
A key feature that controls the properties of a polymeric 
material is its architecture. Beyond the conventional 
linear polymer, architectures such as branched, cyclic, 
bottlebrush, star and block copolymers have expanded 
the property profile of polymeric materials and offered 
opportunities for polymer research and applications. 
Recently, the polymer field has seen the emergence 
of a new class of polymer architecture: mechanically 
interlocked polymers (MIPs), which are polymers that 
include a mechanical bond.
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The mechanical bond itself is not a new idea, occur-
ring when two (or more) molecular components are 
constrained in space without being covalently bonded 
together (Fig. ​1)​. Mechanically interlocked molecules 
(MIMs) possess large conformational freedom while 
maintaining a permanent spatial association between the 
components1–4. MIMs have played an important role in 
the field of molecular switches and molecular machines, 
and were recognized in 2016 with the Nobel Prize in 
Chemistry being awarded to Jean-​Pierre Sauvage, Sir 
J. Fraser Stoddart and Bernard L. Feringa5–8. However, 
MIMs are not confined to this field, and have been 
explored in applications that range from drug delivery 
to catalysis9–15.

MIPs present an attractive frontier in polymer sci-
ence, as the presence of the mechanical bond allows for 
unprecedented degrees of motion within the polymer 
architecture. Conceptually, there are a myriad of ways the 
mechanical bond can be incorporated into polymer archi-
tectures (Fig. ​1)​, and these unique and varied structures can 
enable property profiles that have never been seen before.
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The most common MIP is based on the rotax-
ane architecture: a ring (macrocycle) threaded onto a 
dumbbell-​like component (Fig. ​1a)​, where the ring is able 
to slide back and forth along the dumbbell component 
but is prevented from dethreading by the presence of 
bulky stoppers. A polymeric analogy to this would be the 
main-​chain polyrotaxane (Fig. ​1b)​, in which the ring(s) 
are trapped on the polymer backbone and can undergo 
a similar sliding motion over a much longer distance. 
Thus, by expanding or limiting the range of the rings’ 
sliding motion (for example, by controlling the length 
of the polymer backbone or the number of rings on it), 
the properties of the polyrotaxane can be tuned. Another 
important class of MIPs is slide-​ring materials (SRMs), 
which are polymer networks where the crosslink itself is 
a rotaxane moiety. The term slide-​ring gels, SRGs, is also 
commonly used to describe these materials, particularly 
if the network is swollen with a solvent. The most com-
mon of these systems contain figure-​of-​eight crosslinks 
(Fig. ​1c)​ and the resulting MIP networks have mobile 
junctions that can slide freely along the polymer back-
bone. The final class of polyrotaxanes to be discussed 
are ‘daisy-​chain’ architectures, which feature interlocked 
monomeric units composed of two of the key polyro-
taxane elements (the ring and the thread) covalently 
bound together; the simplest form of this structure is 
the dimeric cyclic [c2]daisy chain (Fig. ​1d)​.

The other main class of MIPs is mechanically inter-
locked rings, or catenanes (such as a [2]catenane, Fig. ​1e).  
This chain-​link structure can be incorporated into 
a polymer in many ways: as monomeric subunits 
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(poly[2]catenane), pendant moieties or even compos-
ing the entirety of the polymer (polymeric [2]catenane, 
Olympic gel, poly[n]catenane (Fig. ​1e)​). Mechanically 
bonded rings do not allow for the long-​range transla-
tional motion present in the polyrotaxanes; however, 
the components of a catenane possess several unusual 
degrees of freedom, such as elongation, twisting and 
rotating motions (Fig. ​1e)​.

Although MIP synthesis remains a challenge, devel-
opments have been made over the years that have 
allowed access to a range of MIPs16,17. In this Review, we 
will focus on polyrotaxanes, SRMs and polycatenanes to 
examine the current understanding of how the mechan-
ical bond impacts the properties of a polymeric mate-
rial and the potential applications of such materials. 
Although syntheses will be touched upon, it will not 
be the focus of this Review and readers interested in 

synthetic approaches to MIPs are directed elsewhere18–21. 
Other classes of interlocked polymers, such as pseudo-
polyrotaxanes or knot-​based materials10,20, will not be 
discussed herein.

Polyrotaxane materials
Rotaxane moieties can be incorporated into macromol-
ecules in a variety of ways (Fig. ​2a)​. The resulting archi-
tectures include main-​chain polyrotaxanes (in which 
the polymer backbone is part of the rotaxane moiety, 
either as the thread or the ring component (Fig. ​2a, left)), 
side-​chain polyrotaxanes (Fig. ​2a, centre) and polyrotax-
anes in which the mechanical bond is incorporated into 
the polymer backbone, such as the poly[2]rotaxanes 
(top right) and poly[3]rotaxanes (Fig. ​2a, bottom right). 
Although these architectures have been synthesized20,22, 
it is the main-​chain polyrotaxanes that have provided 
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Fig. 1 | Mechanically interlocked molecules and polymers. a | A schematic of a [2]rotaxane, demonstrating the 
translational motion of a free ring along the dumbbell component. b | In a main-​chain polyrotaxane, the m rings can exhibit 
translational motions similar to their small molecule counterparts but potentially over longer distances, depending on, for 
example, the number of rings. c | Interchain crosslinking of a main-​chain polyrotaxane through the rings yields a slide-​ring 
material with mobile figure-​of-​eight crosslinks (orange). d | The expansion and contraction motions of a polymeric [c2]daisy 
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catenane, a polymer consisting only of n interlocked rings.
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the most insight into how an interlocked architecture 
impacts material properties.

Main-​chain polyrotaxanes
As in traditional polymers, the chemistry and structure 
of the backbone plays a role in the behaviour of polyr-
otaxanes. However, their properties are also impacted 
by the ring(s) and stopper(s), as well as the interactions 
between these interlocked components. These rela-
tionships have been most extensively characterized in 
main-​chain polyrotaxanes (Fig. ​2a, left).

The first report of a main-​chain polyrotaxane was 
by Harrison and Harrison in 1967 (ref.​23)​. However, 
the field did not gain traction until 1992, when Wenz 
and Keller reported the threading of poly(iminooli-
gomethylene)s through α​-​cyclodextrin (α​-​CD) rings24 
and Harada reported the threading of poly(ethylene 
glycol) (PEG) through α​-​CDs25. The PEG and α​-​CD 
pseudopolyrotaxane assembly is highly efficient and 
driven by a combination of hydrophobic interactions 
(between the polymer chain and the hydrophobic 
pocket of the CD) and hydrogen bonding between 
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Fig. 2 | Polyrotaxanes. a | A selection of polyrotaxane architectures that 
includes main-​chain polyrotaxanes (left), side-​chain polyrotaxanes (centre), 
poly[2]rotaxanes (or daisy chains) (top right) and poly[3]rotaxanes (bottom 
right). b | Polyrotaxanes are often synthesized using cyclodextrin (top left), 
which is commercially available in three ring sizes, α​, β​ and γ​, where n =​ 1, 2 
or 3 anhydroglucopyranoside units. A main-​chain polyrotaxane composed 
of poly(ethylene glycol) (PEG) threaded through α​-​cyclodextrin (α​-​CD) (1) 
(top, right). Partial hydroxypropylation of α​-​CD is used to access the 
PEG-​based polyrotaxane, 2 (middle row). Partial methoxyethylation of α​-​CD 

is used to access the PEG-​based polyrotaxane, 3 (bottom row). c | Chemical 
structure of the ammonium-​containing polycaprolactone-​based 
polyrotaxane 4 with dibenzo[24]crown-8 and the related amine-​protected 
polyrotaxane 5 with schematics highlighting their crystallization behaviour. 
d | Cartoons showing the CD distribution in 6, its proposed self-​assembly 
and the temperature-​sweep dynamic mechanical analysis data of a 6 film 
(left), and cartoons showing the CD distribution in 7, its proposed 
self-​assembly and the temperature-​sweep dynamic mechanical analysis 
data of a 7 film (right). Panel d reprinted with permission from ref.​45, ACS.
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adjacent CDs26. The polyrotaxane 1 is formed when a 
stoppering reaction is used to ‘trap’ the α​-​CD rings on 
the polymer backbone27 (Fig. ​2b, top). In addition to ease 
of synthesis, CDs are commonly used in polyrotaxanes 
because they are commercially available in three sizes 
that vary in the number of α​-​D-​glucopyranoside units 
(Fig. ​2b, α​-​CD (n =​ 1), β​-​CD (n =​ 2) and γ​-​CD (n =​ 3)). 
As such, CD-​based polyrotaxanes are the most stud-
ied, producing valuable insights into polyrotaxane 
structure–property relationships.

In 1, the α​-​CD rings play a significant role in the 
properties of the material: hydrogen bonding between 
the rings favours their aggregation on the polymer back-
bone, resulting in semi-​crystalline materials, limiting 
ring mobility along the polymer backbone28. However, 
these hydrogen bonds can be disrupted, either by intro-
ducing a hydrogen-​bond-​competing solvent or through 
partial hydroxypropylation or methoxyethylation of the 
CD rings, resulting in more soluble amorphous polyr-
otaxanes (2 and 3) (Fig. ​2b)​ with enhanced ring transla-
tional mobility28,29 (Fig. ​1b)​. Studies have focused on how 
this mobility and the resulting material properties are 
affected by parameters such as ring–backbone interac-
tions, ring–ring interactions, polymer concentration and 
ring coverage (calculated as either the number of rings 
per repeat unit or the percent coverage of the backbone 
by the rings)30–34.

The mobility and placement of the rings are con-
trolled, in part, by the inherent interactions between the 
ring and polymer backbone. For instance, the energy 
barrier resulting from attractive interactions between 
the CD and PEG backbone in 1 leads to slower diffusion 
of the α​-​CD along the PEG backbone compared with 
unthreaded (free) CD32. Furthermore, the presence of 
the rings impacts the polymer backbone by, for example, 
decreasing the flexibility of the polymer with increasing 
ring coverage, leading to stiffer polyrotaxanes26,35. The 
effect of ring–backbone interactions has been studied 
in polyrotaxanes with rings other than CD, for instance, 
crown ethers. Early examples of polyrotaxanes based 
on crown ethers include those reported by Gibson, in 
which the stopper groups are incorporated into the pol-
ymer backbone36–43. These polyrotaxanes were synthe-
sized by copolymerizing an alkyl diol monomer and a 
bulky diol monomer with either diacid chloride mon-
omers (forming polyesters) or diisocyanate monomers 
(forming polyurethanes) in the presence of a high con-
centration of [30]crown-10 rings. The sliding mobilities 
of the crown ethers in the resulting polyrotaxanes vary 
based on the differing backbone chemistries. In the 
polyester-​based polyrotaxane, the crown ether rings 
move freely between the stoppers and appear as a range 
of broad signals in the 1H NMR spectrum. In contrast, 
the polyurethane-​based polyrotaxanes exhibit hydrogen 
bonding between the ring and the polymer backbone 
NH groups (in CDCl3), which restricts ring mobility, 
as demonstrated by the methylene groups of the crown 
ethers appearing as a single peak in the NMR spectrum. 
In a hydrogen-​bond-​competing solvent (for example, 
d6-​dimethyl sulfoxide (DMSO)), the hydrogen bonding 
is ‘switched off ’, increasing ring mobility and resulting 
in the methylenes showing up as a broad range of peaks 

in the 1H NMR spectrum, similar to systems with no 
hydrogen bonding present.

This difference in ring mobility is also seen in the 
solid-​state properties of similar crown-​ether-​based 
polyester and polyurethane polyrotaxanes36,40,42,43. 
The polyester polyrotaxanes exhibit two melting-​to- 
crystallization transitions (as determined by differen-
tial scanning calorimetry), suggesting that the rings are 
mobile enough to phase separate and allow the rings 
and polymer chains to crystallize separately. In con-
trast, hydrogen bonding in the polyurethanes results 
in a single-​phase material that only exhibits one glass 
transition temperature (Tg).

The effect of ring mobility on the solid-​state prop-
erties of a polyrotaxane can even be observed with just 
a single mobile ring present. For example, Takata and 
colleagues44 synthesized macromolecular [2]rotaxanes 
using poly(δ​-​valerolactone) with a single secondary 
ammonium binding site on the thread component (Mn 
ca. 2,300 g mol−1) and [24]crown-8 as the ring (4, Fig. ​2c, 
top). The secondary ammonium site interacts favourably 
with the crown ether ring, limiting its motion and allow-
ing crystallization of the poly(δ​-​valerolactone) segment 
in 4. However, if the secondary amine is acetylated (5), 
the hydrogen bonding between the ring and the thread 
is ‘switched off ’, increasing ring mobility and disrupt-
ing crystallization, resulting in an amorphous material44  
(Fig. ​2c,​ bottom).

In addition to ring mobility, how the rings are dis-
tributed along the polymer backbone can affect the 
solid-​state properties. For example, Ito and colleagues45 
studied a poly(ethylene oxide)-​b-​poly(propylene 
oxide)-​b-​poly(ethylene oxide) (PEO–PPO–PEO) tri-
block main-​chain polyrotaxane with either fully func-
tionalized hydroxypropyl-​β​-​CDs (100% HP-​β​-​CDs, 6) 
or trimethylsilyl-​functionalized hydroxypropyl-​β​-​CDs 
(100% TMS-​β​-​CDs, 7) as the ring components. In 6, the 
β​-​CDs preferentially reside on the inner PPO block on 
account of more favourable hydrophobic interactions 
with PPO than PEO46 (Fig. ​2d,​ left). In contrast, the 
TMS-​β​-​CDs in 7 reside on the PEO end blocks in order 
to shield the polar PEO segments from the hydrophobic 
TMS-​β​-​CD outer wall44 (Fig. ​2d,​ right). In both polymers, 
the CDs form crystalline domains; however, the differ-
ent positioning of the CDs along the polymer backbone 
results in drastically different mechanical properties. 
In 6, the concentration of the CDs on the central PPO 
block results in discrete crystalline assemblies and, as a 
result, the films exhibit fluid-​like behaviour above Tg, 
as shown by dynamic mechanical analysis (Fig. ​2d,​ left).  
In 7, the CDs are concentrated on the outer PEO blocks 
so that the crystalline CD domains are bridged by pol-
ymer chains, resulting in an elastic plateau even above 
Tg (Fig. ​2d,​ right).

CD crystallization in polyrotaxanes has also been 
used by Ke and colleagues to obtain 3D-​printed cubic 
wood-​pile lattices47–49. In these materials, obtained from 
the chemical photocrosslinking of main-​chain pseudo-
polyrotaxanes, the α​-​CDs hydrogen bond into tubu-
lar arrays, which form hexagonal crystalline domains 
that function as physical crosslinking sites47,48. Varying 
pH (Fig. ​3a,​ top) or solvent type (Fig. ​3a,​ bottom) can 
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ligand–receptor binding. e | Cartoon image of folded structure of 8 with 
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DMSO, d6-dimethyl sulfoxide. Panel a adapted with permission from ref.47, 
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reprinted with permission from ref.77, Wiley-VCH. Panel e reprinted  
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disrupt (or reform) these physical crosslinks, leading  
to a decrease (or increase) in moduli, allowing access to 
shape-​memory properties. Such shape-​memory behav-
iour combined with the lattice structure allows the mate-
rial to actuate in a controlled manner, exemplified by 
the lifting of a coin upon reformation of the crystalline 
CD domains. Related work using the lower critical solu-
tion temperature behaviour of methylated CDs showed 
similar actuation behaviour upon temperature cycling49.

All the films discussed so far were investigated above 
Tg (which allows movement of both polymer chains 
and rings), but polyrotaxanes may also have interesting 
properties in the glassy regime below Tg. Unfortunately, 
the rings in CD-​based polyrotaxanes crystallize rather 
than vitrify; however, crystallization can be inhibited by 
partial functionalization of the CD rings, allowing access 
to polyrotaxane glasses. For example, glassy polyrotax-
ane 3 consists of a PEO backbone (Mn =​ 20,000 g mol−1) 
threaded through partially 2-​methoxyethylated α​-​CD 
(46% hydroxy groups reacted and a CD to repeat unit 
ratio of 1:8 (25% coverage)). As the CDs comprise ca. 
80 wt% of the material, there is a Tg at ca. 8 °C, com-
parable to the neat 2-​methoxyethylated α​-​CDs (Fig. ​3b,​ 
top left). However, 3 also exhibits a secondary relaxa-
tion (sub-​relaxation) at ca. −​30 °C (Fig. ​3b,​ top right), 
close to the Tg of PEO (ca. −​35 °C). Raising the tem-
perature above this secondary relaxation reduces the 
modulus to about a third of its value at −​100 °C (ref.​29)​.  
This sub-​relaxation is linked to the interlocked archi-
tecture and is consistent with the PEG backbone sliding 
through the glassy CD framework (Fig. ​3b,​ bottom). As a 
result, these polyrotaxane glasses can be extremely duc-
tile because the polymer chains slide through the rings 
at points of high stress, allowing material deformation 
and resulting in enhanced toughness50 (Fig. ​3c)​. Further 
research showed similar effects in 2 and demonstrated 
that the properties of both 2 and 3 could be tuned by 
changing either the amount of chemically modified 
hydroxy groups on the CD or the ring coverage. For 
instance, less ‘fragile’ glass-​formers with reduced Tg and 
less cooperative dynamics were obtained by increasing 
the chemical modification of the CDs, which mitigates 
ring–ring interactions51, while increased CD coverage 
results in an additional relaxation slightly above Tg, 
attributed to correlated motions of neighbouring CDs 
on the polyrotaxane backbone52.

The encapsulation of a polymer by rings results in 
reduced interpolymer chain interactions. This effect 
has been used to synthesize polyrotaxanes that can act 
as molecular wires53. Conjugated polymers have long 
been candidates for the development of molecular-​scale 
wires; unfortunately, strong interchain interactions make 
it difficult to isolate single polymers and the confor-
mational entropy of the polymer disfavours extended, 
straight chain configurations, limiting conjugation 
within the backbone54. Sheathing of a conjugated pol-
ymer with rings drastically improves its overall rigidity 
and ‘insulates’ the threaded polymer chain. A number 
of conducting polymers have been investigated in such 
polyrotaxanes55, including poly(phenylenevinylene)56, 
polyfluorene57, poly(paraphenylene)58, poly(diphe-
nylenevinylene)59 and polythiophene60. While the most 

common ring component in these polyrotaxanes is CD, 
other rings such as cyclophanes61 and cucurbiturils62 have 
been reported. Most studies on conjugated polyrotax-
anes are focused on their optical properties. For exam-
ple, CD-​based conjugated polyrotaxanes exhibit sharper 
ultraviolet (UV)–visible spectra, blue-​shifted emission 
spectra, as well as higher quantum yields relative to 
their unthreaded conjugated polymer counterparts54,55. 
In these systems, the rings separate the polymer chains, 
preventing aggregation (and quenching) and leading 
to longer lifetime excited states. In addition, threaded 
rings cause increases in the persistence length of the 
backbone, stretching the polymer out and resulting in 
more extended, near-​planar conformations, important 
for enhancing the conjugation along the backbone54,63,64. 
For example, poly(4,4′-diphenylenevinylene) polyrotax-
anes with varying β​-​CD ring coverage (between 0% and 
82%) showed an increase in the electroluminescence 
quantum efficiency and solid-​state photoluminescence 
with increasing coverage65. Ring size is also an impor-
tant feature in these polyrotaxanes; systems with larger 
rings (for example, γ​-​CD versus α​-​CD) exhibit greater 
fluorescence quenching by methylviologen in aque-
ous solution66. It was suggested that these larger rings 
have greater mobility along the polyrotaxane backbone, 
allowing larger aggregate formation. Preliminary inves-
tigations into the electrical behaviour of these polyrotax-
anes have shown that their conductivity can be orders 
of magnitude higher than the unthreaded conjugated 
backbone67, although investigations in this area are pri-
marily focused on pseudopolyrotaxanes68,69. Nonetheless, 
such pseudopolyrotaxane studies have shown that the 
hole mobility along a threaded poly(phenylene ethy-
nylene) backbone can be similar to amorphous silicon, 
highlighting the potential of these MIPs as well-​insulated 
organic semiconductors70,71.

Main-​chain CD polyrotaxanes have also been inves-
tigated as functional biomaterials72–77, aided by the fact 
that the components of 1 (α​-​CD and PEG) are approved 
by the US Food and Drug Administration for drug 
use78. For example, controlled release of drugs cova-
lently attached to the CD rings can occur with selective 
removal of the stopper groups72–75. For gene delivery, 
CDs functionalized with cationic groups can form 
complexes with anionic nucleic acids, either DNA or 
RNA. Owing to the mobility of the positively charged 
CD rings, these polyrotaxane/nucleic acid complexes 
are much stronger than comparable systems compris-
ing linear cationic polymers and nucleic acids79,80. Upon 
entering the cell, the stopper groups can be selectively 
removed, resulting in decomplexation and subsequent 
delivery of the nucleic acid payload72–75.

Ring mobility in polyrotaxanes has also been used 
to enhance biological targeting of synthetic systems. 
In nature, multivalency is commonly used to enhance 
the molecular recognition of weak ligand–receptor 
interactions81. However, this typically requires the 
binding sites to be precisely arranged in space. When 
ligands are attached to the polyrotaxane rings, the ring 
mobility (both translational and rotational) allows the 
ligands to arrange themselves to optimize the multiva-
lent interactions76,77. Such polyrotaxanes exhibit faster 
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and more efficient multivalent binding to receptor pro-
teins when compared with ligands tethered to standard 
covalent polymers82,83 (Fig. ​3d)​.

Building on the previously mentioned ability of MIMs 
to act as switches and machines84,85, main-​chain polyr-
otaxane architectures have also attracted attention as 
polymer-​based switches and machines86,87. For instance, 
Stoddart and colleagues developed polyrotaxane ‘fol-
damers’ capable of concerted motion at the macromo-
lecular scale87–90. These polyrotaxanes (8) use π​-​stacking 
interactions between a cyclobis(paraquat-​p-​phenylene) 
(CBPQT4+) rings and a 1,5-​dioxynaphthalene backbone 
polymer (Fig. ​3e)​ to fold in a specific manner, which 
results in a conformation that is ca. 15% shorter and 
92% wider than the free backbone87. Single-​molecule 
force spectroscopy was used to observe the transition 
between folded and unfolded states under applied force 
and showed that 8 could exert forces of up to 50 pN 
(under a load of 150 pN) during folding91 (Fig.  ​3e)​. 
Furthermore, π​-​stacking rupture events during exten-
sion can be observed with dynamic force spectroscopy, 
confirming the folded structure92. These measurements 
also implied a rapid reformation of the folded structure 
because the interlocked structure prevents disassembly 
of the components.

Strides towards accessing polyrotaxanes machines 
have been made by Stoddart and colleagues through 
the synthesis of a high-​energy polyrotaxane through 
successive controlled pumping of CBPQT4+ rings onto 
a polymeric chain93–95 (Fig. ​3f)​. Each chain end contains a 
viologen unit sandwiched between a pyridinium group 
(that acts as a Coulombic barrier) and an isopropyl 
group (acting as a steric speed bump)93–95. Rings can be 
added to the polyrotaxane by reducing the viologen units 
and CBPQT4+ ring, allowing threading of the ring onto 
the viologen, driven by the formation of a trisradical tri-
cationic association complex. Reoxidation then forces 
the ring over the isopropyl speed bump on account of 
Coulombic repulsions, resulting in a stable polyrotaxane. 
This ring-​addition ratchet mechanism can be repeated to 
drive the controlled pumping of between 2 and 10 rings 
onto the polymer backbone, resulting in highly charged, 
high-​energy systems with the potential to perform work.

Slide-​ring materials
Crosslinking a polymeric material gives rise to an 
enhanced property profile that includes higher mod-
ulus and elasticity, solvent resistance, lower rates of 
creep and improved temperature stability relative to its 
uncrosslinked counterpart96. Although crosslinking is 
commonly achieved through chemical bonds or phys-
ical interactions, it can also be realized with mechani-
cal bonds. For instance, crosslinking polyrotaxanes by 
covalently linking their rings results in the formation 
of SRMs97. As the polymer chains are not fixed by per-
manent covalent bonds, the interlocked crosslinking 
site has the ability to slide along the polymer backbone, 
akin to a pulley (Fig. ​4a)​, a process that can dramatically 
affect material properties. In chemical gels, fixed (cova-
lent) crosslinks are not distributed evenly throughout 
the material and, upon deformation, the shorter strands 
can rupture, leading to mechanical failure (Fig. ​4b,​ left). 

However, mobile interlocked crosslinks allow polymer 
chains to slide through the network like a pulley system, 
allowing dissipation of stresses in a cooperative manner 
(Fig. ​4b,​ right). Such interlocked networks have been 
broadly classified as SRMs, and the mobility of their 
crosslinks imbues them with new property profiles.

Molecular processes in SRMs. The first and most stud-
ied class of SRMs incorporates interlocked crosslinks by 
covalently bonding rings from different polyrotaxanes, 
yielding ‘figure-​of-​eight’ topological crosslinks. The 
quintessential example of a SRM, 9, can be prepared 
by crosslinking the α​-​CD rings on 1 (ref.​97)​ (Fig. ​4c)​.  
Importantly, this synthetic protocol results in both 
figure-​of-​eight crosslinks and residual uncrosslinked 
rings in the polymer network; the latter also plays a role 
in the properties of these SRMs. Such polymer networks 
exhibit an impressive property profile; for example, 9 
can absorb 24,000 times its mass in water and extend 
to 24 times in length without hysteresis13,97–99. The inter-
locked crosslinking architecture also influences the 
mechanical properties54, exemplified by the stress–strain 
behaviour (Fig.  ​4d)​. Although fixed-​crosslinked net-
works reveal the typical ‘S’-​shaped curves, SRMs have 
a ‘J’-​shaped profile with lower elastic (Young’s) modu-
lus and much greater strain-​at-​break. Other properties 
such as fracture behaviour100 and strain recovery54 are 
also affected, as discussed later.

In the past two decades, there have been substan-
tial investigations into the molecular processes and 
structure–property relationships of these topological 
materials101–105. The elasticity of conventional polymer 
networks arises from the conformational entropy of 
polymer segments between fixed crosslinks. Although 
this conformational entropy also plays a role in SRMs, 
two additional molecular mechanisms are at work: 
first, crosslink mobility and, second, configurational 
entropy of the uncrosslinked rings (if present). These 
mechanisms are unique to SRMs and, in combina-
tion with traditional network elasticity, lead to their 
exceptional properties. Although this section focuses 
on figure-​of-​eight SRMs that contain solvent (namely, 
SRGs), the concepts are applicable to SRMs with differ-
ent crosslink architectures (to be discussed later) with 
or without solvent.

Let us first consider the impact of crosslink mobility 
on the behaviour of polymer networks. If crosslinks in 
polymer networks are fixed, they are constrained to a 
specific point on the polymer chains. However, in SRMs, 
these constraints are lifted because the crosslinks are free 
to slide along the backbone; from a thermodynamic per-
spective, the removal of any constraint always allows the 
system to relax to a state of lower free energy. In SRMs, 
this leads to a lower elastic (Young’s) modulus. The 
concept of mobile crosslinks originated in the study of 
rubber elasticity and trapped entanglements, which are 
formed by the concatenation of network loops during the 
crosslinking process106–113. The point of contact between 
the two loops acts as a sort of crosslink whose position 
is not fixed, similar to the figure-​of-​eight crosslinks in 
SRMs. Thus, a number of slip-​link models were devel-
oped to explain the non-​linear elasticity of rubbers106–113. 
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Some authors even used a doubly threaded [3]rotaxane 
model to illustrate these concepts110,111. The sliding 
junction model introduced by Ito and colleagues114,115 is 
conceptually similar to some of these theories: the free 
energy is minimized with respect to the distribution 
of monomers among several chains, leading to a lower 
Young’s modulus than networks with fixed crosslinks. 
Furthermore, the lack of hysteresis in most SRMs is a 
consequence of the reversibility of the sliding motion 
of the rings.

Mechanical testing highlights the dramatic effect 
that a slide-​ring crosslink can have on the properties of 
a polymer network. Small-​amplitude oscillatory shear 
rheology116 on SRGs of 9 in DMSO revealed a time- 
dependent stress relaxation modulus with two distinct 
plateaux at low frequencies: the first was attributed to the 
typical rubbery modulus, but the second (lower) plateau 
is not observed in networks with fixed crosslinks (Fig. ​4e)​.  
These features have also been observed in step strain 
experiments on similar SRMs117. The rubbery plateau 
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implies a molecular weight between crosslinks, MC, and 
the relaxation time, τ, associated with the transition 
between the two regimes scales as τ ~ MC

3 (ref.​116)​. This 
dependence is the same as that predicted by reptation 
theory, which describes the sliding motion of a polymer 
chain118, and, as a result, the researchers associated this 
‘sliding transition’ with the sliding of the polymer chains 
through the ring crosslinks, accounting for the lower 
equilibrium modulus of figure-​of-​eight SRMs relative to 
fixed-​crosslinked networks. However, the analogy with 
reptation theory may not be appropriate because there is 
no continuous confining tube in SRMs and the timescale 
for diffusion of tension along entangled chains actually 
scales as MC

2 (ref.​118)​. Thus, further study is required to 
clarify the dynamic processes responsible for the sliding 
transition. Nevertheless, it seems likely that ring sliding is  
responsible for the phenomenon in some fashion.

The impact of mobile crosslinks on material properties  
has also been investigated by molecular simulations115,119–121.  
These efforts demonstrate that the reduced modulus 
of SRMs is intimately related to the distance available 
for crosslink sliding, with greater freedom leading to 
softer materials115,119. Other in silico experiments have 
shown that SRMs exhibit excellent surface adsorption, 
because the stretchable networks can easily deform to 
maximize surface contact121. Further simulations showed 
that SRMs can rapidly absorb nanoparticles with diam-
eters much larger than the network mesh size because 
the mobile crosslinks allow for efficient expansion of 
the network121.

Given that mobility of crosslinks is a key factor in 
the properties of SRMs, the effective range of sliding 
strongly influences the behaviour, as suggested by the 
simulation studies discussed above. This range can be 
widened by increasing the molecular weight of the axis 
polymer, which results in improved fracture energy. 
However, increasing the crosslink density appears to 
mitigate some of these effects. For instance, small-​angle 
neutron scattering and small-​angle X-​ray scattering 
experiments have shown that SRGs remain isotropic 
upon uniaxial deformation up to considerable strains 
and are homogenous even at large extensions, in con-
trast to networks with fixed crosslinks99,122–124. However, 
the structural inhomogeneities typical of these fixed net-
works emerge when the ring-​sliding range is suppressed, 
either by increasing the crosslink density117,122 or by using 
a solvent that favours ring aggregation99.

The picture of SRMs discussed so far is incomplete; 
it does not explain why the second (low-​frequency) 
plateau modulus has a finite, non-​zero value. It also 
fails to address the unusually weak dependence of 
modulus, E, on crosslink density, ν, which seems 
to scale as E ~ ν0.2, rather than E ~ ν1 as expected for 
fixed-​crosslinked networks125, and is sometimes even 
non-​monotonic126. Furthermore, in the simple picture 
illustrated above, SRGs at swelling equilibrium should 
display the same modulus as fixed-​crosslinked gels. 
This observation was first made by de Gennes127, who 
argued that the additional degrees of freedom afforded 
by mobile crosslinks would be entirely used to further 
swell the gel, rather than lower the modulus upon defor-
mation. As a result, SRGs at equilibrium should be as 

stiff as fixed-​crosslinked gels of comparable swelling 
and density of elastic strands. The discrepancy between 
this theoretical model and experimental results might 
be explained by the presence of uncrosslinked rings in 
experimental SRGs (pink rings, 9).

The free rings along the polymer backbone possess 
translational entropy that can affect crosslink mobility. 
In particular, rings on a polyrotaxane backbone can 
be modelled as hard particles confined to 1D space. 
In this system, analogous to the Tonks gas in statistical 
mechanics128, the configurational entropy of the rings 
gives rise to a pressure, which resists the motion of the 
crosslinks, as this reduces the contour length available 
to the molecules. The connection to polyrotaxanes was 
made by Sevick and Williams129, who found that the 
presence of rings along the backbone (and the associ-
ated pressure) resists the sliding motion of the polymer 
chain through a fixed ring below a critical force, anal-
ogous to yield stress behaviour130–134. In the context of 
SRMs, the translational entropy of the uncrosslinked 
rings resists the sliding motion of the ring crosslinks, 
causing additional contributions to the elasticity, called 
‘sliding elasticity’116,135.

Ito and colleagues have attempted to explain various 
properties of SRMs in qualitative terms by applying the 
concepts of sliding elasticity. For instance, they propose 
that the finite storage modulus of SRMs at long times 
cannot be understood purely in terms of crosslink mobil-
ity and the resistance to crosslink sliding caused by the 
uncrosslinked rings may furnish an explanation for this 
effect116,135. In addition, the Young’s modulus can depend 
non-​monotonically on crosslink density, increasing for 
small amounts of crosslinks and then decreasing at larger 
loadings; a model combining sliding crosslinks with the 
entropic effects of uncrosslinked rings can reproduce 
such an effect126. Ito and colleagues have also observed 
significant strain hardening upon compression of 9 
(in DMSO), with the modulus transitioning from one 
constant value at low strains to another, higher value at 
intermediate strains125. The initial (smaller) and interme-
diate (larger) moduli agree quantitatively with the two 
plateaux observed in rheological measurements (Fig. ​4e)​
. If these regimes do indeed reflect polymer and sliding 
elasticity, then one may conclude that the entropy of the 
rings dominates at small deformations and the entropy 
of the chains becomes more important at larger strains.

Despite the progress described above, the details of 
how ring entropy affects SRM mechanical properties are 
still unclear. Mobile rings on polyrotaxanes lead to yield 
stress behaviour, both in theory131 and in simulation136, 
but SRMs show no such effects. Moreover, if the 
low-​frequency plateau in the viscoelastic data (Fig.  4e)​ is 
associated with crosslink sliding, then the average force 
on each network strand must be greater than the yield 
force. However, the expected yield force appears to be 
quite large compared with the stresses observed in lin-
ear viscoelasticity measurements116,131. In general, it is 
unclear how the microscopic properties of polyrotaxanes 
with mobile rings connect to the macroscopic properties 
of SRMs. Molecular simulations of model systems, such 
as those by Müller et al.136, may prove useful in resolving 
these questions.
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Structure–property relationships in SRMs. As discussed 
above, the mobility of the figure-​of-​eight rings in SRM 9 
influences its material properties. However, a range of 
factors impact this mobility, including the distance 
available for ring sliding, crosslink density, ring size and 
ring–thread interactions. As such, understanding the 
complex relationship between these factors is impor-
tant for creating a structure–property profile of these 
intriguing materials.

The ring coverage of a polyrotaxane is defined as the 
percentage of polymer backbone covered by the rings. 
Reducing the coverage increases the sliding distance 
between rings and, therefore, increases the crosslink 
mobility. This relationship was demonstrated by study-
ing the mechanical properties of two related SRGs (10) 
with different ring coverages (2%: 10-02, Fig. ​5a top, 
and 25%: 10-25, Fig. ​5a bottom) but similar degrees of 
crosslinking102. The 25 wt% 10-02 hydrogel exhibited 
excellent extensibility (up to 1,600%) and was capable 
of reaching over 1.1 MPa stress-​at-​break, while, for com-
parison, fixed-​crosslinked gels with similar elasticity 
usually exhibited <​10 kPa stress-​at-​break. Fatigue per-
formance of 10-02 was determined via successive cyclic 
tensile tests, which showed that stretching the material 
to seven times its original length (extension ratio, λ =​ 7) 
for 100 cycles resulted in stress–strain curves that nearly 
overlap. Additionally, loading–unloading cyclic tensile 
tests on 10-02 showed almost no hysteresis during the 
first three cycles at low extension, and only 3% residual 
strain during the fourth cycle (λ =​ 12, Fig. ​5b).

Comparison between the SRGs of different ring cov-
erage was carried out with the 16 wt% hydrogels. Tensile 
studies showed that the lower coverage 10-02 exhibited 
vastly superior strain and stress-​at-​break relative to the 
higher coverage 10-25 (1,250% strain, 125 kPa stress 
versus 110% strain, 50 kPa stress, respectively). A simi-
lar effect has been observed in SRGs (with DMSO sol-
vent) prepared from related polyrotaxanes137, as well as 
slide-​ring hydrogels117 and non-​figure-​of-​eight SRGs138. 
These observations are consistent with the larger num-
ber of uncrosslinked rings limiting mobility, resulting in 
inferior mechanical properties.

Reducing ring coverage on polyrotaxane chains 
within SRMs also improves their fracture toughness. 
Notched samples of 10-02 (16 wt%) had a critical strain 
of crack propagation three times that of 10-25 (Fig. ​5c,​ 
left), although both samples showed better fracture 
toughness than an equivalent fixed-​crosslinked gel105,139. 
Plane polarized-​light images (Fig. ​5c,​ right) of these 
stretched materials showed remarkable differences in the 
stress relaxation mechanism; 10-02 appears to undergo 
homogenous distribution of stresses throughout the 
material, whereas a butterfly-​shaped pattern is observed 
in 10-25, consistent with heterogeneous distribution 
of stress. Furthermore, crack propagation occurred 
40 times slower in the lower coverage SRMs105. From a 
molecular perspective, these observations are consist-
ent with lower ring coverage allowing greater freedom 
of movement of the slide-​ring crosslinks and, therefore, 
more efficient stress relaxation.

The range of ring motion along polymer chains will 
also be impacted by the number (or density) of sliding 

crosslinks. In fixed-​crosslinked networks, increasing 
the covalent crosslink density leads to a higher mod-
ulus, reduced strain-​at-​break, lower toughness and 
lower swelling. The same qualitative trends are typically 
observed in SRMs when the sliding-​crosslink density 
is increased. However, the situation is more compli-
cated because there are two forms of entropic elastic-
ity, namely, from the polymer chains and ring sliding. 
As a result, SRMs do not exhibit a linear relationship 
between crosslink density and elastic modulus, as is 
expected for fixed-​crosslinked networks. How the SRM 
mechanical properties are affected by changing the 
crosslink density can depend on the ring coverage of 
their polyrotaxane precursors. For example, SRMs with 
higher ring coverage (~25%) can show non-​monotonic 
changes in elastic modulus as the crosslinking density 
is varied, first increasing at small densities (up to about 
1.0–1.5%) and then decreasing at higher values126,137. 
However, this behaviour is not observed in all circum-
stances, suggesting a more complex relationship102. 
Such non-​monotonic behaviour is generally not seen 
in low-​coverage figure-​of-​eight SRMs, or in other SRM 
architectures140,141. Other factors such as microphase 
separation can also complicate the relationship between 
modulus and crosslink density142. One feature observed 
in most SRMs is that the Young’s modulus scales slowly 
with crosslink density, having an exponent well below 
unity, in contrast to the linear scaling of networks with 
fixed crosslinks. This weak dependence suggests that 
chain entropy does not contribute as strongly to the 
elasticity of SRMs as ring entropy.

Understanding network elasticity can be difficult, 
even in fixed-​crosslinked networks, because defects, 
such as loops and dangling ends, must be accounted for. 
SRMs present additional challenges because intramo-
lecular reactions between CD rings on the same poly-
rotaxane chain can lead to the formation of ‘tubes’143,144 
(as in 9, Fig. ​5d,​ left), which increase polymer segment 
stiffness and, therefore, modulus. These confound-
ing factors make it difficult to build a comprehensive 
understanding of the relationship between crosslink 
density and mechanical response. Ito and colleagues101 
addressed some of these issues by crosslinking alkyne- 
functionalized and azide-​functionalized polyrotaxanes 
(11alk and 11az) to form SRM 12 (Fig. ​5d,​ centre), thereby, 
eliminating tube formation. This approach also reduces 
loop formation because single-​chain loops are not 
possible101. Furthermore, the resulting triazole crosslinks 
can be detected by UV spectroscopy, providing an  
accurate estimate of crosslink density.

The modulus of these specially designed SRGs (in 
DMSO) exhibited a very weak dependence on crosslink 
density, E ∝​ ν0.5 (Fig. ​5d right, red data points, compared 
with E ∝​ ν for fixed-​crosslinked networks). As discussed 
above, the relationship between modulus and crosslink 
density is also affected by ring coverage; for instance, 
12-05 made from 5% coverage polyrotaxanes (11-05az 
and 11-05alk) exhibit a lower modulus than 12-25, 
although the dependence on crosslink density appears 
to be stronger (Fig. ​5d right, blue data points). However, 
the range of synthetically accessible crosslink densities 
for 12-05 is narrow, so the precise relationship between 
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E and ν for lower-​coverage SRMs is not fully established 
at this time.

Molecular dynamics simulations have shown that  
increasing ring size in polyrotaxanes can lead to faster 
ring diffusion (or reduced friction) along the backbone33. 
As a result, the size of the ring component is expected 
to have a significant impact on the dynamical proper-
ties of SRMs. While SRGs have been synthesized and 
studied with various ring sizes (for example, α​-​CD 
compared with γ​-​CD)104, solvent effects complicate 
the results and make them difficult to interpret. 
Taking a different approach, Takata and colleagues145 
investigated this concept using non-​figure-​of-​eight 
rotaxane-​crosslinked networks. Rather than change the 
diameter of the rings, they altered the width of the thread 
by using a polyrotaxane backbone with different alkyl 
substituents. Although the thicker-​thread SRMs have 
the same strain-​at-​break as those with thinner threads, 
their fracture stress (and energy) are actually larger. This 
suggests that greater force is required to pull the rings 
along thicker backbones, consistent with the idea that 
‘friction’ associated with ring sliding is increased for 
thicker threads, smaller rings or a combination of both.

SRM architectures beyond the figure-​of-​eight. As dis-
cussed at the end of the previous section, researchers 
have investigated SRM architectures beyond the origi-
nal figure-​of-​eight gels. In this prior example, multiple 
polymerizable groups are installed on the polyrotaxane 
rings or stoppers, which allows the polyrotaxanes to act 
as crosslinkers for copolymerization or direct reaction 
with other polymers138,146–148. This approach has been 
used to synthesize SRMs with both covalent and slid-
ing crosslinks147,149,150, so that material properties can be 
tuned smoothly between the fully topological and fully 
covalent limits.

An alternative SRM architecture can be prepared 
by grafting polymer chains onto the rings of a polyro-
taxane and crosslinking through the chain ends141. By 
varying the polymers used as grafting chains, it is pos-
sible to introduce new chemistries and tailor material 
properties. For example, polyrotaxane 2 (ref.​97)​ grafted 
with polycaprolactone (PCL) (13, Fig. ​6a) is commer-
cially available and can be used as a crosslinker to form 
SRM 14 upon reaction of the grafted polymer chain 
ends with other monomers. On account of its excellent 
stress recovery, a highly crosslinked, low-​Tg SRM 14 has 
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been commercialized as a UV-​curable, scratch-​resistant 
coating for automobiles and electronic devices151. When 
a scratching force is applied to these SRMs, the rings 
are able to slide away and then recover when the force 
is released, resulting in physical self-​healing of the 
scratch (Fig. ​6b)​.

Using either of these strategies, sliding crosslinks have 
been incorporated in polylactones141,152, polylactide142, 
acrylates148,153 and polyurethanes154, to name a few. 
In general, the addition of sliding crosslinks leads to 
lower (or similar) elastic modulus, higher extensibility, 
improved toughness and greater swelling relative to com-
parable materials with fixed crosslinks. Furthermore, the 
effects of changing ring coverage, crosslink density and 
ring size discussed in the previous sections typically 
remain valid in these materials. Note, however, that 
some of these systems do not possess uncrosslinked 
rings as in the figure-​of-​eight systems, so the ‘sliding 
elasticity’ described above is not always relevant.

Finally, it is noteworthy that there is an ever-​expanding  
library of distinct SRM architectures being developed 
that continues to investigate how topological crosslink-
ing can be used to enhance material properties. For 
example, oligomacrocyclic species have been used to 
form SRMs, typically with the goal of creating recyclable 
or degradable materials155–157.

Engineering SRMs towards applications. Polyrotaxanes 
based on CD and PEG are commercially available151, 
leading to an increase in studies aimed at engineer-
ing SRMs towards applications. The discussion below 
highlights areas in which SRMs have attracted atten-
tion. However, the potential of SRMs goes beyond these 
areas, reaching fields as diverse as vibration-​proof and 
sound-​proof insulation materials151, ion transport158  
and icephobicity159.

As discussed above, SRMs have allowed access to 
coatings that self-​heal a scratch and this resiliency has 
made SRMs useful in other applications. For example, in 
Li-​ion batteries with polymer-​bound Si particle anodes, 
the particles experience large volume changes during 
charge–discharge cycles, leading to particle degradation 
and limited battery lifetime160,161. Stress from the volume 
changes can be mitigated with the use of a SRM as the 
anode binder (Fig. ​6c)​. For example, SRM 15 is prepared 
by the reaction of 2 (5 wt%) with a conventional poly-
mer binder, polyacrylic acid, resulting in a substantial 
improvement of the mechanical properties. As a result, 
the use of 15 as a binder for the anode yielded a 91% 
capacity retention after 150 cycles, whereas the anode 
with a more standard polyacrylic acid binder attained 
only 48% of its original capacity after 50 cycles. It was 
proposed that the interlocked crosslinks slide and equal-
ize stress to cushion the silicon microparticles during 
charge–discharge cycles.

Dynamic covalent chemistry162 has been introduced 
into SRMs to provide an additional mechanism for 
healing. For instance, boronic acid and diol moieties 
have been attached to CD rings to access interlocked 
dynamic polyrotaxane crosslinkers163. This combina-
tion of sliding crosslinks and dynamic bonds results 
in SRMs capable of self-​healing with greater efficiency 

than non-​sliding dynamic covalent networks, mak-
ing them excellent candidates for scratch-​resistant 
coatings. Similarly, combining sliding crosslinks with 
carboxyl-​Fe3+ coordination yields tough and highly 
recoverably metallosupramolecular hydrogels164.

Stimuli-​responsive hydrogels have garnered interest 
in a number of fields, including drug delivery, biosens-
ing and artificial muscles165–167. Sliding crosslinks hold 
great promise for improving the properties of exist-
ing stimuli-​responsive hydrogels, particularly those 
that undergo large or rapid volume changes that cause 
stress concentrations in fixed-​crosslinked networks. 
For example, α​-​CDs functionalized with photorespon-
sive azobenzene moieties provide access to SRMs with 
large photoinduced swelling–deswelling168. The sliding 
crosslinks distribute stresses evenly throughout the 
network, leading to more robust materials with longer 
lifetimes.

Polymers with a lower critical solution temperature 
are commonly used in stimuli-​responsive hydrogel 
research, with poly(N-​isopropylacrylamide) (PNIPAM) 
being the most widely studied169. However, these 
fixed-​crosslinked hydrogels often become brittle or lose 
transparency upon repeated swelling and deswelling. 
As such, it is not surprising that polyrotaxanes have been 
incorporated into PNIPAM networks170–172 and other 
polyacrylamides173,174 to improve toughness, swelling 
capacity, optical properties and material lifetime. In gen-
eral, the better-​performing materials used polyrotaxane 
2 crosslinkers with carboxylated rings, where the ionic 
groups enhance water-​solubility and uptake.

Building on such studies, it has been shown that the 
shrinking rate of PNIPAM-​based SRMs can be tuned 
by varying the amount of ‘dangling chains’ attached to 
the CD rings. In particular, Takeoka and colleagues175 
prepared polyrotaxanes in which alkyne or azide 
end-​capped PNIPAM chain grafts were present on rings 
of carboxylated polyrotaxane 2 (16alk and 16az, Fig. ​6d). 
Subsequent crosslinking of 16alk and 16az via click reac-
tion yields SRM 17, where the ratio of crosslinked to 
dangling chains was controlled by varying the reaction 
time. Increasing the amount of dangling chains from 
39% to 46% increased the equilibrium swelling ratio and 
accelerated the shrinking rate. It was suggested that the 
ring mobility allows the thermoresponsive dangling ends 
to distribute themselves evenly throughout the network, 
improving the material response.

Slide-​ring material resins. Highly crosslinked, high-​Tg 
resins are the oldest synthetic commercial polymers pro-
duced and are still commonly used today as structural, 
impact-​resistant or adhesive materials. Unfortunately, 
these materials are often brittle, trading toughness for 
high modulus. However, by incorporating slide-​ring 
crosslinks into the materials, both modulus and tough-
ness can be improved. For example, Seo and colleagues176 
incorporated polyrotaxane 1 into a commonly used 
epoxy resin. Here, the α​-​CD hydroxy groups act as 
nucleophiles during the curing reaction, resulting in a 
material that has both covalent and sliding crosslinks. 
Given that each α​-​CD possesses 18 hydroxy groups, the 
resulting SRMs have higher crosslinking density than 
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the original material, which leads to greater stiffness and 
tensile strength. However, despite the stiffness of the sur-
rounding matrix, the PEG chains of the polyrotaxane are 
still able to slide through the CDs, allowing the material 
to relieve internal stresses177. Such polymer chain mobil-
ity has also been observed in polyrotaxane glasses29 and 
leads to greater strains-​at-​break and toughness.

The mechanical properties of SRM resins can 
be tuned by controlling the amount of topological 
crosslinking by modifying the α​-​CDs in 1. For instance, 
tertiary amines installed on the polyrotaxanes accel-
erate resin formation while limiting the number of 
hydroxy groups available for crosslinking. As a result, 
the crosslink density is increased when an average of one 
tertiary amine per CD is used, but decreased when a CD 
with an average of four tertiary amines per CD is used176. 
All SRM resins showed improved toughness compared 
with the fixed-​crosslinked epoxy, and this toughness 
increased concomitantly with crosslink density and 
stiffness, in contrast to conventional resins and unlike 
the lightly crosslinked, low-​Tg SRMs discussed above178. 
Similar enhancements in toughness can be achieved by 
incorporating polyrotaxane 1 as a crosslinker into other 
high-​Tg resins179–181, in addition to improvements in 
adhesive strength182. In each case, the higher extensibility 
of the materials is attributed to the additional mobility of  
the slide-​ring crosslinks in the network.

Molecular daisy chains
Another class of rotaxane-​based MIPs are the daisy-​chain 
polymers, which have the mechanical bond as an intrin-
sic part of the polymer backbone. An archetypical ver-
sion of this class of MIP is the poly[2]rotaxane (Fig. ​2a top 
right), and, although there are several reports on the syn-
thesis of this class of polyrotaxane, the reporting of mate-
rial properties has been limited93,183–185. A more studied 
subset of daisy-​chain polymers are those that incorpo-
rate a dimeric cyclic daisy chain ([c2]daisy chain) as the 
mechanical bond. In this class of MIPs, the dimeric [c2]
daisy-​chain interlocked motif allows components to slide 
past each other and enables access to either contracted or 
expanded forms186,187 (Fig. ​1d)​. Thus, the incorporation of 
such linkages into a polymer offers a route to actuating 
or switchable materials that can undergo macroscopic 
changes based on molecular motion.

Strides towards linear [c2]daisy-​chain-​containing pol-
ymers were made by Grubbs, Stoddart and colleagues188–191,  
who polymerized bifunctional [c2]daisy-​chain mon-
omers using either azide–alkyne cycloaddition or 
alkene metathesis chemistry. The resulting polymers  
(Fig. ​7a)​ could be switched between contracted (18-​H+) 
and expanded (18) forms by changing the pH of the 
solution. Subsequent efforts have focused on the design 
of network materials (either supramolecular192–197 or 
covalent198–200) aimed at exploiting this molecular actu-
ation in material systems. As an example, network [c2]
daisy-​chain (based on crown ether-​ammonium recog-
nition sites) gels198 in acetonitrile have been developed 
to allow switchable swelling–deswelling behaviour with 
the addition of acid or base.

UV-​switchable [c2]daisy-​chain networks (19) have 
been prepared by reacting a four-​armed PEG linker with 

a bifunctional [c2]daisy-​chain monomer, comprising an 
α​-​CD and stilbene200 (Fig. ​7b,​ left). The photoresponsive 
stilbene is known to bind stronger with α​-​CD in its trans 
conformation. Switching between 19-​trans​ and 19-​cis​, 
which can be achieved by irradiation, results in the con-
traction (λ =​ 350 nm) or expansion (λ =​ 290 nm) of the 
network. This relatively rapid and robust photoswitching 
can result in UV-​induced macroscopic bending of films 
by unidirectional irradiation of the material (Fig. ​7b,​ 
right), and such films have been shown to lift objects 15 
times their own weight200. Related photoresponsive [c2]
daisy-​chain networks that use azobenzene rather than 
stilbene have also been reported199.

Polycatenanes
The mechanical bond in a catenane is able to undergo 
several modes of motion, including elongation, 
ring twisting and ring rotation (Fig.  ​1e)​, and these 
motions have the potential to influence the properties 
of a polymeric material. While there are a number of 
different ways to incorporate catenanes into a poly-
mer architecture, perhaps the most impactful is within 
the polymer backbone or crosslinking units. Figure ​8a 
shows a selection of such polycatenanes, which include 
poly[2]catenanes (Fig. ​8a,​ top left), polymeric [2]cat-
enanes (Fig. ​8a,​ top right), poly[n]catenanes (akin to a 
macroscopic chain) (Fig. ​8a,​ bottom left) and Olympic 
gels (or network catenanes, Fig. ​8a,​ bottom right).

By its very nature, the catenane synthesis must include 
a ring-​closing step, a process that is generally not as high 
yielding as the stoppering reaction frequently employed 
in (poly)rotaxane synthesis. These lower yields often 
hinder the formation of catenane-​containing polymers 
on the scale necessary to fully study their thermophysi-
cal properties. As a result, theoretical and computational 
studies have been more influential in characterizing the 
material properties of such systems. Nonetheless, over 
the years, a wide range of polycatenanes have been pre-
pared and, while our understanding of this class of MIPs 
is not at the level of the polyrotaxanes and SRMs, there 
are studies that point to the potential of polymers that 
contain interlocked rings.

Poly[2]catenane
Early polycatenane syntheses employed the polym-
erization of appropriately functionalized [2]catenane 
monomers to yield poly[2]catenanes18 (Fig. ​8a)​. Several 
reports of this architecture used a functionalized [2]
catenane (20) (refs​201–203)​ (Fig. ​8b)​. Early studies focused 
on 20H (R1 =​ H); however, the inter-​ring hydrogen 
bonding (between the N–H of one ring and the O=​C 
of the other) hindered ring mobility. In addition, the 
20H had limited solubility, so poly[2]catenanes were 
prepared using the methylated catenane 20Me (R1 =​ Me). 
The bisphenolic 20Me was reacted with a diacid to yield 
21Me with a number average degree of polymerization 
(DPn) of 14 (Fig. ​8b)​. Unfortunately, the bulky methyl 
groups within the rings hindered mobility of the [2]
catenane units. A related [2]catenane (22, Fig. ​8c) was 
able to overcome the solubility and ring-​mobility obsta-
cles of 20. In 22, the ring (23) is now large enough 
that the components are able to freely rotate when the 
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nitrogens are methylated (22Me), while hydrogen bond-
ing in the unmodified version (22H) renders the rings 
immobile204–208 (Fig. ​8c)​.

22Me was incorporated into a bisphenol A polycar-
bonate (BPAPC) backbone at 10, 20 and 30 wt% (Fig. ​8c  
bottom, (BPa-​r​-22Me) (10–30 wt%))204,205. In BPAPC, two 
thermal transitions are typically observed at −​100 °C 
and 80 °C via dynamic mechanical analysis. While the 
same transitions are observed in (BPa-​r-​22Me) (20 wt%), 
a new sub-​Tg thermal transition is observed at −​6 °C 
that was attributed to large conformational changes 

in the catenane segments, for instance, alkyl chain 
rearrangement or partial ring rotation.

The above study suggests that catenanes within a 
polymer backbone can elicit effects on the polymer’s 
thermal behaviour. However, it has also been shown 
that the presence of just a single catenane in the poly-
mer chain can impact its overall properties. This was 
shown with PeO-22-​PeO (Fig. ​8c,​ bottom), in which a 
PEO (Mn =​ 2,000 g mol−1) chain was attached to each ring 
of a single molecule of 22 (though structurally differ-
ent than the above examples, this system has also been 
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referred to as a poly[2]catenane)207. Similar to the stud-
ies discussed above, both freely jointed (PeO-22Me-​PeO) 
and locked (PeO-22H-​PeO) polymers have been investi-
gated. Force-​extension experiments have shown that the 
freely jointed PeO-22Me-​PeO had a smaller persistence 
length (0.45 ±​ 0.05 nm) than the locked PeO-22H-​PeO 
(1.0 ±​ 0.15 nm), suggesting that the presence of a sin-
gle mobile mechanical bond is enough to significantly 
enhance the chain mobility. Related MIPs have been 

investigated with high-​Tg polymers attached to a [2]
catenane. For example, a single molecule of catenane 
24Pd (prepared via Pd(II) templating) was grafted with 
polystyrene (Mn =​ 3,100 g mol−1) to access Ps-24Pd-​Ps209 
(Fig. ​8d)​. The polymer with the immobile metal-​bound 
catenane (Ps-23Pd-​Ps) has a Tg of 120 °C. However, the 
metal-​free, more mobile Ps-24-​Ps has a Tg of 109 °C, 
only 2 °C above neat polystyrene of a similar molecu-
lar weight. This result suggests that the motion of the 
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catenane is able to offset the physical disruption caused 
by the bulky catenane rings.

[2]Catenanes have also been incorporated into pol-
ymer networks. For example, catenane 22-​containing 
hydrogels (25Me and 25H) have been prepared by react-
ing a thiol-​containing polyester (26, Mw =​ 9,100 g mol−1) 
with the mobile catenane 22Me or the hydrogen-​bonded 
catenane 22H (refs​208,210,211)​ (Fig. ​8e)​. 26 was also reacted 
with a PEG diacrylate to create a control covalently 
crosslinked hydrogel (27). Rheological data (Fig. ​8f,​ left) 
of 25H and 25Me show that the hydrogel 25H is stiffer at 
ambient conditions as a consequence of the less mobile 
[2]catenane. In addition, the modulus of 25H is reduced 
at high temperature as the 25H hydrogen bonds are dis-
rupted. In contrast, 25Me is softer at room temperature 
and shows little temperature sensitivity, as there are no 
hydrogen bonds to disrupt. In a similar vein, the hydro-
gen bonding in 22H can be disrupted by the addition 
of acid. As such, 25H is pH-​responsive, with the 25H-​H+ 
exhibiting moduli similar to that of 25Me. In contrast, 
no pH-​sensitive behaviour was observed in 25Me nor the 
control 27. This pH-​switching characteristic also affects 
the stress–strain behaviour of the gels (Fig. ​8f,​ centre 
and right): the gels with the mobile catenanes, 25Me and 
25H-​H+, were softer and more extensible, while the gel 
with the immobile rings (25H) possessed a larger elastic 
modulus and smaller strain-​at-​break. This work demon-
strates that the mechanical properties of these materials 
are impacted by the mobility of the catenanes and shows 
that mobility of [2]catenanes can be leveraged to create 
stimuli-​responsive materials.

Polymeric [2]catenanes
Not to be confused with poly[2]catenanes, a polymeric 
[2]catenane consists of two cyclic polymers interlocked 
with a single mechanical bond (Fig. ​8a,​ top right). Early 
synthesis of polymeric [2]catenanes focused on the use 
of statistical threading212, which was low yielding and the 
resulting catenanes had to be painstakingly separated from 
linear and non-​catenated cyclic polymers. Recent efforts 
have focused on templating strategies that are higher 
yielding213–216 and improved methods of purification217.

The most extensive materials characterization of 
polymeric [2]catenanes to date are studies performed 
by Advincula and colleagues. In particular, catenated 
PCL was synthesized via ring expansion to yield two 
interlocked cyclic polymers (Mn =​ 12,000 g mol−1 or 
22,000 g mol−1 for the MIPs). Both polymeric [2]cat-
enane materials and their linear PCL counterparts 
of similar molecular weight (Mn =​ 11,000 g mol−1 and 
21,000 g mol−1) were subjected to differential scanning 
calorimetry heating and cooling cycles to assess how cat-
enation affects crystallinity. The two catenated materials 
demonstrated lower degrees of crystallinity (42% and 
49%) than the corresponding linear PCL samples (52% 
and 57%), which was attributed to the self-​constrained 
architecture present in the catenanes that limits the 
mobility of the polymer chains. In addition, wide-​angle 
X-​ray scattering studies showed that PCL formed more 
compact crystalline structures than the interlocked pol-
ymers, again, presumably resulting from the permanent 
entanglements in the MIP215.

Poly[n]catenane
Poly[n]catenanes consist entirely of interlocked rings 
(Fig. ​8a,​ bottom left) and researchers have, in the past, 
speculated that these polymers could exhibit a large 
loss modulus, rapid stress relaxation and low activation 
energy for flow218,219. It is worthwhile pointing out that 
there is little theoretical basis for these conjectures and 
the theoretical works220,221 that are sometimes cited as 
evidence for these properties do not address rheology; 
however, it is, nevertheless, reasonable to assume that 
the large number of interlocking components in these 
polymers will indeed impart unique or unusual prop-
erties on these materials. Unfortunately, the synthesis of 
such polymers is still a major challenge that has inhibited 
detailed evaluation of their properties.

Historically, the synthesis of [5] and [7]catenanes 
had been performed in a stepwise approach, where rings 
were added in a consecutive manner222–224. Although 
these syntheses were major achievements in MIM 
research, this approach is not amenable to the synthesis 
of long polymers, because the number of steps required 
to achieve even moderate degrees of polymerization is 
prohibitive. A different approach225 sought to create a 
poly[2]catenane with cleavable bridged linkers. Cleavage 
of the covalent bridges would result in the formation of 
expanded rings, yielding the desired poly[n]catenane. 
Although bridged poly[2]catenanes and oligo[2]cat-
enanes were successfully synthesized, a poly[n]catenane 
has not be prepared by this method to date.

More recently, relatively long chain poly[n]catenanes 
have been synthesized using a metallosupramolecular 
polymer template and ring-​closing metathesis219 (Fig. ​9a,​ 
28). Analysis of the interlocked products (obtained in 
ca. 70–80% yield) showed a mixture of linear, cyclic and 
branched poly[n]catenanes with an average molecular 
weight (Mn) of 21,400 g mol−1, corresponding to a DPn 
of 14 (Fig. ​9b)​. To isolate the various architectures and 
sizes, 28 underwent size exclusion chromatography and 
the individual fractions were analysed separately. In the 
largest Mn fraction, highly branched poly[n]catenanes 
with up to 130 rings were observed, with an average DPn 
of 55. The smaller Mn fractions contained primarily lin-
ear and cyclic poly[n]catenanes, with an average DPn of 
12 and 8, respectively.

Poly[n]catenane 28 possesses metalloresponsive 
behaviour as a direct consequence of the metal templat-
ing used in the synthesis. Although the rings are free 
to rotate when demetalated, they are locked when in 
the presence of metals, which reform the metal–ligand 
complex in the polymer. The locked arrangement causes 
large changes in Tg and polymer size. For instance, in 
linear poly[n]catenanes, an increase of Tg from 97 °C 
to >​160 °C was observed upon metalation with Zn2+. In 
solution, the same polymers exhibited a 70% increase 
in hydrodynamic radius (from 3.9 nm to 6.6 nm) upon 
metalation, consistent with a less flexible structure in the 
presence of Zn2+.

As poly[n]catenane synthesis is still highly challeng-
ing, molecular simulations are currently the most pro-
ductive tool for studying these systems. Over the past 
two decades, a number of theoretical and computational 
studies have examined idealized poly[n]catenanes either 
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in solution220,221,226,227 or the melt228,229. In solution, poly[n]
catenanes are qualitatively similar to linear polymers at 
long length scales220,226, but, recently, Dehaghani et al.227 
found that the polymer dimensions do not scale with 
ring size, m, according to the typical good solvent expo-
nent ( .≈0 588), but, instead, show a somewhat stronger 
dependence, ~ .R mg

0 65. Rauscher et al.221 studied the 
dynamics of poly[n]catenanes in solution and found that 
ring motion was significantly retarded by the mechani-
cal bonds, in terms of both centre-​of-​mass motion and 

internal ring relaxations, showing an order of magni-
tude slowdown relative to free rings. These phenomena 
are qualitatively similar to those found in entangled 
polymer melts, suggesting that the unusual dynam-
ics in these MIPs originate from topological effects. 
However, in poly[n]catenanes, these effects are found 
at short timescales and length scales, while in conven-
tional linear polymers, they occur at longer scales, sug-
gesting that poly[n]catenane materials may have unique 
dynamical and rheological responses at short timescales 
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or length scales. Furthermore, the effects are magnified 
by decreasing the ring size, suggesting that ring size is a 
key design parameter for these polymers. Interestingly, 
increasing the ring stiffness only modestly affected  
the dynamics of the MIPs, which may explain some of the  
properties of the experimentally studied poly[n]cat-
enanes: the high rigidity of the segments will result in 
very high Tgs and the catenation will frustrate packing, 
resulting in brittle solids. However, the molecule will still 
be flexible (small and fast) in solution compared with 
linear analogues.

More recently, a study of model poly[n]catenanes 
in the melt228,229 has found that their conformations are 
highly complex. In particular, the polymers are globu-
lar at low DP, which inhibits interchain entanglement; 
it was estimated that chains of n≈ 45 rings are required 
for polymer chain entanglement, regardless of ring size. 
The dynamics of the polymers are even more interest-
ing: multiple sub-​diffusive regimes are observed in the 
monomer mean-​squared displacement, even though 
there are no reptation-​type dynamics, and the stress 
relaxation in the systems is extremely fast229. These 
results can be qualitatively explained in terms of a sep-
aration of ring-​like and chain-​like dynamics, but this 
cannot account for the non-​monotonic dependence 
of the viscosity on the ring size: the viscosity actually 
decreases with increasing ring size (that is, increasing 
polymer molecular weight) up to the critical ring size, 
above which the viscosity begins to increase (Fig. ​9c)​. This 
behaviour deviates strongly from that of ordinary ring 
polymer melts (Fig. ​9c)​ and its cause is not yet known, but 
it is hypothesized that inter-​ring stress (or correlations) 
is a key factor. Such stress would be large for small rings 
but become smaller (and relax faster) for larger ones, 
thus, leading to the unusual behaviour. These results 
make it clear that poly[n]catenanes are not merely chem-
ical curiosities but exciting polymer architectures with 
unexpected dynamical properties.

Olympic gels and polycatenane networks
The polymer consisting entirely of interlocked rings 
can be taken a step further to polycatenane networks, 
also known as Olympic gels (Fig. ​8a,​ bottom right)230. 
These networks were first considered theoretically230, 
and are a synthetic challenge. Some statistical methods 
of synthesis have been proposed231,232 and, although 
simulations have shown that these methods can lead 
to network formation233, such approaches have shown 
limited success in practice. Therefore, the material prop-
erties of Olympic gels have been studied primarily by 
theory234 and simulation235,236. Several authors237,238 have 
argued that the Young’s modulus of a catenated network 
should be related to the average number of catenations 
(or mechanical bonds) per ring. If a ring is catenated 
by Nc of its neighbours, then it is divided into Nc elas-
tically active strands, so that the modulus is given by 
G =​ NcpkBTN−1 where p is the Kuhn segment density 
and N the number of Kuhn segments per ring. While 
this argument and other similar considerations have 
been used to estimate the number of catenations per 
ring in experimentally realized catenated networks (see 
below)237,238, it is not clear under what circumstances the 

relation is valid. Indeed, when the elasticity of Olympic 
gels was examined theoretically via scaling arguments, 
it was found that the stress at small deformations was 
constant (zero modulus), but large deformations resulted 
in non-​Hookean elasticity, with the force, f, being related 
to the deformation, λ, as f ~ λ2/5, in contrast to classical 
rubbers, where the relationship is linear234. Such results 
suggest that Olympic gels will be considerably softer 
than conventional polymer networks.

In simulations, Olympic gels show a smaller degree 
of swelling for larger ring sizes235,236, a result that is in 
strong contrast to chemically crosslinked gels, which 
show greater swelling when prepared from chains of 
larger molecular weight (or lower degree of crosslink-
ing). This unusual behaviour has a complex topological 
origin. In particular, ring polymers may be highly entan-
gled without being catenated, and these ‘non-​trapped’ 
entanglements are released when the network swells 
with solvent, allowing further expansion than if the 
rings were catenated. However, the probability of find-
ing two nearby non-​catenated rings vanishes as the ring 
size increases — a famous result in knot theory — so 
that there are fewer non-​trapped entanglements and, 
therefore, reduced swelling. How these non-​trapped 
entanglements affect material properties such as elastic-
ity and rheology has not yet been examined. Although 
simulations offer promising avenues for future research, 
it is important to pay close attention to how the systems 
are prepared because the method of gel preparation 
will undoubtedly alter the statistical and topological 
properties of the network.

One of the few reported synthetic approaches to what 
has been hypothesized as Olympic-​like networks is the 
thermal polymerization of 1,2-​dithiane. This method 
of polydisulfide synthesis was intended to target cyclic 
polymers239. However, the unique properties of the mate-
rials suggested the presence of catenated structures237. 
A thermally polymerized sample of polydithiane was 
fractionated via high-​performance liquid chromatog-
raphy, yielding two apparently different architectures: a 
small-​molecular-​weight cyclic polymer (29) and a poten-
tially interlocked larger-​molecular-​weight polydithiane 
network (30). Interestingly, the viscoelastic properties 
of the proposed 30 fractions did not match those of 
linear analogues (31, prepared by polymerization of 
1,2-​dithiane in the presence of a small amount of benzyl 
mercaptan, Fig. ​9d). For instance, the storage modulus of 
the interlocked 30 remained constant above the melting 
temperature (from 40 °C to 100 °C), forming a rubbery 
plateau, while the linear sample (31) flowed at these 
temperatures. Stress–strain experiments revealed that 30 
was extremely flexible and could be stretched to 3,000% 
elongation without breaking under load and underwent 
instant recovery, but 31 broke at 800% strain. Since this 
initial report, materials with similar properties have been 
synthesized via thermal initiation of cyclic disulfides to 
make interlocked polymers with aromatic side groups237 
and an interlocked copolymer of dithiane and lipoic 
acid240. In these studies, rheological measurements were 
used as evidence of catenation, even though the rela-
tionship between the two is essentially unknown, apart 
from theoretical considerations that have not yet been 
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tested by simulation. Although the materials are likely 
catenated, there is no direct evidence supporting this 
conclusion, so these studies beg the question of how cat-
enation affects rheological behaviour, providing impetus 
for future studies.

Although the confirmed synthesis of defined Olympic 
networks has been difficult to achieve in the lab, natu-
rally occurring topological networks have been observed 
in the kinetoplast DNA241–243. Indeed, vast interlocked 
networks of several thousand circular DNA molecules 
have been observed by electron microscopy244 (Fig. ​9e)​.  
These interlocked network assemblies bypass the tra-
ditional synthetic obstacles and have inspired efforts to 
synthesize catenated materials from DNA245,246. For this 
methodology, topoisomerase enzymes are employed, 
which break and reform DNA chains, thereby, allowing 
them to ‘pass through’ one another. First, the enzymes 
are introduced to a concentrated solution of DNA rings, 
so that the rings regularly cross each other, resulting in 
a dynamic interlocked Olympic gel with transient cat-
enations between the rings. Then, if the enzymes are 
inhibited in these dynamic DNA gels, the catenated net-
work becomes permanent, as the chains can no longer 
break and reform238,247. The linear rheology for both the 
dynamic (active) and permanent (inactive) gels (Fig. ​9f)​ 
demonstrates that, at timescales shorter than the activ-
ity of the topoisomerase, both materials experienced an 
elastic plateau associated with the interlocked network. 
However, at the longest timescales, the active (dynamic) 
gel relaxes all stresses (akin to a polymer solution), 
while the inactive gel remains solid-​like. As a result, 
by inhibiting or stimulating topoisomerase activity, 
these materials can switch between the solid-​like and 
fluid-​like states. Despite these interesting results, several 
questions remain unanswered. For instance, the stress–
strain behaviour of these gels has not been reported, and 
it is unclear how the conditions of gel preparation (for 
example, ring size and DNA volume fraction) affect the 
resulting material properties. Nevertheless, DNA-​based 
Olympic gels have great potential because they are a 
facile route to interlocked catenane networks.

Outlook
While MIPs may have initially been targeted as an 
intriguing synthetic challenge or for their aesthetic 
appeal, studies have shown that these polymers offer 
unique property profiles that potentially provide 
advantages in a number of applications. Their util-
ity is, perhaps, most clearly demonstrated through 
polyrotaxane-​based materials such as SRMs; the facile 
scalable, and inexpensive synthesis of 1, for example, has 
propelled the research beyond chemistry and into mate-
rials engineering. Over the past two decades, researchers 

have established relationships between structure and 
mechanical properties for such materials (at least at a 
qualitative level), while continued advances in mate-
rial preparation and molecular simulations promise to 
further improve our understanding. As a result, these 
materials have already been applied towards (and, in 
some cases, even commercialized in) several technolo-
gies, such as Li-​ion batteries and anti-​scratch coatings. 
Most current applications of MIP-​based materials rely 
on their excellent mechanical properties, but there are 
other ways to exploit the interlocked nature of these 
polymers, which have not yet been fully explored. For 
instance, polyrotaxanes have been successfully used as 
drug delivery vehicles and molecular wires, and the abil-
ity to incorporate controllable molecular machinery in 
polymer architectures may open the door to transducing 
molecular-​scale work to the macroscale. Furthermore, 
recent research has suggested that the mechani-
cal bond can improve ion mobility in solid polymer 
electrolytes248. In general, transport processes in MIPs 
are not well studied and represent an exciting opportu-
nity for future research. Improving our understanding of 
such processes may allow MIPs to be incorporated into 
membranes or selective barrier coatings.

Despite the exciting opportunities described above, 
the field is also plagued by certain challenges, and chief 
among these are the difficulties of chemical synthe-
sis. New synthetic strategies are required to expand 
the library of interlocked architectures and synthesize 
these new MIPs in quantities large enough for detailed 
material characterization, both of which are major chal-
lenges, especially for the polycatenane materials. While 
CD-​based MIPs have provided access to a wealth of 
exciting and useful materials, a greater diversity of MIP 
ring components would dramatically expand the mate-
rials design space. However, moving beyond CDs neces-
sitates synthesizing rings, which is typically low yielding 
and may require arduous product isolation; the problem 
is magnified when targeting materials with many rings, 
such as poly[n]catenanes and Olympic gels. Progress in 
this field could be expedited with the development of 
high-​yielding (bio)synthetic methodologies that allow 
access to rings other than CDs in large quantities. In 
light of these challenges, molecular simulations repre-
sent a powerful tool for developing fundamental phys-
ical understanding of MIPs. Indeed, these studies may 
be used to direct chemists towards high-​value synthetic 
targets for specific applications. This kind of interdisci-
plinary approach has been applied successfully in many 
other areas of polymer science and represents an exciting 
future for MIPs.
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