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Force-controlled release of small molecules 
with a rotaxane actuator

Lei Chen1, Robert Nixon1 & Guillaume De Bo1 ✉

Force-controlled release of small molecules offers great promise for the delivery of 
drugs and the release of healing or reporting agents in a medical or materials 
context1–3. In polymer mechanochemistry, polymers are used as actuators to stretch 
mechanosensitive molecules (mechanophores)4. This technique has enabled the 
release of molecular cargo by rearrangement, as a direct5,6 or indirect7–10 
consequence of bond scission in a mechanophore, or by dissociation of cage11, 
supramolecular12 or metal complexes13,14, and even by ‘flex activation’15,16. However, 
the systems described so far are limited in the diversity and/or quantity of the 
molecules released per stretching event1,2. This is due to the difficulty in iteratively 
activating scissile mechanophores, as the actuating polymers will dissociate after 
the first activation. Physical encapsulation strategies can be used to deliver a larger 
cargo load, but these are often subject to non-specific (that is, non-mechanical) 
release3. Here we show that a rotaxane (an interlocked molecule in which a 
macrocycle is trapped on a stoppered axle) acts as an efficient actuator to trigger 
the release of cargo molecules appended to its axle. The release of up to five cargo 
molecules per rotaxane actuator was demonstrated in solution, by ultrasonication, 
and in bulk, by compression, achieving a release efficiency of up to 71% and 30%, 
respectively, which places this rotaxane device among the most efficient release 
systems achieved so far1. We also demonstrate the release of three representative 
functional molecules (a drug, a fluorescent tag and an organocatalyst), and we 
anticipate that a large variety of cargo molecules could be released with this device. 
This rotaxane actuator provides a versatile platform for various force-controlled 
release applications.

Interlocked molecules, such as rotaxanes, are well suited to act as 
force actuators due to their capability for large amplitude move-
ments17. This property has been exploited to create non-scissile 
rotaxane-based force sensors18–21. We have recently demonstrated 
the ability of a rotaxane to influence the mechanochemical reac-
tivity of a mechanophore embedded in its axle22, and shown how a 
rotaxane actuator can promote unstoppering reactions by enhanc-
ing the mechanical lability of covalent bonds in the axle23. At the 
same time, stimuli-responsive rotaxanes have been interfaced with 
polymers to perform various chemical tasks24–27. Building on these 
concepts, here we propose the use of a rotaxane architecture to 
release several small-molecule cargoes at once (Fig. 1a, Extended 
Data Fig. 1 and Supplementary Video 1). The rotaxane is mechanically 
activated by the intermediary of two polymer chains attached to the 
axle and the macrocycle, respectively (see “Design”). Elongational 
force will pull the macrocycle towards the cargo compartment, in 
which cargo molecules (blue balls; Fig. 1a) are dispersed along the 
axle. Forceful contact between the macrocycle and these steric 
obstacles leads to the sequential release of these cargo molecules 
via mechanochemical scission of the covalent bonds linking them to  
the axle.

 
Design
Our design is based on a rotaxane architecture (1, Fig. 1a) built around 
a pillar[5]arene28 (P5) macrocycle threaded onto a C12 alkyl chain, 
extended on one side with a poly(methyl acrylate) (PMA) polymer 
and on the other side with the cargo-bearing oligomer (the cargo com-
partment). Another PMA chain is connected to the P5 macrocycle to 
enable the mechanical activation of this assembly22,23. This macro-
cycle was chosen for its rigid and tubular nature, as a more flexible 
macrocycle would favour the scission of the axle (unstoppering)23. 
The cargo units (N-triphenylmethyl maleimide, 2, chosen for its steric 
bulk) were loaded onto the furan moieties of the cargo oligomer via a 
Diels–Alder reaction. On stretching, the macrocycle is pulled along the 
cargo compartment until it reaches the first Diels–Alder adduct, which 
acts as a barrier, as this small macrocycle is physically unable to pass 
this steric obstacle without the scission of a covalent bond (Fig. 1a). Pull-
ing the macrocycle further against the adduct eventually triggers the 
retro-Diels–Alder reaction (Fig. 1a) that releases the cargo unit29. This 
geometry of activation, in which the mechanophore (the Diels–Alder 
adduct) is pushed rather than pulled (Fig. 1a, left box), is unique to 
the rotaxane architecture. This process is repeated as the macrocycle 
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is pulled along the cargo compartment until it escapes (Fig. 1a). Up to 
five cargo units are released with rotaxane, 15.

Synthesis
Chain-centred macromolecular rotaxanes were obtained by 
single-electron transfer living radical polymerization30 of methyl 
acrylate initiated from both the macrocycle and the axle of rotaxane 8  
(Fig. 1b). This ensured that the rotaxane is placed in the central region 

of the chain, which experiences the largest intensity of force during 
sonication (see below)22,23. The rotaxane initiators were assembled 
following a stopper exchange strategy in which an activated rotax-
ane (7) is first produced by capping the inclusion complex formed 
between axle 6 and the P5 derivative 5 with a 3,5-bis(trifluoromethyl) 
benzenesulfonyl moiety (BTBS), which is also an excellent leaving 
group31. Substitution of BTBS by the carboxylic acid terminating the 
cargo compartment, assembled by iterative click chemistry (three- 
and five-cargo compartments present a small fraction (typically  
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Fig. 1 | Elongation of the rotaxane actuator leads to the sequential release 
of the cargo units placed on the axle as they are pushed by the macrocycle. 
a, Design of rotaxane actuator 1, able to release up to five cargo units per chain. 
The rotaxane is built around a pillar[5]arene macrocycle, which can trigger the 
release of N-triphenylmethyl maleimide (2) by promoting a mechanical 
retrocycloaddition when entering into contact with the furan/maleimide 

Diels–Alder adduct. b, Synthesis of cargo-bearing rotaxanes via a stopper 
exchange mechanism. Conditions: (i) BTBSCl, Et3N, CHCl3, −15 °C, 2 h, yield: 
11%; (ii) K2CO3, 18-crown-6, acetone, room temperature, 16 h, yield: see 
Supplementary Information; (iii) methyl acrylate, Cu wire, CuBr2, Me6TREN, 
DMSO. Red arrows indicate the direction of the force.
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less than 6%) of unloaded furan units after assembly (Supplementary 
Information)), affords rotaxane initiator 8.

Model study
As the P5 macrocycle is cylindrical in shape28, the rotaxane formation 
results in two isomers in which the polymers are either on the same or 
opposite sides of the rotaxane, labelled as cis and trans, respectively. 
The identity was confirmed by rotating-frame nuclear Overhauser 
effect spectroscopy (Supplementary Information section 4.3.) Simi-
larly, the Diels–Alder reaction linking the cargo to the axle can produce 
both endo and exo isomers of the adduct (Supplementary Informa-
tion). As the geometry of these mechanophores can greatly affect their 
mechanochemical reactivity29,32, we decided to explore the influence of 
these two sources of isomerism before assembling a multicargo rotax-
ane device (Fig. 2). The four possible isomers of rotaxane 9 (number 
average molecular weight Mn = 92–114 kDa, dispersity Đ = 1.12–1.17; see 
Supplementary Information section 5.11 for details), which contains 
a single cargo unit, were mechanically activated by ultrasonication 
(Fig. 2a), a technique in which elongational flows are generated in the 
vicinity of collapsing cavitation bubbles33. The progress of the reaction 
was monitored by size-exclusion chromatography (Supplementary 
Section 6.3) and the efficiency of the cargo release was determined 
by 1H NMR spectroscopy, by comparing the integration of diagnostic 
peaks of the Diels–Alder adduct (peaks a, b, c; Fig. 2b) and those of the 
furan unit revealed after the release of the maleimide cargo (peaks 
x, y, z; Fig. 2b). The trans isomer of rotaxane 9 proved to be the bet-
ter actuator, activating both the endo and exo adducts with the same 
efficiency (71% conversion; Fig. 2a), so we decided to proceed with this 

isomer for the assembly of larger structures. The cargo molecules can 
be recovered by extracting the post-sonication polymer residue with 
MeOH (Supplementary Information section 6). Analysis of this extract 
by 1H NMR spectroscopy confirms the release of the cargo, notably 
with the presence of the maleimide olefinic peak (peak D; Fig. 2c). The 
liberation of the macrocycle from the axle after the release of the cargo 
unit was also confirmed by 1H NMR spectroscopy (Supplementary 
Information section 6.5).

Scope of cargo release
We then sought to explore the ability of our rotaxane actuator to release 
functional molecules (Fig. 3). We chose three model cargo molecules 
(a drug, a fluorescent tag and an organocatalyst), which are repre-
sentative of the potential biomedical (drug release, molecular tagging) 
and materials (damage reporting, self-healing) applications for such a 
force-controlled release device. In the first case, we appended our bulky 
maleimide cargo unit with a valine–citrulline peptide linker, which con-
nects to the drug via a self-immolative para-aminobenzyloxycarbonyl 
spacer. This architecture is commonly used in antibody–drug conju-
gates as it relies on the overexpression of cathepsin B in cancerous 
cells, a lysosomal cysteine protease, to trigger the release cascade34. 
As a proof-of-concept we chose to load the cargo with doxorubicin, a 
potent wide-spectrum chemotherapeutic agent35, which is released 
with an efficiency of 65% in solution. We selected N-(1-pyrenyl)maleim-
ide, a popular fluorescent probe36, as a molecular tag to demonstrate 
that the rotaxane actuator can accommodate cargoes of different 
size and shape. A model thiol (dodecane thiol) was tagged in situ on 
mechanical release of non-fluorescent N-(1-pyrenyl)maleimide to form 
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Fig. 2 | Mechanical activation of various geometrical isomers of model 
rotaxane 9. a, Mechanical activation of cis and trans isomers of model 
rotaxane 9 bearing endo or exo mechanophores. Conditions: (i) ultrasound 
(20 kHz, 13 W cm−2, 1 s on/1 s off), CH3CN, 5−10 °C, 300 min. b, Partial 1H NMR 
(400 MHz, acetone-d6) spectra of rotaxane 9trans/exo before (i) and after (ii) 

sonication, along with reference compound S3 (iii), indicate activation of the 
Diels–Alder adduct and release of the maleimide cargo. c, Partial 1H NMR 
(400 MHz, acetone-d6) spectra of the post-sonication MeOH extract (i), along 
with a reference compound 2 (ii).
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the corresponding fluorescent adduct. Finally, the release of the trityl 
cation, a mild Lewis acid organocatalyst known to catalyse cycloaddi-
tions and rearrangements37, further illustrates the versatility of the 
rotaxane actuation to deliver varied cargo molecules through diverse 
dissociation mechanisms.

Activation of multicargo rotaxanes in solution
We performed the mechanical activation of rotaxanes 15 and 13 (Fig. 1b) 
loaded with five and three cargo units, respectively, in solution by 
ultrasonication (Fig. 4a–c). The mechanical behaviour of these longer 
systems is more complex, as the macrocycle can reach the end of the 
cargo compartment or potentially stop somewhere along the way 
(for example, due to competing bond scission; see below), leading 
to complete or partial release of the cargo load, respectively (Fig. 4a). 
Competing bond scission in one of the PMA chains, or in the rotaxane 
axle (unstoppering)23, could also occur at any stage; in both cases, no 
more cargo molecules can be released as the rotaxane is no longer in 
the central region of the polymer, or the interlocked architecture is lost 

altogether (Fig. 4a). Dilute solutions of these polymers were sonicated 
until at least one bond (covalent or mechanical) scission had occurred 
in the main chain (that is, until the observed Mn was below half of the 
initial Mn; Supplementary Information section 6). Unselective cleavage 
in the PMA chain, determined from the amount of intact rotaxane left 
after sonication (Supplementary Information section 8), proved to 
be the major pathway for these longer rotaxanes (typically less than 
40% and less than 50% for three- and five-cargo rotaxanes, respec-
tively; Fig. 4c and Supplementary Information section 8.7), whereas 
cleavage of the axle is a very minor pathway (typically less than 5%; 
Supplementary Information section 8.7). The rest of the rotaxanes 
engage in the cargo-release process. As it is possible to distinguish 
between the internal and terminal Diels–Alder adducts/furan groups 
by 1H NMR spectroscopy (Fig. 4b), we were able to determine the extent 
of cargo release at these positions separately. Their relative integration 
(Fig. 4c) shows that most macrocycles engaging in cargo release (that 
is, not experiencing unselective scission; left path in Fig. 4a) are able 
to reach the end of the cargo compartment and deliver the entire load, 
with a release efficiency of up to 44% and 22% for three- and five-cargo 
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rotaxanes, respectively (Fig. 4c). The release efficiency shows an appar-
ent decrease as the length of the cargo compartment increases, but, as 
the macrocycle is not observed to stop midway (as discussed above), 
it is likely that the decrease in efficiency is not an inherent limitation 
of the rotaxane actuator; this is possibly due to the formation of less 
defined polymers when the polymerization is initiated from such large 
molecules (Fig. 4c). In this case, the rotaxane is less likely to be located 
at the centre of the chain, which experiences the highest intensity of 
force during sonication, and the unselective scission of a PMA chain 
becomes predominant38. We also explored the effect of the polymer 
length (Mn = 60–215 kDa) on the activation of the five-cargo rotaxane 
and the influence of the exo/endo content (exo-rich to endo-rich) on 
the three-cargo rotaxane (Supplementary Information section 8.7). 
We found no influence of the polymer length on the efficiency of cargo 
release, but the endo-rich rotaxane shows a better conversion (44%) 
than its exo-rich counterpart (29%).

Activation in bulk
The bulk activation of one-, three- or five-cargo rotaxanes was performed 
by compressing a small sample (approximately 30 mg) of polymers 9, 13 
and 15, respectively, using a manual press (0.74 GPa, less than 60 min per 
cycle, 10–45 cycles; Fig. 4c,d). Despite the lack of covalent crosslinks, 

which would lead to a greater activation39, a substantial amount of cargo 
release was observed in these entangled networks (a non-interlocked 
control polymer confirmed the mechanical nature of the activation; 
Supplementary Information section 7.2), although to a lower extent 
than in solution at similar post-activation Mn (Fig. 4c). Here again, the 
cargo molecules could be recovered by extracting the post-compression 
polymer residue with MeOH (Supplementary Information section 7). 
The bulk activation contrasts with the solution experiments by the lower 
proportion of rotaxanes releasing their entire cargo load; that is to say, 
fewer macrocycles can reach the end of their cargo compartment. This 
can be explained by the ability of the network to distribute tensional 
stress, and the fact that the rotaxanes could be located in a low stress 
region of the network. Nevertheless, the possibility of releasing up to 
30% of the cargo load across the sample (with the one-cargo system) or 
up to five cargo molecules in the same location (with the five-cargo sys-
tem), places our systems among the best for covalent force-controlled 
release molecular mechanisms1 and offers great promise for the release 
of active compounds in a variety of contexts.

Conclusions
We have demonstrated the force-controlled release of small molecules 
using a rotaxane actuator in which the force-induced movement of 
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the macrocycle along the axle leads to the activation and subsequent 
release of small-molecule cargo in series. The rotaxane architecture 
enables the iterative actuation of scissile mechanophores because the 
actuating polymers are not directly attached to the mechanophore. 
This architecture is also unique in the way it activates mechanophores, 
with a pushing rather than a pulling geometry. We have shown that such 
a molecular device can release up to five cargo units per chain both in 
solution and in bulk. An activation efficiency of up to 30% has been 
achieved in bulk, which places our device among the best covalent 
force-controlled release systems achieved so far. Furthermore, we 
have demonstrated the versatility of this actuating device by releasing 
three representative functional molecules (a drug, a fluorescent tag and 
an organocatalyst) and we anticipate that a larger diversity of cargo 
could be released. Additionally, such a system offers the possibility 
to release different cargo units in a defined sequence. The versatility 
and efficiency of the rotaxane actuator should pave the way to more 
sophisticated force-controlled release systems.

Online content
Any methods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions 
and competing interests; and statements of data and code availability 
are available at https://doi.org/10.1038/s41586-024-07154-0.

1.	 Versaw, B. A., Zeng, T., Hu, X. & Robb, M. J. Harnessing the power of force: development 
of mechanophores for molecular release. J. Am. Chem. Soc. 143, 21461–21473 (2021).

2.	 Küng, R., Göstl, R. & Schmidt, B. M. Release of molecular cargo from polymer systems by 
mechanochemistry. Chem. Eur. J. 28, e202103860 (2022).

3.	 Zhang, Y., Yu, J., Bomba, H. N., Zhu, Y. & Gu, Z. Mechanical force-triggered drug delivery. 
Chem. Rev. 116, 12536–12563 (2016).

4.	 Willis-Fox, N., Rognin, E., Aljohani, T. A. & Daly, R. Polymer mechanochemistry: 
manufacturing is now a force to be reckoned with. Chem 4, 2499–2537 (2018).

5.	 Lin, Y., Kouznetsova, T. B. & Craig, S. L. A latent mechanoacid for time-stamped 
echanochromism and chemical signaling in polymeric materials. J. Am. Chem. Soc. 142, 
99–103 (2020).

6.	 Suwada, K., Ieong, A. W., Lo, H. L. H. & De Bo, G. Furan release via force-promoted 
retro-[4+2][3+2] cycloaddition. J. Am. Chem. Soc. 145, 20782–20785 (2023).

7.	 Diesendruck, C. E. et al. Proton-coupled mechanochemical transduction: a 
mechanogenerated acid. J. Am. Chem. Soc. 134, 12446–12449 (2012).

8.	 Shi, Z., Song, Q., Göstl, R. & Herrmann, A. Mechanochemical activation of disulfide-based 
multifunctional polymers for theranostic drug release. Chem. Sci. 44, 25 (2021).

9.	 Hu, X., Zeng, T., Husic, C. C. & Robb, M. J. Mechanically triggered small molecule release 
from a masked furfuryl carbonate. J. Am. Chem. Soc. 141, 15018–15023 (2019).

10.	 Sun, Y. et al. Mechanically triggered carbon monoxide release with turn-on 
aggregation-induced emission. J. Am. Chem. Soc. 144, 1125–1129 (2022).

11.	 Küng, R., Pausch, T., Rasch, D., Göstl, R. & Schmidt, B. M. Mechanochemical release of 
non-covalently bound guests from a polymer-decorated supramolecular cage. Angew. 
Chem. Int. Ed. Engl. 60, 13626–13630 (2021).

12.	 Huo, S. et al. Mechanochemical bond scission for the activation of drugs. Nat. Chem. 13, 
131–139 (2021).

13.	 Di Giannantonio, M. D. et al. Triggered metal ion release and oxidation: ferrocene as a 
mechanophore in polymers. Angew. Chem. Int. Ed. Engl. 57, 11445–11450 (2018).

14.	 Sha, Y. et al. Generalizing metallocene mechanochemistry to ruthenocene 
mechanophores. Chem. Sci. 10, 4959–4965 (2019).

15.	 Larsen, M. B. & Boydston, A. J. “Flex-activated” mechanophores: using polymer 
mechanochemistry to direct bond bending activation. J. Am. Chem. Soc. 135, 8189–8192 
(2013).

16.	 Nijem, S., Song, Y., Schwarz, R. & Diesendruck, C. E. Flex-activated CO mechanochemical 
production for mechanical damage detection. Polym. Chem. 13, 3986–3990 (2022).

17.	 De Bo, G. Mechanochemistry of the mechanical bond. Chem. Sci. 9, 15–21 (2018).
18.	 Sagara, Y. et al. Rotaxanes as mechanochromic fluorescent force transducers in 

polymers. J. Am. Chem. Soc. 140, 1584–1587 (2018).
19.	 Sagara, Y. et al. Rotaxane-based mechanophores enable polymers with mechanically 

switchable white photoluminescence. ACS Cent. Sci. 5, 874–881 (2019).
20.	 Muramatsu, T. et al. Rotaxane-based dual function mechanophores exhibiting reversible 

and irreversible responses. J. Am. Chem. Soc. 143, 9884–9892 (2021).
21.	 Torrientes, R. S., Carr, T. & De Bo, G. A. Mechanochromic hydrogen-bonded rotaxane. 

Macromol. Rapid Comm. 42, 2000447 (2021).
22.	 Zhang, M. & De, Bo,G. Impact of a mechanical bond on the activation of a mechanophore. 

J. Am. Chem. Soc. 140, 12724–12727 (2018).
23.	 Zhang, M. & De Bo, G. Mechanical susceptibility of a rotaxane. J. Am. Chem. Soc. 141, 

15879–15883 (2019).
24.	 Thordarson, P., Bijsterveld, E. J. A., Rowan, A. E. & Nolte, R. J. M. Epoxidation of 

polybutadiene by a topologically linked catalyst. Nature 424, 915–918 (2003).
25.	 Lussis, P. et al. A single synthetic small molecule that generates force against a load. Nat. 

Nanotechnol. 6, 553–557 (2011).
26.	 De Bo, G. et al. An artificial molecular machine that builds an asymmetric catalyst. Nat. 

Nanotechnol. 13, 381–385 (2018).
27.	 Takata, T. Switchable polymer materials controlled by rotaxane macromolecular 

switches. ACS Cent. Sci. 6, 129–143 (2020).
28.	 Ogoshi, T., Kanai, S., Fujinami, S., Yamagishi, T. & Nakamoto, Y. para-Bridged symmetrical 

pillar[5]arenes: their Lewis acid catalyzed synthesis and host–guest property. J. Am. 
Chem. Soc. 130, 5022–5023 (2008).

29.	 Stevenson, R. & De, Bo,G. Controlling reactivity by geometry in retro-Diels–Alder 
reactions under tension. J. Am. Chem. Soc. 139, 16768–16771 (2017).

30.	 Anastasaki, A. et al. Cu(0)-mediated living radical polymerization: a versatile tool for 
materials synthesis. Chem. Rev. 116, 835–877 (2016).

31.	 Nierengarten, I. & Nierengarten, J. Diversity oriented preparation of pillar[5]
arene-containing [2]rotaxanes by a stopper exchange strategy. ChemistryOpen 9, 
393–400 (2020).

32.	 Wu, L. C. & De Bo, G. Stereoelectronic effects in force-accelerated retro-Diels–Alder 
reactions. Synlett 33, 890–892 (2022).

33.	 May, P. A. & Moore, J. S. Polymer mechanochemistry: techniques to generate molecular 
force via elongational flows. Chem. Soc. Rev. 42, 7497–7506 (2013).

34.	 Dubowchik, G. M. et al. Cathepsin B-labile dipeptide linkers for lysosomal release of 
doxorubicin from internalizing immunoconjugates: model studies of enzymatic drug 
release and antigen-specific in vitro anticancer activity. Bioconj. Chem. 13, 855–869 
(2002).

35.	 Tacar, O., Sriamornsak, P. & Dass, C. R. Doxorubicin: an update on anticancer 
molecular action, toxicity and novel drug delivery systems. J. Pharm. Pharmacol. 65, 
157–170 (2013).

36.	 Sabnis, R. W. Handbook of Fluorescent Dyes and Probes (Wiley, 2015).
37.	 Naidu, V. R., Ni, S. & Franzén, J. The carbocation: a forgotten Lewis acid catalyst. 

ChemCatChem 7, 1896–1905 (2015).
38.	 Overholts, A. C. & Robb, M. J. Examining the impact of relative mechanophore activity on 

the selectivity of ultrasound-induced mechanochemical chain scission. ACS Macro Lett. 
11, 733–738 (2022).

39.	 Chen, Y. et al. Mechanically induced chemiluminescence from polymers incorporating a 
1,2-dioxetane unit in the main chain. Nat. Chem. 4, 559–562 (2012).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in 
published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 
4.0 International License, which permits use, sharing, adaptation, distribution 
and reproduction in any medium or format, as long as you give appropriate 

credit to the original author(s) and the source, provide a link to the Creative Commons licence, 
and indicate if changes were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a copy of this licence, 
visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

https://doi.org/10.1038/s41586-024-07154-0
http://creativecommons.org/licenses/by/4.0/


Article
Methods

See Supplementary Information for detailed methods and protocols.

Mechanical activation in solution by ultrasonication
The appropriate polymer (20 mg) was added to a Suslick cell and dis-
solved in dry MeCN (15 ml). The solution was degassed by bubbling N2 
through it for a minimum of 10 min before the start of sonication and 
throughout the experiment. The Suslick cell was cooled with an ice bath 
throughout the duration of the sonication to maintain a temperature of 
approximately 5–10 °C inside the cell. Pulsed ultrasound was applied to 
the system (1 s on/1 s off, 25% amplitude (13.0 W cm−2), 20 kHz) for the 
desired period of time. After sonication, the solvent was evaporated 
and the polymer was analysed by size-exclusion chromatography and 
NMR. The post-sonication polymer was recovered and washed with 
MeOH to extract any small molecules not attached to polymer chains. 
The remaining MeOH-washed polymer and the concentrated MeOH 
washings were then analysed by NMR.

Mechanical activation in bulk by compression
The appropriate polymer (25–30 mg) was formed into a rough spherical 
shape by hand. The material was placed in between the anvils of a stand-
ard 13 mm KBr pellet die. A compressive force of 10 tonnes was then 
applied; as the material was compressed, the pressure was relieved grad-
ually by rearrangement of the material so, over the course of an hour, 
it was ensured that 10 tonnes of force was being continuously applied. 
The pressure was then released and the flattened material refolded into 
a new sphere. This cyclical process of folding followed by compres-
sion over an hour was repeated until size-exclusion chromatography 

analysis of the material showed adequate reduction in the Mn. At this 
point, the material was dissolved in dichloromethane and carefully 
filtered (0.45 μm polytetrafluoroethylene membrane) to remove any 
metal particulates before being condensed in vacuo. The crude polymer 
material was analysed by 1H NMR before being thoroughly dried and 
the polymer film being directly washed over with MeOH. The MeOH 
washings were collected and analysed by 1H NMR along with the washed 
polymer material itself.

Data availability
The data that support the finding of this study are available within 
the paper and its Supplementary Information, or are available from 
the figshare data repository (https://figshare.com) under https://doi.
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Extended Data Fig. 1 | Cartoon depiction of the force-controlled release of 
cargo molecules by a rotaxane actuator. Upon elongation of the rotaxane, by 
the intermediary of the polymer chains (thin grey strands), the macrocycle 
(light brown) is pulled along the cargo compartment until it reaches the first 
cargo molecule (blue ball), which acts as a barrier as the macrocycle is unable to 
pass this steric obstacle without its detachment. Pulling the macrocycle 
further eventually triggers the release of the first cargo unit. This process is 
repeated as the macrocycle is pulled along the cargo compartment, leading to 
the release of all the cargo molecules and the escape of the macrocycle.
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