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Mechanically interlocked materials. Rotaxanes and 
catenanes beyond the small-molecule. 

Sofía Mena-Hernandoa and Emilio M. Péreza,* 

The mechanical bond presents a combination of the best features of covalent and supramolecular 
chemistries (stability and structural integrity), plus a unique dynamic nature, that make it a very 
interesting tool for materials chemistry. Here, we overview the chemistry of the mechanical bond 
applied to polymers, metal-organic frameworks (MOFs) and carbon nanotubes. We first describe 
synthetic strategies towards polycatenanes and polyrotaxanes, and highlight their potential im-
pact in polymer chemistry, exemplified by their use to make stimuli-responsive gels and as bind-
ers in battery electrodes. We continue by showing how to include mechanically interlocked com-
ponents in MOFs, and analyse the distinctive dynamic properties of the final constructs. Finally, 
we describe the strategies towards mechanically interlocked derivatives of single-walled carbon 
nanotubes (SWNTs), and discuss the potential of the mechanical bond to tackle some of the 
classic problems of SWNT chemistry.  

Introduction 

The interest in molecules with non-trivial topology started as 
soon as medium sized molecular rings became synthetically via-
ble, apparently as early as 1912.1, 2 Experimentally, the mechan-
ical bond was born decades later, in the 60s,3 with the seminal 
examples of the syntheses of catenanes (by Wasserman4 and 
Schill5) and rotaxanes (by Harrison and Harrison6). However, the 
chemistry of mechanically interlocked molecules did not come 
of age until Sauvage pioneered the synthesis of interlocked mol-
ecules using templating methods.7, 8 Mechanically interlocked 
molecules (MIMs) are composed of multiple molecular frag-
ments that are linked together as a consequence of their topology, 
so that separating them requires the breaking of the covalent 
structure of at least one of the constituents. The archetypal ex-
amples of MIMs are rotaxanes, in which one or more macrocy-
cles are trapped onto a linear component (thread) by bulky sub-
stituents at its ends (stoppers) that prevent dissociation, and cat-
enanes, where two or more macrocycles are interlocked as links 
in a chain. Whereas catenanes are clearly MIMs, this is not the 
case for rotaxanes in which the distinction between interlocked 
species (rotaxanes) and supramolecular complexes (pseudoro-
taxanes) can be much more blurred.9, 10 We have previously ar-
gued in favour of taking the structural integrity of the submolec-
ular components after disassembly as a clear-cut criterion to dis-
criminate between rotaxanes (MIMs) and pseudorotaxanes (su-
pramolecular complexes). In this way, rotaxanes would disas-
semble to yield structures with different covalent connectivity 
than their original components (i.e. after the breaking of at least 
one covalent bond). On the other hand, pseudorotaxanes would 

be rotaxane-like species in which disassembly to yield their in-
tact components is feasible, even if under extreme conditions. 
This condition derives from the direct translation to chemistry of 
the mathematical norm, which states that objects that can be 
transformed into each other through continuous deformations, 
for instance, stretching and bending (i.e. really high tempera-
tures), without tearing (i.e. breaking bonds) or gluing (i.e. mak-
ing bonds), are topologically identical.11, 12 In this way, the me-
chanical bond is a unique tool that can be used to connect two 
covalent entities very intimately, with stability equal to their 
weakest covalent bond, but without modifying their structure. 
This exceptional characteristic make the mechanical bond an 
ideal candidate for tasks that cannot be carried out by either co-
valent or supramolecular chemistry, like the protection of unsta-
ble polyynes, cumulenes or dyes.13-18 Moreover, the mechanical 
bond is inherently dynamic, that is, it allows one component to 
move with respect to the other along (or around) distances sig-
nificantly larger than atomic vibrations. This latter characteristic 
has been exploited to synthesize molecular machinery based on 
MIMs, a fascinating field that has recently been recognized with 
the Nobel Prize in Chemistry 2016 to two MIM pioneers, Jean-
Pierre Sauvage19 and Sir J. Fraser Stoddart,20 together with the 
most notable non-MIM molecular machinist, Ben L. Feringa.21  
The vast majority of the chemistry of MIMs has been developed 
on small-molecule fragments, and mainly in the frame of making 
artificial molecular machinery; consequently, plenty authorita-
tive publications on the subject are available.22-38 In the present 
review, we focus on the chemistry of the mechanical bond ap-
plied to materials chemistry, including polymers, metal-organic 
frameworks (MOFs), and carbon nanotubes. Indeed, the very 
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same characteristics of the mechanical bond that have made it 
very appealing for small-molecule chemistry (stability with 
structural integrity and dynamics) make it even more interesting 
a tool for materials science. 

Polymeric Materials Containing Mechanical Bonds 

Compared to low molecular weight MIMs, mechanically inter-
locked polymers (MIPs), such as polyrotaxanes and polycate-
nanes, have aroused interest within the field of materials science 
as a consequence of the potential advantages of the dynamic na-
ture of the mechanical bond -low energy barrier for the rotation 
of the rings, or the sliding of the rings along the polymeric 
thread- for the mechanical properties of the polymer. Compre-
hensive reviews by Gibson,39-41, Stoddart,42 Harada,43, 44 and Ta-
kata45 have already been published about these types of materi-
als, so herein we will focus on the main general considerations 
and a selected number of recent examples.  

Polycatenanes 

Poly[n]catenanes are polymers chains formed by interlocked 
rings, where [n] indicates the number of rings which are consec-
utively interlocked into a long chain without being interrupted by 
a covalent spacer in the polymer. Thus, poly[n]catenanes contain 
a very high concentration of topological bonds which confers a 
large number of degrees of freedom and mobility about the cate-
nane moieties (Fig. 1a).  
As a consequence of the high concentration of these topological 
bonds, it is expected that poly[n]catenanes have high strength 
and flexibility since they can present different chain confor-
mations in the backbone repeat unit of the main chain, such as 
rotation, elongation, and rocking motions, compared to cova-
lently connected molecules (Fig. 1a).1,3, 4, 40, 42, 45

Theoretical studies have been performed indicating that 
poly[n]catenanes with such mobility elements could exhibit a 
large loss modulus and a low activation energy for flow, as well 
as potentially acting as energy damping materials and/or elasto-
mers with excellent toughness and mechanical properties con-
trolled by an external stimulus.46-48

Depending on the location and connection of the catenane subu-
nit, different types of polycatenanes can be found, such as, main 
chain polycatenanes, side chain polycatenanes, polycatenanes 
prepared by cyclization of polyrotaxanes, or polycatenane net-
works (Fig. 1). 

Fig. 1 Main types of polycatenanes: a) linear polycatenanes, in which the polymer 
backbone is exclusively formed of interlocked rings, or b) where the catenanes are 
incorporated into the polymer backbone. From c) to d) side chain polycatenanes, 
polycatenanes based on cyclic polymers and, polycatenanes networks. The types 
of large-amplitude internal motions in such structures are depicted in a). 

The pioneering works related with the synthesis of polycatenanes 
were focused on oligocatenanes such as poly[2]catenanes in 
which [2]catenane moieties are incorporated into the backbone 
of conventional polymers46, 49-56 (Fig. 1d), polymeric [2]cate-
nanes (two interlocked cyclic polymers, Fig. 1e)57 and, poly/oli-
gocatenanes with unclearly-defined architectures (Fig. 1f and 
g).58, 21

Linear poly[n]catenanes (Fig. 1a), which do not have covalent 
bonds in their backbone structure, are particularly attractive, 
since the potential benefits of the topologically bonded structures 
are maximised. However, the synthesis of such linear poly[n]cat-
enanes has been one of the greatest challenges for synthetic and 
polymer chemists for decades, because the ring-closing reaction 
step generally occurs with low efficiency.  
Since the discovery of metallocatenanes by Dietrich-Bucheker 
and Sauvage in 19838 different oligocatenanes have been synthe-
sized, in the pathway towards true poly[n]catenanes. A classic 
example of an oligocatenane, composed of five macrocyclic 
units, was synthesized by Amabilino and Stoddart in 1994 and 
became known as “olympiadane” due to its similarity to the five 
interlocked rings in the symbol of the Olympic Games (Fig. 
2a).59 Recently, Iwamoto and coworkers achieved the synthesis 
of other [5]catenanes, through the dimerization of [2]catenane-
containing rotaxanes.60 With the maximum degree of polycate-
nation at the time between 1 and 5, in 1997 Stoddart and cowork-
ers were able to use a stepwise approach to prepare an impres-
sively complex branched [7]catenane (Fig. 2b).61 
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Fig. 2 a) Chemical structure of olympiadane59 and b) solid-state structure of the 
[7]catenane reported by Stoddart and co-workers.61 

The research towards obtaining poly[n]catenanes formed by 
more than 7 interlocked rings has continued since then. In 2015, 
Meijer, Di Stefano and their coworkers, synthesized oligo[n]cat-
enanes with at least 7 interlocked rings by ring opening polymer-
ization of metalla[2]catenanes, although the structure of these ol-
igo[n]catenanes was not clearly defined.58  
Despite these considerably good results, it is well known that the 
step-wise strategies are not efficient methodologies to obtain 
long-chain poly[n]catenanes. An interesting solution to this chal-
lenge was proposed by Takata, Kihara and co-workers in 2004, 
consisting of converting a bridged poly[2]catenane into 
poly[n]catenanes by using 1,2 dithiane as monomer.52  
However, no examples of poly[n]catenanes synthesized through 
this methodology have yet been reported in the literature. 
Only very recently, Rowan and co-workers have successfully 
prepared poly[7-27]catenanes, branched poly[13-130]catenanes, 
and cyclic poly[4-7]catenanes via metallosupramolecular poly-
mers templating strategies, followed by an efficient ring closing 
reaction and demetallation of the resulting metallated poly[n]cat-
enane (Fig. 3a).62 This synthetic strategy was performed by using 
the terdentate ligand 2,6-bis(N-alkyl-benzimidazolyl) pyridine 
(Bip, Fig. 3b), which binds transition metal ions such as Zn2+ or 
Fe2+. In this fashion Rowan’s group designed the 68 membered 
ditopic Bip macrocycle 2 with the threading molecule 1 followed 
by a subsequent ring closing reaction of 1. 

Fig. 3 Rowan and co-workers’ strategy to synthesize poly[n]catenanes a) synthesis 
of poly[n]catenanes 3 via assembling 1 and 2 into a metallo-supramolecular poly-
mer (MSP) followed by ring-closing to yield poly[n]catenane and demetallation; 
and b) the structure of 1, 2 and 4 (ring-closed product of 1). Adapted from Wu et 
al. Science, 2017, 358, 1434-1439. Reprinted with permission from AAAS, copy-
right 2017. 

Considering the principle of maximal site occupancy, in which 
two Bip units in a macrocycle cannot bind the same Zn2+ ion is 
expected that each Bip unit in 2 must form a 2:1 Bip:Zn2+ com-
plex with a Bip unit in 1, maximizing the enthalpy factor. The 
large binding constant between Bip and Zn2+ ensures an efficient 
ring closing metathesis (Fig. 3a). The demetallation process was 
performed using tetrabutylammonium hydroxide and the nonin-
terlocked by-products were removed through demetallation-rem-
etallation processes, since metal ions interact preferentially with 
interlocked ligands because the entropic cost is significantly less 
than the interaction with noninterlocked free ligands. This new 
methodology represents a conceptual breakthrough, as similar 
design principles can be applied to different ligand-metal pairs, 
so it is in principle expected that more poly[n]catenanes will be 
developed in the very near future. 

Polyrotaxanes 

Polyrotaxanes (PR) are polymers formed by (or that contain) ro-
taxane units repetitively. For the same reasons described for pol-
ycatenanes, that is, the potential benefit arising from the large-
amplitude motions allowed in mechanically linked components 
(Fig. 4a), PRs have aroused interest in the field of polymer chem-
istry. We can find main chain polyrotaxanes in which the main 
chain is either connected through covalent bonds (a linear poly-
mer as thread, Fig. 4a or several rotaxanes connected covalently 
through their macrocycles as shown in Fig. 4b, or through their 
stoppers 63), through host-guest interactions (a supramolecular 
PR, Fig. 4d) or itself mechanically interlocked, as in daisy chains 
(Fig. 4e); and side chain PRs consisting a polymer backbone 
branched with multiple rotaxane architectures (Fig. 4c).42, 43, 44, 45
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Fig. 4 Main types of polyrotaxanes. a, b, d and e) main chain polyrotaxanes, in 
which the polymer backbone is connected covalently (a and b), supramolecularly 
(d) or mechanically (e); and side chain-polyrotaxanes (c), in which rotaxane units 
branch out of the polymer backbone. The main types of large-amplitude internal 
motions in polyrotaxanes are depicted in a). 

Synthetically more accessible than polycatenanes, many kinds of 
PRs have been synthesized. In fact, the very first rotaxane was 
also the first side-chain polyrotaxane as it was synthesized by 
threading a macrocycle attached to a polymer resin.6 Since then, 
many different combinations of polymer chains and macrocycles 
(crown ethers, cyclophanes, cucurbiturils, cyclodextrins…) have 
been used to synthesized PRs.44,64-67 
As expected, these structures show distinct properties compared 
to noninterlocked mixtures of the components. Perhaps one of 
the most impressive examples to date are the different types of 
PR gels that can be found in the literature. Polymer hydrogels are 
often classified following the type of crosslink points. In this 
way, we can distinguish two classes: the covalent hydrogels, with 
permanent crosslinks (chemical bonding), and the physical hy-
drogels which are obtained by non-covalent interactions such as 
ionic or hydrogen bonding (physical bonding) that act as reversi-
ble crosslinks. 
The idea of implementing PRs in polymeric gels was to the best 
of our knowledge first postulated by de Gennes in 1999.68 In this 
new class of PR-containing supramolecular networks, the cross-
link points are not fixed but sliding. Such materials were, accord-
ingly, called slide-ring or topological gels and were first de-
scribed experimentally by Okumura and Ito in 2001.69 The slid-
ing network architecture was achieved by the use of PRs, whose 
chemical structures were based on cyclodextrin macrocycles 
(CDs) and poly(ethylene glycol).69-72 In later studies, other poly-
mers such as poly(dimethylsiloxane) and poly(N-isopropy-
lacrylamide), were used as well.73,74 After this discovery, many 
examples of such topological polymer networks have been pub-
lished and applied in different fields, such as photoresponsive 
gels75, chromic gels76 and even as anti-scratch coatings for cell 
phones.77 
The presence of PRs (cross-linked or freely moving) has an im-
pact on dynamic and physical properties of the material, such as 
viscosity, 78 extensibility 79 and mechanical strength.77  The 
crosslinking points in PR gels influence the mechanical behav-
iour differently than the entanglement of polymer chains or the 
fixed junctions in chemical gels and rubber. In fact, PR gels show 
quite low Young’s modulus compared to chemical gels with the 
same crosslinking density. Moreover, Sawada and co-workers 
have demonstrated that rotaxane crosslinking polymers have 

higher fracture stress and strain than those of covalently cross-
linked polymers, thanks to the increased network homogeneity 
by the rotaxane cross-links.80, 81 
As a consequence of topological restrictions, the polymer chain 
in PR gels can slide through the crosslink but cannot be released 
from it totally. This allows the conformational relaxation of the 
polymer along its chain’s axis, called pulley effect.77 In addition 
to this, free (uncrosslinked) rings that remain in the PR structure 
lead to a heterogeneous density distribution, which allows a 
transfer of the polymer’s conformational entropy to the free cy-
clic molecules, resulting in a substantial entropy loss for the pol-
ymer. This is in strong contrast to conventional polymeric mate-
rials (gels and rubbers), which do not have such entropy, and has 
a considerable impact on their elasticities and Young’s moduli 
(Fig. 5). These materials have finite equilibrium moduli, which 
arise from the entropic elasticity of the polymer conformation 
between fixed crosslinks. 

Fig. 5 Mechanical dynamics of polyrotaxane materials: besides the typical a glass 
transition between glass and rubber states of covalent polymers, polyrotaxane 
materials shows a sliding transition and sliding state. Reprinted by permission 
from Springer Nature, Polymer Journal, copyright 2011.77 

Ito and co-workers have studied viscoelasticity in PRs, which de-
scribes how, depending on the molecular dynamic properties, a 
polymer material can behave as a viscous fluid or as elastic solid. 
Further, using NMR and neutron spin echo spectroscopy, they 
showed that PR gels exhibit different viscoelastic relaxation dy-
namics depending on the size of the ring component. Gels with 
larger rings showed relaxation times up to 5 times slower than 
those with smaller rings. Nevertheless, gels with differently sized 
rings exhibited a common relaxation mechanism of chain sliding 
along the distance between crosslinks. These results indicate that 
the chain sliding motion through the larger ring cavity was sig-
nificantly slower. The decelerated chain sliding was attributed to 
an increase in the interactions between the chain and the inner 
surface of the larger rings. This implies that the interactions can 
be mediated by solvent molecules interpenetrated in the extra 
cavity of the larger rings. Thus, this study suggests a possible 
method for controlling the dynamics of PR materials by design-
ing molecular interactions based on host-guest chemistry.82 
In contrast with the soft materials, where the CD rings are able 
to slide along the polymer chain, this motion is strongly inhibited 
in solid materials after the glass transition. Meanwhile, the 
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threading polymer retains a considerable mobility within this fro-
zen CD ring framework, allowing strong secondary relaxations. 
Such secondary relaxations are further enhanced by a remarkably 
high degree of rotational motion of the polymer in the frozen CD 
ring framework. Both these molecular relaxation motions are re-
lated to the solid properties, strongly affecting the strength of the 
polymer glass. The most characteristic example is a class of duc-
tile glasses prepared via melt-press molding of a thermoplastic 
PR.83,84, 85 It is worth to mention that the process of melt-press 
molding itself allows the creation of different PR glasses from 
one polymer. To do so, the thermal fluctuations during the glassy 
transition can be exploited to trigger more profound stress-in-
duced structural changes, potentially leading to the development 
of novel hard yet flexible materials. 
Recently, the influence of the position of the rings within a PR 
glass was investigated.86 The study was conducted using a 
triblock copolymer Poly(ethylene oxide)-b-poly(propylene ox-
ide)-b-poly(ethylene oxide) (PEO–PPO–PEO) threaded through 
β-CD rings that can be chemically modified to bear hydrophilic 
or hydrophobic groups (Fig. 6a). When bearing the hydrophilic 
groups, the CDs prefer to locate in the central section of the pol-
ymer thread, forming a free-encapsulated-free structure, that can 
be compared to an ABA-type copolymer. This tendency can be 
reversed by silylation, which makes the CDs hydrophobic and 
changes their preference to the end sections of the thread, form-
ing an encapsulated-free-encapsulated sequence, or BAB stack-
ing (Fig. 6b and c). Therefore, the molecular manipulations bring 
about a conformational change through sub-molecular motion, 
which in turn provokes a change in the intermolecular self-as-
sembly preferences, which is finally reflected in a drastic change 
in the mechanical properties from a melt state to an elastic be-
haviour (Fig. 6 d and e).  

Fig. 6 a) Chemical structures and synthetic scheme of PEO-PPO-PEO-CD polyrotax-
anes (PPR), bearing hydrophilic hydroxypropyl groups (HPPR) and hydrophobic tri-
methyl silyl groups (TMS-HPPR). b and c) Results of dynamic mechanical analysis 
and the schematic illustrations of (b) HPPR and (c) TMS-HPPR above the Tg. 
Adapted from S. Uenuma, R. Maeda, K. Kato, K. Mayumi, H. Yokoyama and K. Ito, 
ACS Macro Letters, 2019, 8, 140-144, 2019 with permission from the American 
Chemical Society, copyright 2019. 

Other kinds of glassy PRs based on CDs have also been synthe-
sized. Taneda et al. have prepared a PR structure composed of 
PEO and α-CD at the outermost surface of a glassy poly (methyl 
methacrylate) film. The dynamics of the PEO chain at the water 
interface can be modulated by threading the CD molecules on 
PEO. With this strategy, biological responses (such as protein 
adsorption and platelet adhesion) can be modified depending on 
the degree of complexation of polymer chains with the CD 
rings.87 
Takata and co-workers synthesized crosslinked PRs from vinyl 
polymers, and both CD 88 and crown ether macrocycles.89-91 The 
authors observed, similar to other studies, a macrocyclic effect 
that leads to polymers with higher swellability, enabled by the 
high mobility of the wheel through the polymer chains.  
Another strategy towards dynamic materials consists in the use 
of inclusion complexes formed by CD rings (host) and non-co-
valent crosslinks (guest). Such soft materials can form gels with 
dynamic properties, such as the self-healing ability, which is par-
ticularly desirable to increase the useful life of these materials. 
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Most conventional polymers lack the self-healing ability, as the 
covalent bonds do not typically allow dynamic re-organization 
of the polymer structure upon stress, with the exception pur-
posely designed polymers including dynamic covalent bonds 
that can be reversibly formed and broken in response to adequate 
stimuli.92-96

The intrinsically dynamic nature of non-covalent interactions al-
lows the self-healing of properly designed polymers. Two sur-
faces of such can be brought into contact, upon which the free 
host and guest units on the surface form the same host-guest bond 
that constitutes the bulk, thus recovering the initial bulk stress 
strength. This strategy of formation of complementary com-
plexes and the polymerization of inclusion complexes in aqueous 
solutions is widely being used to create self-healing polymers.97-

99

Along these lines, Nakahata and co-workers have reported a su-
pramolecular hydrogel consisting of high molecular weight poly 
(acrylic acid) (pAA) with ferrocene (Fc) and β-CD moieties. The 
self-healing properties, such as re-adhesion between cut sur-
faces, can be controlled using redox reactions inducing a sol-gel 
phase transition in the supramolecular hydrogel (Fig. 7a).100 The 
study was performed using NaClO (aq. 14 mM) as an oxidant 
and glutathione (GSH) as a reductant. Under oxidizing condi-
tions, the viscosity of the gel decreases transforming the hydro-
gel into the sol. In contrast, under reducing conditions the sol 
state recover elasticity reverting it back to the hydrogel (Fig. 7b). 
This behaviour is due to the larger affinity of β-CD towards the 
hydrophobic neutral reduced state of the Fc compared to the hy-
drophilic cationic oxidized state, Fc+. The same switching behav-
iour can be obtained by electrochemical stimulation. The hydro-
gel decreases in elasticity under electrochemical oxidation, and 
consequently is transformed into the sol. The reduction was car-
ried out by heating the sol at 50ºC, which recovered the typical 
elasticity of the hydrogel (Fig. 7c).  

Fig. 7 a) Schematic illustration of the redox-mediated sol−gel transition described 
by Nakahata and co-workers.100 b) Sol−gel transition experiment using NaClO as 
oxidant to the pAA-6β-CD/pAA-Fc hydrogel induced a phase transition into the sol 
state, and continuous addition of glutathione (GSH) as reducing agent to the sol 

recovered the elasticity to yield the hydrogel again. c) Sol−gel transition experi-
ment using electrochemical reactions. Adapted from Nakahata et al. Nat. Comm, 
2011, 2 (511), 1-6. Reprinted by permission from Springer Nature, copyright 2011. 

In 2016, Harada’s group reported self-healing materials based on 
PRs and vinyl polymers cross-linked by covalent reversible 
bonds. In particular, they have prepared gels by using 4- vi-
nylphenylboronic acid (PB) and acrylamide (AAm) cross-linked 
with boronate linkages in presence of hydroxypropylated PR 
(HPPR) and hydroxypropylated pullulan (HPPul) (Fig. 8). Un-
like conventional polymers, the mobility of the ring molecules 
along the axle in the polyrotaxane and the sliding nature of the 
cross-linker are proven to provide both “physical” and “chemi-
cal” self-healing properties on the resultant materials. PR-PB gel 
exhibit ~100% healing, whereas the Pul-PB gel showed only 
~20% healing. Therefore, the PR structure inside of the gel plays 
an important role in performing an efficient self-healing effect 
extending the lifespan of the material.101  

Fig. 8 Chemical structure of the gels. a) Schematic representation of HPPR and 
HPPul. b) Chemical structures of the PR-PB (x) gel and Pul-PB (x) gel. X, represents 
the mol % content of cross-linker units (PB) in the vinyl polymerization. Adapted 
from M. Nakahata, S. Mori, Y. Takashima, H. Yamaguchi and A. Harada, Chem, 
2016, 1, 766-775, with permission from Elsevier, copyright 2016. 

Stimuli-responsive PR are particularly interesting. Harada and 
co-workers designed a photoresponsive supramolecular actuator 
by integrating host-guest interactions and photoswitching ability 
in a hydrogel.102 A photoresponsive supramolecular hydrogel 
with α-CD as a host molecule and an azobenzene derivative as a 
photoresponsive guest molecule exhibits reversible macroscopic 
deformations in the same way that was previously reported by 
Zhao and Stoddart.103 Azobenzene was selected as guest mole-
cule because the association constant of α-CD for trans-azoben-
zene (Ka = 12,000 M-1) is larger than that for cis-azobenzene 
(Ka= 4.1 M-1). Therefore, azobenzene affects the photoinduced 
deformation and remote controllability. Using water as solvent, 
the azobenzene moieties were isomerized from the trans to the 
cis conformation by irradiation with UV light (Fig.9).  
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Fig. 9 a) Photographs of the volume change of α-CD-Azo gel irradiated by ultravi-
olet and Vis light. Scale bar, 5 mm; b) Schematic illustration of the expansion-con-
traction of α-CD-Azo gel irradiated by ultraviolet and Vis light. After ultraviolet ir-
radiation, which induces isomerization from the trans- to cis- form, the complex 
between α-CD and Azo units decomposes to expand α-CD-Azo gels. Vis irradiation 
causes isomerization from the cis- to trans-form, and complexation between α-CD 
and the Azo units regenerates. Adapted from Y. Takashima, S. Hatanaka, M. 
Otsubo, M. Nakahata, T. Kakuta, A. Hashidzume, H. Yamaguchi and A. Harada, Nat 
Commun, 2012, 3, 1270, reproduced in compliance with CC-BY-NC-SA License. 

The photoisomerization caused the dissociation of inclusion 
complexes decreasing the crosslinking density of the material, 
leading to the swollen state of the gel. When the swollen state is 
irradiated with visible light, cis-azobenzene moieties were isom-
erized back to the trans form. Then, the crosslinking density be-
came higher leading to the shrunk state. This molecular change 
leads to a deformation of the supramolecular hydrogel depending 
on the incident direction. If the gel is cut in a ribbon shape, sus-
pended in water and irradiated with UV light, only a thin layer 
close to the surface of the irradiated side was swollen. This is 
because light can be only absorbed by the azobenzene molecules 
in close proximity to the surface. Due to this asymmetry, the rib-
bon-shaped gel bent to the direction opposite to light source.104,

105

Recently, one of the most interesting applications of PRs has fo-
cused on increasing the useful life of lithium (Li)-ion batteries.106 
Although the massive volume change of Si during repeated 
charge-discharge cycles has been identified as the main origin of 
insufficient cycle lives of Si anodes, it has recently been recog-
nized that binders can contribute substantially to improve their 
cycle lives.107,108 Polyvinylidene difluoride (PVDF) polymer has 
frequently been used as binder but, is not appropriate for Si an-
odes because it exhibits weak van der Waals interactions with Si 
and the copper current collector.  
The stress dissipation during the expansion of Si is the key to the 
operation of Si anodes. Coskun, Choi and co-workers have con-
sidered the use of pulleys which can help through a stress-release 

mechanism.109 They have developed a new binder for SiMP an-
odes consisting on PR comprising PEG threads and α-CD rings 
functionalized with 2-hydroxypropyl moieties. Some of these 
moieties are covalently connected with polyacrilic acid (pAA) 
acting as pulleys as some rings are fixed along the polymer chain 
and, rings unfixed which can move freely (Fig. 10a). The move-
ment of the pulleys reduce the tension exerted on the polymer 
network (Fig. 10b).  
Additionally, these materials present different states. In their 
pristine state, the α-CD rings are distributed randomly along the 
PEG thread. However, once the SiMPs are expanded during a 
lithiation process, the stretching of polyrotaxane and PAA chains 
leads to the movement of the ring components closer to each 
other to reduce mechanical stress. Subsequently, delithiation 
process takes place, making it possible for the rings to return 
from this high-energy state to their pristine state via entropic re-
pulsion.77  
Furthermore, in a battery cycle, the SiMPs are pulverized.110, 111

PR keeps the pulverized Si particles coalesced, which is critical 
for preserving the electrode morphology. In contrast to this be-
haviour, in a simple linear PAA binder without PR, pulverized 
Si particles remain apart. As a consequence, patchy solid elec-
trolyte interphase layers grow in the interparticle space (Fig. 
10c). The continuous growth of these layers in prolonged cycles 
lead to an electrical disconnection between Si particles.109 
Therefore, PR-PAA-SiMP electrode exhibited a cycling perfor-
mance better than a PAA-SiMP electrode. It has been observed 
how measuring at 0.2 C (0.64 mA cm−2), the PR-PAA–SiMP 
with an initial area capacity of 2.67 mAh·cm−2 preserved 2.43 
mAh·cm−2 after 150 cycles, which corresponds to 91% of capac-
ity retention. By contrast, under the same conditions the PAA-
SiMP electrode starts to lose its capacity from the beginning and 
retained only 48% of the initial capacity after 50 cycles. 
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Fig. 10 Stress dissipation mechanism of PR-PAA binder for SiMP anodes: a) The 
pulley principle to lower the force in lifting an object. b) Graphical representation 
of the operation of PR-PAA binder to dissipate the stress during repeated volume 
changes of SiMPs, together with chemical structures of polyrotaxane and PAA. c) 
Schematic illustration of the pulverization of the PAA-SiMP electrode during cy-
cling and its consequent SEI layer growth. Adapted from Choi et al. Science, 2017, 
357, 279-283, with permission from AAAS, copyright 2017. 

Mechanical links in Metal-Organic Frameworks 

Metal Organic Frameworks (MOFs) are three-dimensional ma-
terials, built up by inorganic species (metals or clusters) that are 
coordinated by organic ligands in a crystalline porous net-
work.112-117 These materials show high porosity and surface ar-
eas, which makes them appealing for applications related to ca-
talysis,118-120 gas storage,121, 122 sensing, 122, 124 and drug deliv-
ery.123-129 Although MOFs are extensive in number, the evolution 
of these materials through the addition of complexity to their 
structures remains an area of interest today, providing the key to 
enhanced functionality. 
It is well known that molecules in solution operate through a ran-
dom and incoherent motion. The term ‘robust dynamics’130 has 
been coined to describe the dynamic properties presented by 
frameworks constituted by MIMs inside. The insertion of MIMs 
into the rigid architecture of MOFs contributes to include large-
amplitude motions, such as rotation and translation, without al-

tering the hard and structural backbone of the material. This con-
cept implies avoiding the uncontrolled movement of the mole-
cules by confining them within a three-dimensional extended 
structure. These materials are named metal-organic rotaxane 
frameworks (MORFs, Fig 11.).131, 132 

Fig. 11 General structure of a metal-organic rotaxane framework (MORF). Repro-
duced from S. J. Loeb, Chem. Commun., 2005, 1511-1518, with permission from The 
Royal Society of Chemistry, copyright 2005. 

In 2000, Kim and co-workers reported the first 3D structure con-
taining rotaxanes. The synthesis was performed from a diamino-
alkane and a curcurbituril ring through hydrothermal conditions 
with Tb(NO3)3.133 Subsequently, in 2005 Loeb and Wisner pub-
lished 3D structures based on a pyridine-N-oxide [2]pseudoro-
taxane with different lanthanide ions.134, 135 Nevertheless, none 
of these structures displayed the dynamic motion expected from 
interlocked molecules.  
In 2012, Loeb and co-workers prepared the first dynamic MORF 
named as UWDM-1(University of Windsor Dynamic Material) 
with formula [Cu2(MIM)(H2O)2].3H2O (Fig. 12). The MIM moi-
ety consisted of an aniline-based axle, which can be protonated 
to form a benzyl-anilinium cation and interact with a crown ether 
macrocycle labelled with two deuterium atoms. The dynamic 
properties were studied by variable temperature (VT) and 2H 
solid-state (SS) NMR spectroscopy. The experiments demon-
strated that the crown ether ring can undergo free rotation 
through the coordination polymer backbone. 
The rotation of the wheel component in UWDM-1 is tempera-
ture-dependent and reversible. Solvent molecules can bind with 
the macrocycles through hydrogen bonding, leading to a static 
situation of the ring. However, when the structure is heated under 
vacuum at 150 ºC, the solvent molecules are removed from the 
channel as well as from the copper centres, undergoing free ro-
tation of the crown ether. In this way, the rotation can be acti-
vated/deactivated without affecting the rigid MOF architec-
ture.136 
On the other hand, the variation of the size of the macrocycle 
also affects the dynamic properties of the material. The rate of 
rotation depends on the size and shape of the macrocycle. The 
corresponding study was carried out by V.N. Vukotic et al, by 
varying the size of the crown ether macrocycles from [22] 
crown-6, [24] crown-6, [26] crown-6 to benzo [24] crown-6. The 
highest mobility was observed in UWDM-1 ([24] crown-6) 
which has three different motions: a two-site jump of CD2 
groups, a partial rotation of the macrocyclic ring and full rapid 
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rotation of the ring. All three types of movements present a 
higher rate with increased temperature.137  

Fig. 12 UWDM-1 structure determined by single crystal X- ray diffraction. A) Ball-
and-stick representation of a single unit of the MIM coordinated to four Cu(II) pad-
dlewheel clusters. B) space-filling model. C) Polyhedron comprising six paddle-
wheel units with macrocyclic rings omitted. D) As in c, but with macrocyclic rings 
shown. C) Linked polyhedra, with macrocyclic rings omitted, viewed down the c-
axis, showing the channels that contain H2O. F) As in e, but with macrocyclic rings 
shown. Adapted from V. Nicholas Vukotic, Christopher A. O’Keefe, Kelong Zhu, 
Kristopher J. Harris, Christine To, Robert W. Schurko, and Stephen J. Loeb, J. Am. 
Chem. Soc., 2015, 137, 9643-9651 with permission from the American Chemical 
Society, copyright 2015. 

Subsequently, Loeb and co-workers synthesized new dynamic 
MOFs, in which the dynamic motion of the macrocycle can be 
controlled by a reversible phase change in the framework of the 
material. Between UWDM-2 (1,4-diazophenyl-dicarboxylate) 
and UWDM-3 (1,4-biphenyl-dicarboxylate) only the UWDM-3 
showed a gradual phase change over a temperature range of 100-
125ºC (Fig. 13). β-UWDM-3 phase is due to desolvation and de-
formation of the structure of the MOF. This phase change can be 
also promoted by solvent exchange with CH2Cl2 and mild drying 
of the sample. Moreover, this phase change is reversible, as it 
can be reversed by re-exposure of the desolvated sample to 
DMF.138 

Fig. 13 Schematic illustrating of the conversion between the α-form (left) and 
desolvated β-form (right) of UWDM-3, which is accompanied by release of the 
macrocyclic wheel into a free volume space within the MOF allowing for the full 
range of dynamic motions as observed by 2H SSNMR. Adapted from Kelong Zhu, 
V. Nicholas Vukotic, Christopher A. O’Keefe, Robert W. Schurko, and Stephen J. 
Loeb. J. Am. Chem. Soc., 2014, 136, 7403-7409, with permission from the Ameri-
can Chemical Society, copyright 2014. 

One of the most characteristic ligands studied has been the H-
shaped rigid axle with different crown ethers (Fig 14).139 Baggi 
and Loeb have studied linkers which present a specific topology, 

allowing to modulate the ability to dial-up different donor set for 
complexation to metal ions (such as Li+, Cu+ and Ag+) by rotation 
of the ring about the H axle.140, 141 Changing the terminal func-
tional groups by carboxylic acids in the H shape linkers Gholami 
et al. prepared another type of MORF by reaction of the linker 
with zinc nitrate and copper nitrate.142, 143 

Fig. 14 MORF materials are commonly constructed from a combination of rigid 
linking struts (green) and metal nodes (brown). In this design, the components of 
a MIM-the axle (blue) and wheel (red) of a molecular shuttle-are inserted as a 
crossbar between the struts. This provides the single wheel component of the 
MIM with the free volume necessary to undergo unencumbered translational mo-
tion between two recognition sites while inside the pores of the MOF. Adapted 
from K. Zhu, C. A. O'Keefe, V. N. Vukotic, R. W. Schurko and S. J. Loeb, Nature 
Chemistry, 2015, 7, 514-519. Reprinted by permission from Springer Nature, cop-
yright 2015. 

Based on the studies realized with H shape rigid axles, Loeb and 
co-workers prepared UWDM-4 (Fig. 15), a MOF structure with 
a molecular shuttle as part of its internal structure. This dynamic 
material incorporates two benzimidazole recognition sites and a 
single [24] crown-8 ether. VT 13C SSNMR experiments demon-
strated that the macrocycle of the rotaxane can undergo large-
amplitude translational motion along the rigid backbone of the 
MOF to which it is interlocked.144, 145 

Fig. 15 Structure of UWDM-4·HBF4 determined by single-crystal X-ray diffraction. 
a) Ball-and-stick representation of a single unit of the MIM linker 5 coordinated to
four Zn4O clusters (only the NH hydrogen atoms are shown for clarity). b) Two 
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cubes of the lattice formed by the triphenyl struts (green and yellow) with con-
necting crossbar MIMs (axle in blue and wheel in red); only crossbars actually con-
necting these two cubes are shown. c) View of the open channels in the lattice 
down the c axis with macrocycles. d) Same view as in c, with macrocycles omitted. 
Adapted from K. Zhu, C. A. O'Keefe, V. N. Vukotic, R. W. Schurko and S. J. Loeb, 
Nature Chemistry, 2015, 7, 514-519. Reprinted by permission from Springer Na-
ture, copyright 2015. 

Although the MOFs themselves are porous, the cavity created by 
the macrocycle ring can be used to form host-guest interactions 
and capture cationic species within the MOF network. Yaghi, 
Stoddart and co-workers published in 2012 a modification of a 
MOF structure with a paraquat dication (PQT2+). In this study 
was observed how MOF-1001 is able to capture paraquat dica-
tion (PQT2+) guests within the macrocycles in a stereoelectroni-
cally controlled fashion. This host-guest interaction indicates a 
charge-transfer between PQT2+ and crown ether rings without al-
tering its crystallinity (Fig. 16).116 In the same year, Stoddart et 
al. designed a MORF (P5A-MOF-1) based on difunctionalized 
pillar[5]arene ring. This material presented an active domain 
which is able to uptake neutral and positively charged electron 
poor aromatic species, leading a colour changes of the crystals 
(from yellow to deep orange) as consequence of a charge transfer 
between guest and active domain.146  

Fig. 16 a) MOF-1001, b) MOF-1001 pseudorotaxanes, and their molecular analogs 
c and d). MOF-1001 maintained its crystallinity after docking of PQT2+. Adapted 
from Q. Li, W. Zhang, O. Š. Miljanić, C.-H. Sue, Y.-L. Zhao, L. Liu, C. B. Knobler, J. F. 
Stoddart and O. M. Yaghi, Science, 2009, 325, 855-859. Reprinted with permission 
from AAAS, copyright 2009. 

Likewise, Coskun et al. reported a coordinated copper [2]pseu-
dorotaxane that reacts with zinc nitrate to form MOF network 
which is able to undergo electronic switching of some of the cop-
per(I) ions under redox control.147 
In addition to rotaxanes or pseudorotaxanes, there are MOFs 
modified with catenanes. 148, 149 For example, reversible redox-
switching of bistable [2]catenanes has been retained inside the 
MOF (Fig. 17), showing that the dynamics of the catenane does 
not affect the robustness of the MOF. Moreover, this study 
demonstrates that a catenane can exhibit robust dynamics inside 
of MOF in the same way as it was mentioned for the rotaxanes.150 

Fig. 17 a) Structure of NU-1000 (red, oxygen; blue, zirconium; grey, carbon). b) 
Schematic of the functionalized bistable [2] catenane FC4+ organized into NU-
1000 by the SALI approach. Adapted from Q. Chen, J. Sun, P. Li, I. Hod, P. Z. 
Moghadam, Z. S. Kean, R. Q. Snurr, J. T. Hupp, O. K. Farha and J. F. Stoddart, J. Am. 
Chem. Soc., 2016, 138, 14242-14245 with permission from the American Chemical 
Society, copyright 2016. 

Mechanically Interlocked Derivatives of Carbon 
Nanotubes 

Single-walled carbon nanotubes (SWNTs) are endowed with one 
of the most attractive collection of physical properties among na-
nomaterials:151 they show extremely high mass-normalised 
strength152 and thermal conductivity,153 metallic carbon nano-
tubes transport electric current ballistically, while semiconduct-
ing nanotubes feature a well-defined bandgap which depends on 
their chirality.154 All these properties have made SWNTs the na-
nomaterial of choice for a variety of applications, from stronger 
materials to advanced electronic devices.155 It is however also 
true that, for most targeted uses, SWNTs have performed disap-
pointingly bad with respect to the initial expectations, often or-
ders of magnitude behind theoretical predictions.156 A good 
share of the disenchantment with SWNTs is directly attributable 
to the problems of hype that all new materials go through, but 
there are also two main good scientific reasons behind it. First, 
the challenge of synthesizing monodisperse SWNTs samples 
with chiral selectivity157-160 or isolating them from mixtures,161-

164 which has stood in the way of most applications in (opto)elec-
tronics –except the few exceptions in which inhomogeneity is 
actually an advantage, like physically unclonable functions.165,

166 Second, the tendency of SWNTs to aggregate, that is, to in-
teract strongly with themselves, which in turn means they inter-
act poorly with solvents, hampering processability. This same 
problem has also frustrated the best use of the mechanical prop-
erties of SWNTs in SWNT-polymer composites.167 Chemical 
modification of SWNTs has often been proposed as the solution 
to those problems. To name just a couple of selected examples, 
the first reports on the covalent functionalization of SWNTs168 
attempted to improve SWNT solubility in common organic sol-
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vents.169 As for the electronic properties, Blanchet and co-work-
ers described a method for the selective addition of fluorinated 
olefins to metallic nanotubes, suppressing their conductivity and 
allowing for a mixture of SWNTs to be used as semiconductor 
material in thin film transition applications.170 In perfect paral-
lelism, the first studies on the supramolecular chemistry of 
SWNTs171 were also directed at improving their solubility, in this 
case in water.172-174 Later, noncovalent chemistry has proven as 
one of the most powerful tools to purify SWNTs to obtain single-
chirality,162,175 and even single handedness,176-178 samples. With 
these precedents, interfacing SWNTs and molecules through me-
chanical links seems particularly attractive. 
The first examples of mechanically interlocked molecules fea-
turing nanocarbon molecules were focused on the soluble molec-
ular fullerenes, mainly using them as stoppers,179-183 and more 
recently as templates in the thread.184, 185 As for SWNTs, the first 
combinations of MIMs and nanotubes were described by the 
groups of Stoddart and Heath, based on the noncovalent sidewall 
modification with catenane186 or pseudorotaxane187 architectures 
(Fig.18).171  

Fig. 18. Noncovalent sidewall functionalisation of SWNTs with catenanes (left) and 
pseudorotaxanes (right) described by the groups of Stoddart and Heath.186, 187. 
Adapted from: M. R. Diehl, D. W. Steuerman, H.-R. Tseng, S. A. Vignon, A. Star, P. 
C. Celestre, J. F. Stoddart and J. R. Heath, ChemPhysChem, 2003, 4, 1335-1339 and 
A. Star, Y. Liu, K. Grant, L. Ridvan, J. F. Stoddart, D. W. Steuerman, M. R. Diehl, A. 
Boukai and J. R. Heath, Macromolecules, 2003, 36, 553-560 with permission from 
Wiley-VCH, copyright 2003, and the American Chemical Society, copyright 2003, 
respectively.  

The extreme aspect ratio of SWNTs makes them suitable for 
their threading through organic macrocycles to form [n]rotax-
ane-type188 mechanically interlocked derivatives of SWNTs 
(MINTs, Fig. 19). Initially, one can expect to get to a best-of-
both-worlds situation, conserving a degree of stability compara-
ble to covalent modifications, but without saturation of any sp2 
Cs, and therefore preserving (or hopefully improving!) the out-
standing physical properties of SWNTs. The idea was based on 
a “clipping” strategy, where we would use U-shaped molecules 
featuring two units of a recognition fragment for SWNTs (for 
example, pyrene in Fig. 19a), connected through an aromatic 
spacer and finally decorated with alkene-terminated alkyl chains. 
With this molecular design, our strategy is based on two sequen-
tial steps, first a supramolecular event: we expect the U-shapes 
to be able to associate individualised segments of SWNTs. Sec-
ondly, once the U-shapes are associated, we can close them 
around the SWNTs to form the rotaxane-type MINTs using ring-
closing metathesis (RCM). Finally, we rely in extensive wash-
ings with solvents in which catalyst, U-shapes, non-interlocked 

macrocycles, etc. are very soluble, to remove any material that is 
not very tightly bound to the SWNTs.189 
The supramolecular equilibrium is governed by an association 
constant (Ka) that can be measured using a relatively simple ti-
tration method, and is the solvents that we use to form MINTs 
(typically tetrachlorethane, TCE) and at room temperature is a 
respectable Ka = 103-104 M-1.190, 191 This implies that at the con-
centrations we typically run the MINT-forming reaction (ca. 0.5 
mM), more than 50% of our U-shapes are associated to the 
SWNTs at the beginning of the reaction. A major concern when 
using Grubb’s catalysts with bisalkene molecules is the compet-
itive oligomerization reaction, which can take place by reaction 
between two U-shapes instead of RCM. Oligomers formed this 
way would associate very strongly to SWNTs, and are potential 
impurities in the final product. To analyse the role of oligomeri-
sation, we investigated the kinetics of the MINT forming reac-
tion, and found that could be well fitted to pseudo first order ki-
netics to afford kRCM = 7.4 x 10-5 s-1, in line with RCM (and not 
oligomerisation, which would be second order) being the major 
mechanism. Moreover, by increasing the amount of Grubb’s cat-
alyst,192 or using specific SWNT recognition motifs under cer-
tain conditions,193 we can force the formation of significant 
amounts of oligomers, which are perfectly distinguishable from 
MINTs through simple thermogravimetric analysis. With these 
simple analyses we can ascertain that the majority of the func-
tionalisation in our samples must correspond to rotaxane-type 
MINTs. Thanks to the tremendous advances in aberration-cor-
rected high-resolution electron microscopy at sufficiently low-
voltage to prevent immediate damage to the organic macrocy-
cles, we were also able to image MINTs with close to atomic 
resolution Fig. 19c.  
An alternative synthetic pathway, based on direct threading of 
SWNTs through rigid cycloparaphenyleneacetylene (CPPA) 
macrocycles was recently reported by Miki, Ohe, and cowork-
ers.194 In this “ring-tossing” strategy, the authors directly mixed 
CPPAs and SWNTs in o-dichlorobenzene, to obtain the com-
plexes. Through comparison between the fit of the CPPA cavity 
and the SWNT diameter and the amount of complex obtained, 
and careful analysis of the TGA data, the authors conclude that 
both tube-in-ring and tube-on-ring complexes are present in most 
cases in the final product, except in cases where the fit is partic-
ularly tight, like that between the [9] CPPA shown in Fig. 16b 
(1.89 nm cavity) and SWNTs of 1.1-1.4 nm diameter, where the 
tube-in-ring binding mode predominates. 
Finally, the templated formation of self-assembled hydrogen 
bonded macrocycles around SWNTs has also been described by 
González-Rodríguez and co-workers.195  
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Fig. 19 Synthetic pathways towards MINTs. a) Clipping strategy, based on associa-
tion of SWNTs by alkene-terminated U-shapes featuring recognition units for 
SWNTs (in this case illustrated with pyrene) followed by RCM.189 b) A pre-formed 
rigid CPPA macrocycle is directly threaded by the SWNTs under specific conditions, 
as described by Miki, Ohe and co-workers.194 c) HRTEM of a MINT synthesised by 
Pérez and co-workers.196 

Although these are, to the best of our knowledge, “the first” ex-
amples where rotaxane-type derivatives of SWNTs have been 
targeted and unambiguously characterised, as usual, there are no 
firsts in science. Before we set sail to navigate these seas, others 
had probably touched land already. For example, in 2005, 
Dieckmann and co-workers had reported the diameter-selective 
solubilisation of SWNTs using peptide macrocycles reversibly 
formed using disulfide chemistry, in which their proposed main 
mode of action was encapsulation of the SWNTs within the 
macrocycles.197 That same year, Stoddart and co-workers 
described the formation of “acyclic and/or cyclic adducts on or 
around the side walls of SWNTs” using Pd coordination of 
porphyrin fragments.198 The formation of covalent porphyrinic 
networks around MWNTs described by Campidelli and co-
workers,199 and, more recently, the encapsulation of SWNTs 
within peptide β-barrels by Kruss and co-workers,200 can also be 
considered close relatives of MINTs. 
With the synthetic tools towards MINTs already in place, we are 
now exploring if the mechanical bond is indeed a useful addition 
to the chemistry toolkit for modification of SWNTs. To this end, 
the structural flexibility provided by our clipping approach is 
crucial. In our hands, this simple design strategy has so far 
worked for any molecular fragment known to associate SWNTs 
efficiently, including, π-extended derivatives of tetrathiafulva-
lene (exTTF),201 pyrene,202 napthalene diimides,193 porphy-
rins,203 and anthraquinone.200 Moreover, substituents on the aro-
matic spacer,193 and oligo ethyleneglycol alkene terminated 
spacers204 are also tolerated.  
An ideal tool for the chemical modification of SWNTs should 
allow the tuning of surface and electronic properties. In collabo-
ration with the groups led by Rubio, Guldi and Lorenzo, we car-
ried out an extensive experimental and theoretical investigation 
of the influence of linking exTTF electron donors to SWNTs 
through mechanical links, in comparison with non-interlocked 
supramolecular model systems.205 Our results showed that, in the 

ground-state, the degree of charge-transfer between exTTF and 
SWNTs is negligible, whereas upon photoexcitation, rapid elec-
tron transfer from exTTF to the SWNTs takes place. The rates of 
transfer and recombination are significantly different in the in-
terlocked and non-interlocked compounds, showing the unique 
effect of the MINT-type modification. Later, we have found sim-
ilar conclusions for porphyrin-based MINTs.203 
From a more practical point of view, we exploited the tuning of 
the electronic properties of SWNTs to modify their catalytic 
properties. In particular, we investigated the catalytic role of 
MINTs in the reduction of nitroarenes with hydrazine, a reaction 
in which SWNTs are known to act both as an adsorbent and as 
electron reservoir. Comparing the catalytic activity of pristine 
SWNTs, and MINTs with electron donor (MINT-exTTF), accep-
tor (MINT-AQ), or electronically neutral (MINT-pyr) macrocy-
cles, we established a clear relationship between the expected 
electronic density at the SWNT surface and the catalytic activ-
ity.196 In particular, the catalytic activity increases with electron 
density on the SWNT. That is, the electron rich(er) MINT-exTTF 
performs significantly better as catalyst than the pristine SWNTs 
(black in Fig. 20), which in turn show similar activity as MINT-
pyr, and much better than the electron poor(er) MINT-AQ (green 
in Fig. 20). This catalyst regulation strategy presents a unique 
combination of the properties observed in the natural up/down 
regulation of enzymes: the link between the effectors (the mac-
rocycles) and the catalyst (the nanotubes) is noncovalent, yet sta-
ble thanks to the mechanical link, and its effect is remote but not 
allosteric, since it does not change the structure of the active site 
(the surface of the nanotube). 

Fig. 20 Regulation of SWNT catalyst activity towards the reduction of nitroarenes, 
using macrocycles of different electronic character. The electron-rich MINT-exTTF 
(blue) is a better catalyst than pristine SWNTs (black) or electronically neutral 
MINT-pyr (red), while the electron-poor MINT-AQ (green) shows considerably de-
creased activity.196 

With regards to the surface properties, the tendency of SWNTs 
to aggregate is a problem in many areas, but perhaps particularly 
so in their use as polymers fillers. The extraordinary mechanical 
properties of SWNT immediately attracted the attention of the 
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material chemist for their potential use for the reinforcement of 
polymers.167 However, the results in this area have been particu-
larly disappointing due to the tendency of SWNTs to interact 
with themselves and self- aggregate, which results in a poor in-
teraction with the polymer and therefore suboptimal load-trans-
fer.206 Encapsulating the SWNTs within organic macrocycles, to 
form MINTs, seems a plausible strategy to aid in individualisa-
tion and an enhanced polymer SWNT interaction. With this hy-
pothesis in mind, we tested the mechanical properties of electro-
spun polystyrene fibers doped with 0.01 wt % MINTs prepared 
from three different types of SWNTs and two different macrocy-
cles, and compared the mechanical properties of the nanocom-
posites with pristine SWNTs and supramolecular complexes of 
identical chemical composition as the MINTs (Fig. 21).207 

Fig. 21 MINTs (red) behave as superior fillers when combined with pristine SWNTs 
(grey/black) or adequate supramolecular controls (blue). Significant improve-
ments in Young’s modulus (left) ant tensile strength (middle) where observed sys-
tematically for MINT-reinforced polystyrene fibers.208 

Conclusions 
The birth of a new type of bond brings the biggest possible win-
dow of opportunity for the chemical sciences. This is the case for 
the mechanical link, too. The chemistry of “small” mechanically-
interlocked molecules has allowed to produce some of the most 
intricate structures208, 209 and fascinating synthetic molecular de-
vices.210-212 Meanwhile, the application of the mechanical bond 
to materials science has just started to bloom.213 In this review, 
we have overviewed the synthetic pathways to polycatenanes, 
polyrotaxanes, MORFs and MINTs, which are already in place. 
Other mechanised structures in the frontier of materials science, 
like mesostructured silica particles214, 215 and metallic nanoparti-
cles216, 217 have also been studied, but are not covered here. In 
some fields, proof-of-concept of the first practical applications 
of mechanically interlocked materials have already been pro-
duced, influencing key fields like energy storage,106 stronger 
plastics,207 or nanomedicine.65 Most of these already benefit 
from the inherent dynamic properties of the mechanical bond, 
but the exquisite control over submolecular motion that is now 
commonplace in small-molecule MIMs remains perhaps the 
grandest challenge for this area of research. When our synthetic 
mastery allows us to access complete control over stimuli-con-
trolled submolecular motion in mechanically interlocked materi-
als we should have access to smart-materials with the potential 
to revolutionise materials science.  
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