
manner by moving the tip away from the substrate at a fixed pulling rate, and the force–extension 
profiles were measured. Thanks to the long tether, the detachment of the macrocycle from its station 
is directly observable in the stretching profile. Indeed, the progressive stretching of the PEO tether 
gives the characteristic parabolic profile of a random coil, which loses entropy on stretching, inducing 
a restoring force. Once the force exerted on the tether exceeds the strength of the hydrogen bonds 
between the macrocycle and the fumaramide station, the hydrogen bonds break, which results in the 
appearance of a small peak in the main force profile. This peak appears at about 27 pN in 
dimethylformamide and at 45 pN in tetrachloroethane (TCE), reflecting the relative strengths of 
solute–solute hydrogen bonding in the two solvents. They fitted the pulling profiles the worm-like 
chain model (an entropic elasticity model that predicts the relationship between the extension of a 
linear polymer and the entropic restoring force). The fits of the profile before and after the rupture 
peak give the increase in length (DLc) of the molecule after rupture of the inter-component hydrogen 
bonds of about 4 nm, which is consistent with the theoretical length of the fully extended thread 
between the two binding sites. 

Pulling–relaxing cycles were also recorded, and they observed a peak which is the signature of force 
acting on the tether. This shows that the macrocycle has travelled back from the succinic amide-ester 
site to the fumaramide site and that it is able to generate force when rebinding against the external 
load exerted by the cantilever. It means that if we trap the ring and then slightly decrease the force 
on the tether while maintaining the pulling, the ring is capable of pulling more strongly to recover its 
preferred position. In TCE the macrocycle is able to travel back against an external load of 30 pN. The 
mechanical work produced by this sub-molecular motion is about 6 kcal mol-1. 

intermediate step that we attribute to the formation of weak
hydrogen bonds with the axle along the shuttling path.

■ RESULTS AND DISCUSSION
The rotaxane was chemically modified for its interfacing
between a surface and an AFM tip following the previously
described strategy.11 A poly(ethylene oxide) (PEO) chain
attached to the molecular ring serves as a tether for the tip
attachment during force experiments. The tip was brought into
contact with the substrate in 1,1,2,2-tetrachloroethane and
then withdrawn from the surface in a controlled manner so
that the molecular ring is mechanically pulled away from its
preferred f um station to reach the succ station. The
mechanically induced shuttling motion is identified by a
characteristic force peak (Figure 1C) presenting a revealed
length of ∼4 nm, easily distinguishable from the usual
stretching and desorption of the tether. The intensity of the
peak, about 40 pN (Figure 1D), reflects the force required to
break the H-bonds between the ring and the fum station,
matching the force values already observed for these
interactions under similar conditions.11,16 The revealed
lengthobtained from the contour length variation ΔLc of
the worm-like chain (WLC) model17corresponds well to the
distance between the fum and the succ stations (details in the
SI). The relaxing part of the experiment is performed by
releasing the force applied on the ring by moving the tip
toward the surface. We observed a similar deviation in the
relaxing curve evidencing the shuttling of the ring back to its
preferred fum station (Figure S2). During both pulling and
relaxing curves, i.e., respectively withdrawal and approach of
the tip, we observed many fluctuations between the two states
(Figures 2B and S2). This behavior, also known as a hopping
phenomenon,13,14,18,19 is indicative of a rapid movement of the
ring between the two stations.
In addition to the macrocycle binding to the fum and succ

stations, we were able to identify an intermediate state during
the shuttling of the ring along the molecular thread. The
distribution of revealed lengths during pulling−relaxing

experiments shows a further population at 1.8 ± 0.2 nm
(Figure 2A). This corresponds to the ring being trapped in the
middle of the thread instead of shuttling to the second station.
It is worth noting that, unlike the force-clamp experiment
performed previously on a related rotaxane,13 here the relative
proportion of the populations in Figure 2A does not reflect the
ring occupancy on the different stations, given that the
pulling−relaxing experiments were performed under a force
ramp with a variable threshold force.
The intermediate state is also apparent from the occupancy

analysis shown in Figure 2B. During the pulling (Figure 2B,
top) the ring shuttles from the fum station (in green) to the
succ station (in orange). The transition from one station to the

Figure 1. Single-molecule force spectroscopy experiment on a hydrogen bonded [2]rotaxane. (A) Scheme of the experimental setup representing
the rotaxane chemically attached to a gold-coated silicon surface and the AFM mechanical pulling using a tether attached to the ring. (B) Chemical
structure of the [2]rotaxane. The benzylic amide macrocycle (in blue) can shuttle from the fumaramide station (in green) to the succinic amide-
ester station (in orange). (C) Typical force−distance curve showing a rupture peak with ΔLc = 4 nm, followed by the final PEO detachment peak.
Worm-like chain (WLC) fits are added in red. (D) Distribution of the peak force, i.e., rupture of intramolecular hydrogen bonds between the ring
and the fumaramide station. Gaussian analysis returns Fpeak = 36 ± 5 pN.

Figure 2. Evidence of an intermediate state during the ring shuttling.
(A) Distribution of ΔLc values measured on pulling and relaxing
curves. The first population centered at 1.8 ± 0.2 nm corresponds to
the intermediate state, i.e., the interaction between the ring and the
oxygens in the middle of the thread. The second population centered
at 3.9 ± 0.3 nm corresponds to the complete shuttling from the fum
station to the succ station (or reversibly on relaxing curves). (B) Two
force−displacement curves corresponding to subsequent pulling and
relaxing movements of the tip, both showing the presence of an
intermediate state. The ring shuttles from the fum station (green),
through the intermediate state (red), to the succ station (orange). The
distributions based on the force deviation from the force ramp, ΔF,
are shown on the right with three populations reflecting the existence
of three different occupied states.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://dx.doi.org/10.1021/jacs.0c12161
J. Am. Chem. Soc. 2021, 143, 2348−2352
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They also used the Crooks fluctuation theorem to estimate the free energy driving the macrocycle to 
bind to the fumaramide binding site at zero force. The work done on/by the molecules during 
pulling/relaxing is given by the areas below the corresponding force-extension curves. The rupture 
and rebinding work distributions overlap over a large range of work values and cross at a value of the 
work DG of 9.3 ± 2.3 kBT = 5.5 ± 1.3 kcal mol-1. The work value for a loading rate of 500 pN s-1 is close 
to this binding-energy difference between the two hydrogen-bonding motifs, indicating that under 
these conditions, the rotaxane is able to make use of almost all the energy available from hydrogen 
bonding to perform work along the direction of the applied load. 

This example was the first quantitative measurement of the work done by a single synthetic molecular 
machine. It shows that the biased Brownian motions caused by thermal energy can be harnessed 
within a single synthetic small molecule, to generate significant directional forces of similar magnitude 
to those generated by natural molecular machines, which are a lot bigger.  

More recently, they detected the real-time fluctuations in the force experiments on these rotaxanes 
and revealed an intermediate weak binding state during shuttling.[30] They mechanically triggered 
the translocation of the ring between the two principal binding sites on the axle. Equilibrium 
fluctuations reveal another interacting site involving the two oxygen atoms in the middle of the 
thread. They characterized the ring occupancy distribution over time, which confirms the intermediate 
in both shuttling directions. The study provides evidence of weak hydrogen bonds that are difficult to 
detect using other methods and shows how the composition of the thread can significantly influence 
the shuttling dynamics by slowing down the ring motion between the principal binding sites. More 
generally, the study illustrates the utility that single-molecule experiments, such as force 
spectroscopy, can offer for elucidating the structure and dynamics of synthetic molecular machines. 

Ibarra and coworkers studied the dynamics of a related rotaxane, modified to contain a very long 
thread so that the molecule could be investigated using optical tweezers in an aqueous environment 
(Figure 4).[27] Force-clamp experiments under low external forces were made possible due to the high 
stability of the trapping and allowed them to measure the dynamics of the rotaxane in aqueous 
medium. They observed a lower rupture force of 8.5 pN for the breaking of hydrogen-bonds between 
the macrocycle and the fumaramide station, in agreement with the relative strengths of hydrogen 
bonding in water and organic solvents, intercomponent hydrogen bonds being stronger in less polar 
solvents. Hopping events were also evidenced between the fumaramide and succinic amide-ester 
stations, but no intermediate states were observed. Since these experiments were performed in 
aqueous conditions, we suggest that the formation of weak hydrogen-bonds between the macrocycle 
and the polyether thread would be much less favorable, and so under those experimental conditions, 
the intermediate states may not be significant. Furthermore, the detection of such close intermediate 
states is difficult given the spatial resolution of optical tweezers. 

Their experimental set-up allowed very stable pulling-relaxing experiments to probe real-time 
shuttling events. Under these conditions, hundreds of shuttling events of the macrocycle between the 
two stations were monitored in real-time during minutes. From these data, they obtained crucial 
information about the dynamics of shuttling, and a detailed picture of the energy landscape at 
different forces.  

 



 6 

 

 

 
Figure 4. Left: Schematics of the OT-based single-molecule force spectroscopy experiment of the rotaxane. The 
rotaxane is grafted onto gold and the PEO tether is caught by the AFM tip. The rotaxane is attached to two 
polystyrene beads (diameter ~3 μm) through two dsDNA molecules: the 2686 bp dsDNA molecule connects the 
macrocycle to the bead via digoxigenin-antidigoxigenin (Dig-αDig) connections. The 830 bp dsDNA molecule 
connects the shuttle to a bead held by suction on a micropipette, via biotin-streptavidin connections at one end 
and Dig-αDig at the other end. Load is applied to the system by moving the optical trap away from the 
micropipette. At constant load, the shuttling dynamics of the macrocycle are inferred by measuring the motions 
of the bead. Right: Chemical structure of the rotaxane molecule modified to be trapped in a laser in aqueous 
medium. The axle contains fumaramide (green) and succinic amide-ester (orange) stations separated by a very 
long oligoethyleneglycol spacer. A DNA oligonucleotide was covalently attached to the macrocycle to allow the 
manipulation in the optical trap 

In 2018, Duwez, Sluysmans, Stoddart, and co-workers investigated the mechanochemical properties 
of donor–acceptor oligorotaxane foldamers, in which interactions between the mechanically 
interlocked component parts dictate the single-molecule assembly into a folded secondary structure 
(Figure 5).[28] 

They used AFM-based single-molecule force spectroscopy to mechanically unfold molecules made of 
oligomeric dumbbells incorporating 1,5-dioxynaphthalene units encircled by cyclobis(paraquat-p-
phenylene) rings. Real-time capture of fluctuations between unfolded and folded states revealed that 
the molecules exert forces of up to 50 pN against a mechanical load of up to 150 pN, and displayed 
transition times of less than 10 μs. They showed that the folding is at least as fast as that observed in 
proteins, and remarkably more robust, thanks to the mechanically interlocked structure.  

The mechanical breaking of the donor–acceptor interactions responsible for the folded structure was 
measured over a broad range of loading rates.[29] The results showed a high constant rupture force 
over a leading rate covering three orders of magnitude. In comparison with dynamic force 
spectroscopy performed during the past 20 years on various (bio)molecules, the near-equilibrium 
regime of oligorotaxanes persists at much higher loading rates, at which biomolecules have reached 
their kinetic regime, illustrating the very fast dynamics and remarkable rebinding capabilities of the 
intramolecular donor–acceptor interactions. The authors investigated single interactions at a time in 
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pulling-relaxing cycles and evidenced the near-equilibrium stochastic behaviour. Indeed, even if the 
pulling experiments are performed near thermodynamic equilibrium, small molecules are always 
being submitted to random thermal fluctuations that constantly modify their unfolding and refolding 
paths. Using the Crooks fluctuation theorem, they measured the mechanical work produced during 
the breaking and rebinding to determine a free- energy difference, ΔG, of 6 kcal·mol−1 between the 
two local conformations around a single bond. 

 

 

 
 
 

 

Figure 5. Left: Schematics of the single-molecule force spectroscopy experiment of the oligorotaxane. The theoretical 
variation of length after breaking one interaction between a free DNP and the contiguous ring is about 1.2 nm, on the basis 
of crystallographic data. Right: Chemical structure of the oligorotaxane molecule made of oligomeric dumbbells 
incorporating 1,5-dioxynaphthalene units encircled by cyclobis(paraquat-p-phenylene) rings.  

 Poly-(pseudo)rotaxanes 

The ability of a macrocycle to cross or not a steric barrier and dethread or not is what distinguishes a 
rotaxane from a pseudorotaxane. The ability of a bulky group to stop a macrocycle from dethreading 
has been the object of several experimental[33–40] and computational[33,35,41] studies, and it is not 
surprising that it has also been the subject of the first force spectroscopy investigations. Cyclodextrins 
(CD) are well known to form polyrotaxanes by threading on polyethyleneglycol (PEG) chains.[42] 
Round and co-workers investigated the sliding and deslipping behaviour of an a-CD on a PEG track.[43] 
Several polyrotaxanes of similar structure but with different thread lengths were probed by AFM-
based force spectroscopy (Figure 6). The force-extension profile obtained after pulling a cyclodextrin 
at a loading rate of 7–12 nN s-1 showed a peak at 114 pN and, for each rotaxane, the peak rupture 
length was consistent with the length of the PEG track plus the length of the tether linking the CD to 
the tip. A control experiment showed that the detachment of the polymer from the tip occurs at higher 
force. Taken together, these results suggest that the polymer breaks when the CD slips over the bulky 
tricarboxylic acid benzoyl stopper. 
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Figure 6. Single molecule force spectroscopy experiment of the deslipping behaviour of α-CD over a tricarboxylic acid 
benzoyl stopper on a PEG track. The red arrow indicates direction of force. 

The same authors have used a CD-based pseudorotaxane to measure the strength of a calcium- 
mediated eggbox junction (a cross-link between sequences of oligoguluronic acids (oligoGs).[44] After 
some equilibration time an AFM tip was used to pick an a-CD in order to unzip the eggbox junction. 
The authors determined how much force is required to slide along a single strand of oligoGs. Slipping 
over one guluronic acid requires about 47 pN, while unzipping requires 58 pN, 112 pN and 141 pN (at 
6–20 nN s-1) for oligoGs containing 2, 4 and 8 Ca2+, respectively. The strength of the first cross-link 
depends on the number of subsequent cross-links and inspection of the force-extension curves of the 
different oligomers shows that the CD does not break one complex at a time but rather disrupts a 
sequence of 4 Ca2+ at once.  

They also exploited the sliding and deslipping behaviour of a-CD to map the position of specific 
groups along a polymer chain and called their approach “sliding contact force spectroscopy”.[45]  

 Catenanes 

In 2014, Duwez, Fustin, Leigh, and co-workers probed the mobility of the rings in a [2]catenane of the 
benzylic amide family.[26] They selected two catenanes that differ only by methylation of the amide 
groups and the corresponding ability to form inter-component hydrogen bonds (Figure 7). Catenane 
CatNH has secondary amide groups and can thus form hydrogen bonds between the two macrocycles, 
restricting their mobility. In catenane CatNMe, the amide groups are methylated and the rings are 
relatively free to rotate. Poly(ethylene oxide) chains were grafted at each side of the catenane for 
pulling with the AFM tip. The experiment consisted of performing approach- retraction cycles with the 
AFM tip on the molecules adsorbed on the substrate in both 1,1,2,2-tetrachloroethane (TCE) and DMF. 
The persistence length of each molecule was extracted by fitting the force-extension curves with a 
worm-like chain model.  

Catenane CatNMe, which is unable to form any internal hydrogen bonds, showed the same 
persistence length (Lp) in both solvents (0.45 nm). On the other hand, catenane CatNH showed a 
dramatic increase in Lp from DMF (0.5 nm) to TCE (1 nm), due to strong hydrogen bond interactions 
between the two macrocycles that transform the catenane in a long rigid segment. This result showed 
that single-molecule force spectroscopy is able to address the mobility of the rings of a single catenane 
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unit, and nicely demonstrates the impact that a single mechanical bond can have on the mechanical 
properties of polymers. 

 

 

 
CatNH R=H 
CatNMe R=CH3 

Figure 7. Left: Schematics of the single-molecule force spectroscopy experiment of the catenane. Right: Chemical structure 
of the [2]catenane of the benzylic amide family.  

In 2019, Zhang, Huang, and co-workers investigated a poly[2]catenane made of the same catenane 
units of the benzylic amide family with inter-component hydrogen bonds (Figure 8).[22] The catenane 
units are separated by short alkane tethers. When pulling on these polymers, they observed force–
extension curves with a regular sawtooth pattern containing evenly spaced peaks. The contour length 
increments, 1.68 ± 0.12 nm, were in good agreement with the length change expected (1.5 nm) after 
the rupture of the inter-component hydrogen bonds from the theoretical modelling of the structures. 
They performed the pulling experiments at eight different pulling rates and determined the 
characteristic force rupture for the inter-component hydrogen bonds. They could observe both the 
equilibrium (below ~1500 pN s−1) and kinetic regimes (above~1500 pN s−1). Kinetic and thermodynamic 
parameters of the dissociation were extracted from the data with the Bell–Evans model.[46] The 
spontaneous unbinding rate in the absence of external force was estimated at about 0.07 s−1, and the 
distance between the bound state and the transition state was estimated at about 2.82 Å. However, 
since the near-equilibrium regime is probed, the Bell–Evans model is not the best suited to extract 
these parameters.[47] In this respect, it would be interesting to re-analyze the data with the Friddle–
Noy–De Yoreo model that consists in a nonlinear fit including both the near-equilibrium (loading rate 
independent) and the kinetic regimes where the force is proportional to the logarithm of the loading 
rate.[47] Cycles of one pulling and one relaxing experiment were also realized and showed that the 
hydrogen bonds can reform between the macrocycles of the catenanes during the relaxing step. The 
rebinding force was determined at the different loading rates and the spontaneous rebinding rate was 
estimated at 3.6 × 105 s−1 and the distance between the unbinding state to the transition state was 
estimated at 3.51 Å, using the Bell–Evans model.  
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Figure 8. Schematics of the AFM-based single-molecule force spectroscopy experiment of a poly[2]catenane. 

Janshoff, Marszalek, and co-workers designed an oligomer system made of interlocked calix[4]arenes 
dimers.[21] The dimers are held together by 16 hydrogen bridges and the interlocking limits how far 
the dimers can be separated after the rupture of the H bonds (Figure 9). The design prevents the bonds 
rupture from being irreversible and thus enables to study the rebinding of the calix[4]arenes dimers. 
Oligomers were prepared by tethering several of these dimers together. The force-extension curves 
obtained by pulling the molecule displayed a regular sawtooth pattern indicative of the successive 
rupture of the calixarene dimers. The assignment of the peaks was unambiguous in light of their 
equidistance that corresponds to the theoretical distance for the dimer separation. The strength and 
reversibility of the hydrogen bonds were measured at various loading rates, covering both the 
equilibrium regime and out-of-equilibrium regime, corresponding to pulling rates close to the 
spontaneous bond dissociation rate or much higher than this rate, respectively. The results, together 
with a stochastic modelling using a three-well potential under external load allowed the 
reconstruction of the energy landscape of the system. 

 

Figure 9. Left: Schematics of the AFM-based single-molecule force spectroscopy experiment of interlocked calix[4]arenes 
dimeric capsules. Right: Chemical structure of the capsules bound together by 16 hydrogen bonds. 
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3 Strength of Mechanical Bonds 

In polymer mechanochemistry, polymer chains are used to activate mechanophores (force-sensitive 
molecules) in way reminiscent to a tug of war. This can be achieved in solution with ultrasound-
induced cavitation, where acoustic waves cause the nucleation, growth, and collapse of microbubbles. 
As bubbles collapse a high gradient elongational flow is created in the surroundings, causing a nearby 
macromolecule to be stretched until covalent bond scission occurs in the central region of the 
chain.[48] This technique has been used to activate a variety of mechanophores,[49] sometimes along 
unusual reaction pathways,[50–52] prepare functional materials,[53] carry out in-situ catalysis,[54,55] 
or induce the release of small molecules,[56] amongst others. Similarly, a mechanical bond at the 
centre of a polymer chain will be subjected to a much higher strain rate that what can be achieved by 
SMFS, allowing for the dissociation pathways to be explored. These studies have revealed that 
dissociation via unclipping is unlikely since macrocycle can spread tensional stress around their 
circumference (Figure 1). As a result, rotaxanes break preferentially by unstoppering, as bonds in the 
axle are weakened, while catenanes act as mechanochemical protecting group, as tensional stress 
accumulates in the linear segments outside the catenane (see below). 

 Polymers containing a rotaxane 

The first investigation into the strength of the mechanical bond was carried out by Stoddart and co-
workers in 2011, with the activation of polymers containing rotaxane mechanophores at the centre 
by sonication.[57] In this technique, macromolecules are elongated by solvodynamic shear in the 
vicinity of collapsing ultrasound-induced cavitation bubbles.[58] The activation of polymers containing 
cyclobis(paraquat-p-phenylene)-derived [2]-rotaxanes (Figure 10) was compared to the linear and 
rotaxane end group polymers as controls. Diminution of the charge-transfer UV-vis absorption, 
associated with the interaction between the ring and the electron-rich DNP unit, was higher for the 
rotaxane centred polymer compared to the controls as the applied force pulls the macrocycle away 
from the DNP unit. Although the authors provided no further details of the possible dissociation 
mechanism of the rotaxane, an earlier AFM study by the same group showed how a similar rotaxane 
was disassembled by dethreading of a cyclobis(paraquat-p-phenylene) macrocycle over the same 
diisopropylphenyl stopper at a force much lower than that needed for the cleavage of a covalent 
bond.[31] This is further supported by recent CoGEF (Constrained Geometries simulate External Force) 
calculations, which predict the dethreading of the macrocycle at a force of 0.96 nN.[59] 
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Figure 10. Mechanical activation of Stoddart’s rotaxane in the centre of a poly(methyl acrylate) backbone, red arrows 
indicate direction of force, counter ions not shown for clarity 

To shed light on how entanglement can affect the mechanical reactivity of a covalent bond, Zhang and 
De Bo studied the activation of a Diels–Alder (DA) mechanophore placed in the axle of a rotaxane,[61] 
where a benzo-21-crown-7 (B21C7) macrocycle is stoppered on one side by a mechanically active 
proximal-exo Diels–Alder adduct (i.e. an DA adduct of exo configuration where the polymer handle is 
close to the furan/maleimide junction)[60] and on the other side by a large stopper that prevents any 
dethreading even under tension (1, Figure 11).  Upon elongation of the rotaxane, the macrocycle is 
pulled away from the ammonium binding station until it reaches the large stopper. As it is unable to 
cross the steric obstacle, tension increases in the macromolecule until the dissociation of the Diels–
Alder mechanophore. 
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Figure 11. Rotaxane as a force actuator in a Diels Alder reaction. a) Mechanical activation of rotaxane 1. i) US (20 kHz, 13.0 
W/cm2, 1 s ON/2 s OFF) THF, 5-10 °C, 240 min. Red arrows indicate direction of force. b) uncoupled rotaxane and linear 
mechanophore used as controls. c) relative rates of dissociation and maximum force before cleavage of mechanophores. d) 
distribution of tensile stress in rotaxane mechanophore obtained from CoGEF calculations (DFT B3LYP/6-31G*). 

The mechanical activation was performed using high-intensity ultrasound (20 kHz, 11.5 W/cm2, 1 s 
ON/2 s OFF). The dissociation of the mechanophore and the generation of rotaxane 2 (the resulting 
maleimide is a stopper for B21C7) was confirmed by 1H NMR. The mechanical activation of rotaxane 
1 was slower than its force-uncoupled rotaxane 3 (in which the macrocycle is not covalently linked to 
the polymer backbone and hence not coupled to the force) and axle 4 counterparts. In other words, 
the mechanical activation of a Diels−Alder mechanophore is slower when a rotaxane is used as a force 
actuator. The difference in reactivity originates from the constriction of the axle by the stretched 
macrocycle, which induces a significant amount of deformation in the chain and results in the 
accumulation of tensile, bending, and torsional stress in this region of the rotaxane. The presence of 
a competing high-stress region effectively decreases the mechanical coupling (i.e. how much the bond 
elongates as the mechanophore is stretched) of the scissile bond in the mechanophore, which in turn 
reduces the rate of activation. This region is unique to the rotaxane architecture, and the replacement 
of the proximal-exo DA mechanophore by a mechanically inert distal-exo DA adduct suggests the 
possibility of a selective cleavage of the terminal bulky stopper.[62] In this case, CoGEF calculations 
show the presence of a unique high-stress region centred on the axle-stopper junction (Figure 12b). 
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Sonication of rotaxane 5 confirmed the predicted unstoppering dissociation pathway, as carboxylic 
acid 6 was isolated from the post-sonication mixture along with macrocycle- and amine-terminated 
polymers 7 and 8 respectively (as the linker joining the stopper to the ammonium station is eliminated 
in the process). These results suggest that the rotaxane cleaves via an unstoppering pathway, which 
is initiated by the homolytic scission of the 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 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). 

 

 

Figure 12. a)Mechanical dissociation of rotaxane mechanophore 5 by an unstoppering process. i) US (20 KHz, 11.5 W/cm2, 1 
s ON/ 2 s OFF), CH3CN, 5-10 °C, 240 min. Red arrows indicate direction of force. b) distribution of tensile stress in rotaxane 
mechanophore obtained from CoGEF calculations (DFT B3LYP/6-31G*) 
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 Polymers containing a catenane 

As rotaxane actuators are able to induce a substantial amount of deformation in the axle (Figure 12b), 
it is noteworthy that the macrocycle itself is virtually free from 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 co-workers have shown that copolymers containing [2]catenane junctions 
were as strong as its 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 13). 

 

Figure 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 direction of force. 

The previous results suggest that bond scission occurs outside the topological features 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 recent study by Zhang and De Bo where they 
investigate the mechanical activation 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 14a).[65] The catenane is formed of a B21C7 macrocycle 
threaded onto a larger 39-membered ring macrocycle and contains 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 
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catenane 9 leads 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 tension is spread 
equally over the two rings. As a result, the intracyclic mechanophore experience a much lower level 
of deformation than its extracyclic counterpart in the linear section of the construct (Figure 14b). 

 

  

Figure 14. Mechanical activation of catenane mechanophore 9. i) US (20 KHz, 13.0 W/cm2, 1 s ON/2 s OFF), CH3CN, 5-10 °C, 
240 min. Red arrows indicate direction of force. b) Distribution of tensile stress in catenane mechanophore obtained from 
CoGEF calculations (DFT B3LYP/6-31G*) 

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 irreversible 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 dissociations as the 
force is increased or many cycles applied. This behaviour has resulted in the development of optical 
force sensors that act both reversibly and irreversibly and have the ability to visualise both small and 
large forces.  

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

In an effort to visualise the slide-ring effect, Takata, Otsuka and coworkers assembled 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-
coloured arylbenzofuranone (ABF) stable radical, effectively revealing where a slide-ring transition has 
occurred (Figure 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 (TMI) with DABBF or DABBF-linked [3]rotaxane cross-linkers respectively. 
Both CP were subjected to tensile tests and the mechanochromic behaviour of DABBF was monitored 
visually while the formation of the ABF radical was quantified by EPR. Both CCP and RCP form white 
films when no strain in applied. At maximum strain (CCP: 490%, RCP: 570%) CCP colour 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 15b). This picture was confirmed by EPR, where the dissociation rate of RCP was found 
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] 

 

Figure 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 direction of 
force. Adapted from ref. [68]. 

Stoddart’s earliest example of the mechanochemistry of rotaxane-centred polymers involved a change 
of optical properties due to exposure of a DNP unit after disruption of CT interaction (Figure 10).[57] 
However, in this work the change in optical properties was used only to determine the mechanical 
change depending on if the polymer is still intact. More recently groups have been able to develop 
mechanical bond 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 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 
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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 16a,b) 

 

 

Figure 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 
direction of force. Adapted from ref. [72]. 

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 16c). A white-light emission elastomer can be built by combining 
11a, b and 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 doesn’t 
enable the fine-tuning of the activation force as the optical and mechanical response 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 certain 
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 17a).[74] At low tension, the macrocycle is pulled away from 
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the quencher but it is still retained by the stopper, and releasing the tension restore 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 17b). Consequently, the size of the macrocycle has been reduced and a smaller 
pyromellitic diimid quenching unit is used. Reversible activation of thin film of polyurethane 
elastomers incorporating the rotaxane (0.05mol%) was achieved over 50 strain/release (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 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. Importantly, 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. 

 

Figure 17. a) Schematic illustration of reversible and irreversible rotaxane mechanophores, red arrows indicate direction of 
force. b) Example structure of dual response rotaxane mechanophore 12. Adapted from ref. [74]. 

In 2021 De Bo and co-workers were able to introduce a rotaxane force sensor into a polyacrylamide 
gel which can serve as a model for living tissue.[75] The rotaxane 13 is centred around an 
aminochloromaleimide (ACM) derivative (O’Reilly dye)[76] which acts as both a fluorescent dye and a 
recognition motif for the macrocycle (Figure 18a). These dyes exhibit a strong emission due to their 
donor–acceptor architecture, which is quenched in presence of strong hydrogen 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 group and the hydrogen bond network (Figure 18a). The rotaxane was 
incorporated as a cross linker in a polyacrylamide gel (PAAG), a popular matrix model to mimic living 
tissues due to their similar viscoelastic properties (Figure 18b). The green fluorescence of the resulting 
PAAG-RTX gel is greatly reduced when the gel is compressed (Figure 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. 
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Figure 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 
indicate direction of force. Conditions i) acrylamide (12% w/v), bis-acrylamide (0.3% w/v), rotaxane 1 (0.3% w/v), 
N,N,Nʹ,Nʹtetramethylethylenediamine, (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 = 5mm. Adapted from ref. [75]. 

5 Conclusions 

As the number and complexity of mechanical bonds expands, 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, either 
accelerating the cleavage or shielding specific sites from force. The way that component parts can be 
pulled either towards or away from each other can be exploited to unlock new reactivity within the 
mechanical bond structure. Continuous development of force responsive materials could result in 
increased responses to multiple levels of force, allowing for materials displaying more detailed 
information on the stress applied and offering a wider range of potential applications in different 
settings. 
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