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The word ‘complexity’ stems from the Latin ‘plectere’, which 
means to entwine or weave. Indeed, weaving remains one of 
the most enduring and effective means to create complex, 

ordered materials whose properties differ fundamentally from those 
of the unorganized components. The weaving of one-dimensional 
(1D) strands, which range from threads with diameters measured 
in millimetres (reeds, plant fibres and so on) to those of a few 
micrometres (wool, cotton, synthetic polymers, spider webs and 
so on), into 2D fabrics has underpinned technological advances 
through the ages1. In contrast, the construction of woven nanoscale 
structures is in its infancy. Molecular weaving is the regular entan-
glement of 1D, ideally flexible, molecular strands into an extended 
2D fabric or 3D network. As with macroscopic yarns, a molecularly 
woven material should have long-range order in each dimension of 
the weave, with the strands mechanically associated through peri-
odic orderly entanglements. In a similar manner to conventional 
textiles, molecular weaving can induce characteristics and prop-
erties substantially different to those of the unwoven constituent 
polymer strands. However, there are also fundamental differences 
in weaving fibres at different length scales: in macroscopic weaves, 
friction and inertia maintain the position of entangled strands; at 
the molecular level, random thermal motion leads to substantial 
reptation of the strands above the glass transition temperature, 
which could cause fraying and some dethreading unless there are 
interactions (for example, hydrogen bonding, π stacking, metal 
coordination, anion binding and so on) that stabilize the arrange-
ment of adjacent or entwined strands.

The synthesis of molecularly woven polymers has been tar-
geted for some considerable time. In 1992, less than a decade after 
Sauvage’s seminal metal template synthesis of a [2]catenane2, Busch 
(who was among the first3 to recognize and exploit metal template 
effects in chemical synthesis) predicted4 the possibility of ‘molecu-
lar weaving’ from ‘orderly entanglements’ based on metal coordina-
tion complexes. A few years later, Busch and then-graduate-student 
Hubin proposed5 a vision for interlaced molecular designs that 
included the concept of ‘true’ molecular weaving, shown in Fig. 1. 
Busch and Hubin suggested that “The ultimate aspiration of chem-
ists working on interlocked structures might be to weave molecules 
as if they were macroscopic threads,” and concluded that “Although 
this goal seems distant, progress is being made.”5 They also 
stressed that “the use of the word ‘weaving’ should be reserved for  

covalently linked molecular strands mechanically interlocked by 
multiple crossovers (interfacings) with multiples of other strands” 
and that “‘Weaving’ should not be used to describe solid state struc-
tures where hydrogen bonds or other weak interactions mimic truly 
covalently interlocked motifs.”5

As such interlaced molecular structures start to become synthet-
ically accessible, it is timely to revisit the Busch–Hubin suggestion 
for what should be considered molecular weaving. Their rationale 
for requiring continuous covalently linked polymer backbones was 
doubtless because dynamic or weak bonding (for example, labile 
metal−ligand coordination bonds or hydrogen bonds) would elimi-
nate the mechanical restriction on strands that pass through each 
other6. This is the crucial feature that imparts woven structures, at 
any length scale, with distinct and particular properties (and also 
what connects the mathematics of weaving to knots, that is, topol-
ogy)7. However, at the molecular level, reversible (dynamically 
labile) covalent bonding could also permit polymer strands to pass 
through each other, whereas non-covalent (supramolecular) inter-
actions might be sufficiently robust to restrict strand passage under 
some conditions.

As with mechanically interlocked molecules (catenanes, rotax-
anes and knots)8,9, thermodynamic stability and template synthesis 
is likely to prove useful to assemble woven molecular materials, but 
the kinetic stability of individual strands is a crucial part of main-
taining the weaving pattern and imparting the particular char-
acteristics associated with weaving. In addition, strands should 
remain associated in the material’s pattern by virtue of the weave, 
not require being attached together at fixed points (for example, by 
covalent bonds or metal ion coordination—residual or intended—
or other strong non-covalent interactions) to prevent unravelling. 
Nevertheless, interstrand interactions are likely to be helpful in sta-
bilizing a weave, and perhaps in the future might be used to change 
the shape or structure of the strands within the weave in response 
to stimuli. Furthermore, both the contact and space fields (Box 1) 
of molecular weaves have the potential to accommodate ligand sites 
and other chemical functionality, which brings into play properties 
such as molecular recognition, absorption, gas storage and cataly-
sis using the weave. Accordingly, while recognizing the importance 
of kinetic stability for any woven structure, instead of being too 
prescriptive about the types of bonding involved in a particular 
structure, it may be better to simply focus on whether properties 
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are usefully induced and affected by the periodic interlacing of the 
components at the nanoscale.

Expanding on their initial metal−template synthesis of a [2]cat-
enane, in the 1980s and 1990s Sauvage’s group used linear metal 
helicates to prepare molecular trefoil knots and Solomon links9. 
This (three and four crossings, respectively) is probably the effective 
limit of knots and links that can be achieved through a linear heli-
cate approach because of the intrinsic difficulty in distinguishing 
strand ends that need to be joined over long distances to generate 
closed-loop structures10. However, weaving does not have the same 
requirement and it can be envisaged that linear double (and poten-
tially triple and quadruple11) helices may find utility as building 
blocks for molecular weaving. Moreover, major advances in molec-
ular nanotopology have been made using other strategies to prepare 
knots and links over the past decade12–18. In particular, circular heli-
cate19–21, braiding22, chaperone23 and other18,24 approaches have been 
used to control the number, stereochemistry and sequence of cross-
ings to make well-defined molecular tangles, together with methods 
developed to combine them to form progressively more complex 
synthetic molecular knots and links.

In our everyday world, the deliberate action of knotting is closely 
related to both knitting and weaving. Knotting usually refers to an 
entanglement within a single 1D strand (mathematically a line or 
1D manifold) or, colloquially, to the random entanglement of mul-
tiple strands. Knitting is the entanglement of a single 1D strand in 
a particular pattern (generally regions of periodic ordered tangles) 
that results in a layer (mathematically, a surface or 2D manifold) that 
may adopt a complex 3D curvature (such as a knitted hat or sweater). 
Weaving is the regular mutual entanglement of multiple strands in 2D 
or, sometimes, 3D. All three processes require the formation of orderly 
strand entanglements. Therefore, it seems reasonable that insights 
from molecular-scale knotting might be used to inform approaches 
to other types of material based on molecular entanglement.

synthetic methodology for the assembly of orderly 
entanglements in molecular knots and links
In view of the similarity of knotting and weaving, the methodology 
and design strategies developed to prepare orderly molecular entan-
glements25 in the form of synthetic molecular knots26–33 and links34–36 
should be generally transferable to molecular weaving (and, in due 
course, to a molecular equivalent of knitting(!)). The intricate struc-
tural considerations often involved in successful molecular knot12 
and link37 syntheses is illustrated by the examples shown in Fig. 2.

For the 51 pentafoil knot19 (Fig. 2a), Star of David link20 (Fig. 2b) 
and 819 knot22 (Fig. 2c), metal template helicate formation is used to 
create multiple crossings of the same handedness. The –CH2CH2– 
spacer between the bipyridine chelate groups thermodynamically 
favours the formation of cyclic pentameric or hexameric over that 
of linear helicates (which are often the initially formed kinetic 
products), whereas the –CH2OCH2– spacer directs the assembly 
of a tetrameric circular helicate. The anion template determines 
the size of circular helicate (Cl– = tetrameric or pentameric) and 
therefore the number of inner crossings (four or five). Reversible 
imine bond formation allows the correction of high-energy struc-
tures, formed by incorrect strand connections, to give the desired 
low-energy structure. The presence of the oxygen atoms in the –
NCH2CH2OCH2CH2OCH2CH2N– unit provides a stereoelectronic 
gauche effect and reduces 1,4-CH steric clashes; both effects ther-
modynamically favour a conformation that connects the strand 
crossing points in the required (over–under)5 sequence to bring 
about the connection of crossings with the necessary pattern and 
relative stereochemistry for a 51 knot.

Many of these design elements are also present in the Star of 
David link20 (Fig. 2b), but now the absence of a Cl– template favours 
a hexameric circular helicate. In this system, the formation of the 
necessary connections between crossings is directed by introduc-
ing a biphenyl motif to restrict the conformational space available 
to the open-chain precursors. Ring-closing olefin metathesis joins 
the chain ends in robust C=C bonds, which allows the metal (and 
anion) templates to subsequently be removed to leave a wholly 
organic entangled molecular structure. The direction and exten-
sion of the crossing-point connector for the 819 knot provides a 
non-alternating crossing sequence, (over–over–under–under)4, 
rather than the alternating (over–under)n crossing sequence gener-
ated in the other two knots and links.

Many of the design principles established to control the sequence 
and stereochemistry of periodic entanglements in molecular knots 
and links should be generally applicable to molecular weaving of 
extended arrays in 2D and 3D. To do so, intermolecular connec-
tions need to be favoured over intramolecular closures with suffi-
cient control to achieve an effective material uniformity. Methods 
to achieve this thus far involve either (1) connecting preformed 
tangles using orthogonal chemistry38 or (2) the use of rigid building 
blocks and crystal engineering (reticular chemistry)39–41 to estab-
lish intermolecular connections and relative stereochemistry of  
strand crossings.
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Fig. 1 | Busch and Hubin’s concept of ‘true’ molecular weaving and recent experimental examples of molecularly woven structures. a, Grids of 
interwoven strands, assembled using metal ion templates, envisioned by Busch and hubin5 to be used to construct materials made of woven polymer 
strands. Panel a reproduced with permission from ref. 5, Elsevier. b, Weaving patterns of experimentally realized 3D woven COFs39, and 2D woven 
supramolecular83 and molecular38,86 materials.
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Modelling molecular-level entanglement
Knots, knits, weaves and randomly entangled networks are different 
types of mechanically restricted systems. A range of different frame-
works are used to model random entanglements in polymer systems 
(Fig. 3). Here we consider which aspects of these approaches are 
best placed to potentially bridge the gap between random entangle-
ments and orderly entangled polymer chains and be most useful for 
predicting the properties of molecular weaves and fabrics.

The behaviour of randomly entangled networks is predicted by 
theories and models that describe the influence of molecular-level 
entanglements on the mechanical and dynamic properties of mate-
rials. Various descriptions include the tube model42–44, slip-link 
model45–47, slip-spring model48–50 and topological theory51,52. 
Molecular simulations based on each of these approaches aid the 
understanding of molecular entanglements53–57. Early theories58 of 
polymer rheology regarded entanglements as transient, physical 
crosslinks created and broken incessantly by random molecular 
motion. In tube models (Fig. 3a), the motion of the polymer chain 
is constrained within a tube-like volume with restrictions that arise 
from entangled areas being regarded as fixed obstacles42–44. Various 
tube-based models59–62 have been successfully used to determine 
the contribution of entanglements to the elasticity of entangled 
networks for a range of polymers63, but generally fail to predict the 
behaviour of polydispersed systems48.

In comparison, the slip-link model (Fig. 3b) successfully predicts 
the rheological behaviour of many entangled polymer networks by 
modelling the entanglement junctions as links through which the 
polymer chain is allowed to slip freely45–48. In the related slip-spring 
model (Fig. 3c)49,50, entanglements are considered as additional 

slip-springs (grey springs in Fig. 3c), which mimic the dynamics of 
entanglements with fluctuations of the slip-link points. This model 
has proved successful in predicting the linear viscoelastic data of 
monodispersed polymer melts. The slip-link and slip-spring mod-
els have also been modified to accommodate various second-order 
effects64,65. Although these models were developed to simulate ran-
dom entanglements, they appear to provide a suitable basis for 
investigating the properties of periodically ordered entanglements.

An alternative way to model molecular weaving is to apply topo-
logical theory by considering weaving as the sum of connected 
tangles12. The mechanical constraints within an entangled poly-
mer network are similar to the topological restrictions within the 
tangles of knotted closed loops (Fig. 3d). Studies on the mechani-
cal and dynamic properties of knotted polymers and DNA, both 
experimentally66 and by simulation54–57, show that the degree and 
type of knotting in such systems affects their properties. Although 
it has not led to a systematic theory of modelling entanglements, 
this approach has provided fresh insights into mechanistic studies 
on entangled polymers51,52. Unlike random entanglements that lack 
long-range order, molecularly woven fabrics that consist of entan-
glements with a regular under–over repeat sequence are effectively 
an infinite periodic extension of the tangles in particular knots 
and links. For example, the simplest 2D weaving pattern, the plain 
weave, is a continuous repeating polymer formed from the precur-
sor, in this experimentally realized case an interwoven 3 × 3 grid33 
used to construct a 74 knot (Fig. 3e), although potentially any size 
of n × n grid could prove suitable. This suggests that topology and 
tangle theory could also be usefully applied to model the properties 
of regular molecularly woven materials.

Box 1 | Macroscopic versus molecular weaving, and periodic versus random entanglements

Macroscopic weaving already has a well-established lexicon to 
describe the interlacing of different strands. In most cases, this 
terminology can be directly applied to molecularly woven fabrics.

Traditional weaving involves the interlacing of ‘warp’ and 
‘weft’ strands, oriented at specific angles to one another (panel a)1. 
Textiles are normally woven from top to bottom using complete 
strands, with one end of each weft strand pulled back and forth 
(that is, over or under) through the warp strands. In contrast, the 
weaving of molecular structures does not need to begin from the 
preformed full-length strands. Chemical strategies have focused 
on producing some or all of the weaving pattern from single 
crossings or preformed tangles and extrapolating those crossings 
(or crossing patterns) through covalent bond formation in 2D or 
3D to form a periodic structure with long-range order.

In conventional woven fabrics, warp strands run vertically to 
the yardage of the material, corresponding to up and down in a 
loom; weft threads run back and forth through the warp threads 
and side to side in a loom. In anisotropic molecularly woven 
fabrics (where the crossing pattern differs in each direction), we 
suggest that the warp strands are defined as those with the least 
over–under transitions per unit length.

There are two main parameters used to describe the mechanical 
properties of conventional woven fabrics. ‘Firmness’ is a measure 
of how tight and strong the fabric is, whereas ‘flexibility’ is 
the ability of the material to be deformed. These properties are 
principally influenced by the strength of the individual fibres, 
the amount of space between the interlaced strands (the ‘space 
field’, panel a) and the weaving pattern. ‘Stiffness’ (force required 
per unit displacement) and ‘elasticity’ (the relationship of stress 
to strain and Young’s modulus) are two parameters related to 
mechanical properties that in, molecularly woven structures, are 
likely to be influenced by the chemical constitution of the strands, 
the non-covalent interactions between the strands and the weaving 
pattern. The weaving pattern affects the properties of macroscopic 
woven materials by regulating the interstrand contacts and the 
space field (panel a) and the way that the material responds to 
stress and strain.

Entanglements in polymer chains prevent strands being able 
to move freely (panel b). Ordered entanglements in the form of 
periodic sequences of over and under crossings occur in knots, 
links and weaves. Random entanglements occur in any polymer 
chains of sufficient length and flexibility91.
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Given the significance and widespread occurrence of random, or 
at least non-periodic, entanglements in DNA and other polymers, 
and the scarcity of experimental examples of periodic molecularly 
woven systems, the simulation of entanglement–property relation-
ships has focused on randomly entangled polymer networks and 
systems with short-range order. The questions of how long-range 
order in molecularly woven materials can affect the mechanical 
and dynamic properties, and how the properties of periodic orderly 
entanglements of flexible chains38 differ to those of randomly entan-
gled polymer networks66 and rigid-strand covalent organic frame-
work (COFs)39, remain open. Understanding how the regularity and 
complexity of entanglements can affect polymer properties is a key 
challenge for the design of molecularly woven materials.

experimental realization of molecular weaving
Until recently, synthetic nanoscale weaves featuring regular peri-
odic entanglements in 2D or 3D remained limited67,68 to DNA69 and 
coordination polymers70–78 that featured either dynamically labile 
metal–ligand bonds in the backbone or strands chemically con-
nected together at fixed points. However, in the past few years, a 
number of different experimental strategies79,80 have been developed 
to form molecularly woven organic polymers.

In 2016, Yaghi and co-workers generated a 3D COF with periodic 
entanglements of rigid helical organic polymer strands through the 
use of reticular chemistry to telescope unoriented crossings based 
on a Cu(I) bis(phenanthroline) complex (Fig. 4a)39. The result-
ing 3D woven COF, COF-505, has helical strands interlaced at  

Cl– versus SO4
2–

–CH2CH2– versus –CH2OCH2– Spacer

Counter ions

Crossing-point connectors

a b

c

N O O
N

O
O

Fig. 2 | Methodology for controlling crossing stereochemistry and connectivity. a–c, Examples of the ways that the geometry, crossing points and 
connectivity of ligand strands are controlled in the synthesis of molecular knots (a,c)19,22 and links (b)20. Similar strategies are likely to be useful for 
controlling periodic entanglements for molecular weaving.
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regular intervals in 3D, and the Cu(I) ions serve as points of reg-
istry. After the removal of 92–97% of the Cu(I) ions, the resulting 
material showed an increased elasticity compared with that of the 
original COF despite the strands still being crosslinked by metal 
ions every ~20 binding sites, on average, sufficient to prevent sub-
stantial strand reptation. Related woven COFs were shown to have 
a guest-adaptive property attributed to the limited movement of 
the rigid strands, still crosslinked by residual metal ions, within the 
framework40,41. Using a similar strategy, Loh and co-workers con-
structed several crosslinked COFs using Cu(I) (ref. 81) and Ag(I) 

(ref. 82) 1D molecular organic frameworks (MOFs) followed by a 
postmodification connection of the strands, although there is not 
yet evidence to suggest that the crosslinked strands are entangled in 
the form of a regular periodic weave.

In 2017, the Wennemers group reported an extended triaxial 
supramolecular kagome weave that consisted of oligoproline seg-
ments with π–π stacking between pendent perylene monoimide 
units that connected the molecules to form a periodically entan-
gled array (Fig. 4b)83. The non-covalent connections mean that the 
strands can, in principle, pass through each other without being 
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sequences correspond to different knots))
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Fig. 3 | Overview of frameworks used to model random molecular-level entanglements. a, The tube model constrains the dynamics of polymer chains 
within a tube-like region in which the chains can slide around but not through each other (termed ‘reptation’ or ‘creep’)42–44. b, Slip-link model, in which 
the effects of entanglements are represented by slip-links with the polymer chains free to slide through the junctions45–47. c, Slip-spring model, which 
considers entanglements as slip-springs (shown in grey), which mimic the chain dynamic properties by incorporating fluctuations of entanglements 
based on a rouse chain (in which the polymer chain is divided into N + 1 beads connected by N springs, which experience friction that arises from the fast 
collisions with neighbouring chains, shown by black dashed circles)48. d, The tangles present in molecular knots and links can provide a topological model 
for multi-entangled polymer chains52. The hopf link (simple [2]catenane) mimics link-like entanglements in which two or more strands are mechanically 
entwined. Mechanical entanglements generated by knotting a single strand in different crossing sequences can be related to closed-loop knots, such as 
the 31, which has an alternating crossing sequence (over-under-over-under), and 819, which has a non-alternating crossing sequence (over–over–under–
under). Strands that are prohibited by topology from crossing over and under another strand are related to Brunnian topologies, such as Borromean rings. 
e, The simplest 2D woven fabric (box or plain weave), which features periodic entanglements, consists only of mechanical entanglements formed by 
repeating the interwoven 3 × 3 grid33 used to construct a 74 knot. Note that the stereochemistry of a box weave requires horizontally or vertically adjacent 
n × n grids to be mirror images.
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Fig. 4 | examples of strategies to synthesize molecularly woven materials. Types of organic material prepared so far with periodic nanoscale 
entanglements. a, a 3D interwoven COF formed from a Cu(I) complex of a single crossing point using a reticular approach that results in a strand crossing 
pattern39. b, a supramolecular kagome weave held together using non-covalent interactions (aromatic stacking between rotated perylene-monoimide 
units at the end of each strand)83. c, a surface-supported layered MOF in which crosslinking is formed via Glaser–hay couplings86. d, a 2D molecularly 
woven fabric formed via tessellation of a 3 × 3 grid. Interwoven 3 × 3 grids33 can be connected intermolecularly in layers to generate the required crossing 
pattern for a molecular weave. Subsequent removal of the metal ion templates affords the wholly organic molecularly woven fabric38.
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mechanically restricted. Other supramolecular materials have been 
prepared with woven scaffolds that have dynamic hydrogen bonds 
at crossing points, which similarly intrinsically rules out effects 
being induced by strand entanglement84,85. However, it may prove 
possible to modify such systems so that the crossing pattern can 
be covalently captured to achieve a molecularly woven material of 
organic polymer strands.

The Mayor group prepared a 2D woven polymer network 
using a MOF template approach, in which the linear weft and 
warp threads were preorganized by Cu(I) on a surface-mounted 
MOF and a woven structure subsequently formed by Glaser–Hay 
couplings (Fig. 4c)86. Unfortunately, the weave is not sufficiently 
robust to be self-sustaining and the woven network disassembles 
to give the individual polymer strands on removal of the metal 
ion templates.

In 2020, our group generated the periodic entanglements of a 
weave through the 2D tessellation of prewoven tangles (Fig. 4d)38. 
A woven 3 × 3 grid33 that crystallizes in off-set layers was polym-
erized in 2D using disulfide bond formation, a chemistry compat-
ible with the formation of a woven building block. On removal of 
the ion templates, the resulting wholly organic molecularly woven 
fabric is effectively the realization of the structure shown in Fig. 1 
proposed4,5 by Busch and Hubin three decades earlier. There are 
undoubtedly defects in the pattern of the experimentally produced 
weave, in part caused by a lack of control over which of the three 
strand termini of a grid edge connect to which of their counterparts 
along the edge of the adjacent tessellated grid. Other issues, such 
as the relative stereochemistry of connecting grids, also affect the 
crossing sequence produced when strands from preformed tangles 
are joined together.

Despite these deficiencies, preliminary indications of the effects 
of molecular weaving could be assessed by comparing the proper-
ties of the material that consists of layers of molecularly woven poly-
mer chains with those of the component, but unwoven, 1D polymer. 
Unlike the unwoven polymer, when the molecularly woven fabric 
was deposited on a polyester substrate that could be stretched, the 
material was found to tear along ordered, geometric lines, as for a 
macroscopic fabric with the same weave pattern, and to delaminate 
as the woven layers slid over each other. The molecularly woven fab-
ric was almost twice as strong as the unwoven strands of the same 
chemical composition38.

These mechanical properties of the material can probably 
be attributed to the physical restriction on the strand move-
ment imposed by the contact field (Box 1) and weave pattern. 
However, the space field (Box 1) of the molecular weave could 
also be exploited. When incorporated into a polymer-supported 
membrane, the 2D molecularly woven polymer acts as a net, 
which slows the passage of ions larger than 2 nm, whereas they 
pass through membranes that incorporate the unwoven polymer 
strands much more rapidly. For ions smaller than 2 nm, the rate of 
diffusion through the membrane is similar for both the woven and 
unwoven polymers38.

Challenges and potential
The ability to weave molecular chains in periodic orderly entangle-
ments—to form molecularly woven materials5,67,68—marks the inter-
section87 of polymer science88 and molecular nanotopology15. With 
molecularly woven materials now becoming accessible, it is timely 
to consider some of the immediate, and more long-term, challenges 
for this nascent field. In addition to the need to invent, optimize and 
discover the limitations of different methods and strategies for weav-
ing molecular strands, below we proffer a number of open-ended 
challenges and aspirational goals for molecular-level weaving:

To obtain different weaving patterns, possibly using strands of 
different compositions, but ultimately obtaining different weaves 
using the same type of strand.

To determine how different weaving patterns, errors in the 
weave, strand rigidity and interstrand non-covalent interactions 
affect the properties.

To understand how the introduction of additional hydrogen 
bonding, π stacking or electrostatic interactions change woven 
strand conformations.

To investigate whether molecular switches or motors can be used 
to actuate strands, shortening or lengthening particular segments 
to cause a 2D molecularly woven fabric to fold into different pro-
grammed shapes.

To find if a 2D molecularly woven fabric can be induced to 
mould itself around a shape like a macroscopic sheet, perhaps not 
through the force of gravity, but maybe as a result of non-covalent 
interactions.

To determine what are the fundamental differences between, and 
possibilities for, 2D and 3D weaving.

To study how the mesh of the weave can be exploited (size, shape, 
chemical constitution and appending functional groups).

As an alternative to the self-assembly of small building blocks, to 
find if it is possible to weave preformed polymer strands in a man-
ner reminiscent of the folding of polymer chains into different knots 
induced by artificial metal ion ‘chaperones’.

To investigate if such chaperones be used to ‘knit’ a single 1D 
polymer chain into a persistent 2D layer held in shape by periodic 
entanglements.

To determine if conventional polymers (polystyrene, 
poly(methylmethacrylate), polyethylene terephthalate and so on), 
or something like them, can be woven or knitted.

Several of these challenges warrant further comment. Using dif-
ferent experimental conditions, crystal engineering and reticular 
chemistry often produce different architectures (polymorphs) from 
the same or similar building blocks, and so it may not be unrea-
sonable to hope that this may also occur, by chance or design, in 
molecular weaving (the first challenge laid out above). Furthermore, 
recent success in the tying of different knots in a molecular strand 
using metal ions as artificial chaperones23 for folding and entangle-
ment may provide an approach to form tiles with different tangles 
from the same building blocks for the ‘tessellation of preformed 
tangles’ strategy.

The tessellation strategy also allows the combination of different 
tangles to form different weaving patterns by selecting tangles with 
the required repeating pattern. Furthermore, by combining multi-
ple different tiles in a controlled manner, through matching chemi-
cal connectivity and geometry, complex weaving patterns could be 
built up. Given the number of known and potentially accessible 
preformed tangles, and the combinations they could form, the syn-
thetic variations provided by this strategy could be great indeed.

Despite the wealth of potential weaving patterns that could be 
formed from these strategies, to experimentally determine one from 
another at the molecular level represents a considerable challenge. 
Furthermore, they are all likely to develop defects within the molec-
ular weave. These could take the form of missing crossings, swapped 
strands and loops, and interlayer connections. Investigations into 
how these errors might affect the properties of woven materials, 
or how they can be prevented, will be hindered by the challenges 
in characterizing such materials. Errors in the weave are likely to 
be disordered across multiple sites, and therefore not easily probed 
using methods that rely on periodic short-range order, such as X-ray 
or electron diffraction. Instead, improvements in both the utility 
and resolution of techniques that probe individual molecules, such 
as scanning tunnelling microscopy, transmission electron micros-
copy and atomic force microscopy, may prove useful in this regard.

The weaving of fully formed polymer strands (the eighth chal-
lenge laid out above) will be particularly challenging in view of the 
number of conformations that, in principle, need to be sampled 
(similar to the classic protein-folding problem) and the kinetic 
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barriers to entanglement already observed23,2731 in small-molecule 
knotting. It may be that this issue can be overcome using artificial 
chaperones. This challenge, and others, may benefit from incor-
porating non-covalent interstrand recognition elements into the 
chains, to assist the formation of particular folded conformations 
rather than to rely solely on topology to control geometry.

In connection with the folding of long chains, the unfolding or 
untangling of molecularly woven fabrics has yet to be explored. 
When prepared through any template strategy, the woven fabric, 
after template removal, represents a kinetically trapped high-energy 
state of ordered entanglements. Molecular knots, prepared using a 
similar template strategy, spontaneously and rapidly unravel when 
not tethered in a closed loop and the same could be expected of a 
molecularly woven fabric—albeit over a longer timescale. The dis-
entangling of some systems has been reported86, but the kinetics of 
such a process and how it is linked to polymer length, number of 
entanglements and the strength of interstrand interactions is cur-
rently unknown.

There is clear potential for molecularly woven materials to have 
enhanced physical and mechanical characteristics (for example, five 
times stronger than steel weight for weight89). Initial results on the 
artificial 2D molecularly woven fabric shown in Fig. 4d demon-
strated38 substantially improved strength, as well as separation and 
permeability properties related to the synthetic material having a 
relatively uniform mesh size. With a view to other potential applica-
tions, we note that some porous COFs (albeit unwoven examples 
thus far) were shown90 to be able to collect atmospheric water. 
However, perhaps one of the most intriguing prospects for mate-
rials could be the integration of molecular weaving with elements 
of molecular machinery that can change the length, conformation 
and/or crossing registry of individual strands within the weave, to 
cause a 2D molecularly woven fabric to adopt different 3D shapes 
(challenge 4). Such technologies may seem today like science fic-
tion, but probably no more so than Busch’s vision did 30 years ago.

These are just some of the questions, challenges and opportuni-
ties posed by the recent invention of molecular-level weaving, a new 
form of well-defined complexity in the structural organization of 
matter. The possibilities for which are—of course(!)—as long as a 
piece of string.

Received: 12 July 2021; Accepted: 22 November 2021;  
Published online: 3 February 2022

references
 1. Kadolph, S. J. (ed.) Textiles 10th edn (Prentice-Hall, 2007).
 2. Dietrich-Buchecker, C. O., Sauvage, J.-P. & Kintzinger, J.-P. Une nouvelle 

famille de molecules: les metallo-catenanes. Tetrahedron Lett. 24,  
5095–5098 (1983).

 3. Thompson, M. C. & Busch, D. H. Reactions of coordinated ligands. IX. 
Utilization of the template hypothesis to synthesize macrocyclic ligands 
in situ. J. Am. Chem. Soc. 86, 3651–3656 (1964).

 4. Busch, D. H. Structural definition of chemical templates and the prediction of 
new and unusual materials. J. Inclusion Phenom. Mol. Recognit. Chem. 12, 
389–395 (1992).

 5. Hubin, T. J. & Busch, D. H. Template routes to interlocked molecular 
structures and orderly molecular entanglements. Coord. Chem. Rev. 200–202, 
5–52 (2000).

 6. Leigh, D. A., Lemonnier, J.-F. & Woltering, S. L. Comment on 
“Coordination-driven self-assembly of a molecular knot comprising sixteen 
crossings”. Angew. Chem. Int. Ed. 57, 12212–12214 (2018).

 7. Adams, C. C. The Knot Book (Freeman, 1994).
 8. Bruns, C. J. & Stoddart, J. F. The Nature of the Mechanical Bond: From 

Molecules to Machines (Wiley, 2016).
 9. Sauvage, J.-P. From chemical topology to molecular machines (Nobel lecture). 

Angew. Chem. Int. Ed. 56, 11080–11093 (2017).
 10. Dietrich-Buchecker, C., Colasson, B., Jouvenot, D. & Sauvage, J.-P. Synthesis 

of multi‐1,10‐phenanthroline ligands with 1,3‐phenylene linkers and their 
lithium complexes. Chem. Eur. J. 11, 4374–4386 (2005).

 11. Piguet, C., Bernardinelli, G. & Hopfgartner, G. Helicates as versatile 
supramolecular complexes. Chem. Rev. 97, 2005–2062 (1997).

 12. Fielden, S. D. P., Leigh, D. A. & Woltering, S. L. Molecular knots.  
Angew. Chem. Int. Ed. 56, 11166–11194 (2017).

 13. Cougnon, F. B. L., Caprice, K., Pupier, M., Bauza, A. & Frontera, A. A 
strategy to synthesize molecular knots and links using the hydrophobic effect. 
J. Am. Chem. Soc. 140, 12442–12450 (2018).

 14. Segawa, Y. et al. Topological molecular nanocarbons: all-benzene catenane 
and trefoil knot. Science 365, 272–276 (2019).

 15. Stoddart, J. F. Dawning of the age of molecular nanotopology. Nano Lett. 20, 
5597–5600 (2020).

 16. Guo, Q.-H., Jiao, Y., Feng, Y. & Stoddart, J. F. The rise and promise of 
molecular nanotopology. CCS Chem. 3, 1542–1572 (2021).

 17. Inomata, Y., Sawada, T. & Fujita, M. Metal–peptide torus knots from flexible 
short peptides. Chem 6, 294–303 (2020).

 18. Gao, W.-X., Feng, H.-J., Guo, B.-B., Lu, Y. & Jin, G.-X. Coordination-directed 
construction of molecular links. Chem. Rev. 120, 6288–6325 (2020).

 19. Ayme, J.-F. et al. A synthetic molecular pentafoil knot. Nat. Chem. 4,  
15–20 (2012).

 20. Leigh, D. A., Pritchard, R. G. & Stephens, A. J. A Star of David catenane.  
Nat. Chem. 6, 978–982 (2014).

 21. Zhang, L. et al. Stereoselective synthesis of a composite knot with nine 
crossings. Nat. Chem. 10, 1083–1088 (2018).

 22. Danon, J. J. et al. Braiding a molecular knot with eight crossings. Science 355, 
159–162 (2017).

 23. Leigh, D. A. et al. Tying different knots in a molecular strand. Nature 584, 
562–568 (2020).

 24. Wang, X.-W. & Zhang, W.-B. Chemical topology and complexity of protein 
architectures. Trends Biochem. Sci. 43, 806–817 (2018).

 25. Forgan, R. S., Sauvage, J.-P. & Stoddart, J. F. Chemical topology: complex 
molecular knots, links, and entanglements. Chem. Rev. 9, 5434–5464 (2011).

 26. Dietrich-Buchecker, C. O. & Sauvage, J.-P. A synthetic molecular trefoil knot. 
Angew. Chem. Int. Ed. 28, 189–192 (1989).

 27. Guo, J., Mayers, P. C., Breault, G. A. & Hunter, C. A. Synthesis of a molecular 
trefoil knot by folding and closing on an octahedral coordination template. 
Nat. Chem. 2, 218–220 (2010).

 28. Barran, P. E. et al. Active metal template synthesis of a molecular trefoil knot. 
Angew. Chem. Int. Ed. 50, 12280–12284 (2011).

 29. Ponnuswamy, N., Cougnon, F. B. L., Clough, J. M., Pantos, G. D. & Sanders, J. 
K. M. Discovery of an organic trefoil knot. Science 338, 783–785 (2012).

 30. Prakasam, T. et al. Simultaneous self-assembly of a [2]catenane, a trefoil knot, 
and a Solomon link from a simple pair of ligands. Angew. Chem. Int. Ed. 52, 
9956–9960 (2013).

 31. Zhang, G. et al. Lanthanide template synthesis of trefoil knots of single 
handedness. J. Am. Chem. Soc. 137, 10437–10442 (2015).

 32. Carpenter, J. P. et al. Controlling the shape and chirality of an eight-crossing 
molecular knot. Chem 7, 1534–1543 (2021).

 33. Leigh, D. A. et al. A molecular endless (74) knot. Nat. Chem. 13,  
117–122 (2021).

 34. Nierengarten, J.-F., Dietrich-Buchecker, C. O. & Sauvage, J.-P. Synthesis of a 
doubly interlocked [2]catenane. J. Am. Chem. Soc. 116, 375–376 (1994).

 35. Beves, J. E., Danon, J. J., Leigh, D. A., Lemonnier, J.-F. & Vitorica-Yrezabal, I. 
J. A Solomon link through an interwoven molecular grid. Angew. Chem. Int. 
Ed. 54, 7555–7559 (2015).

 36. August, D. P., Jaramillo-Garcia, J., Leigh, D. A., Valero, A. & 
Vitorica-Yrezabal, I. J. A chiral cyclometalated iridium Star of David [2]
catenane. J. Am. Chem. Soc. 143, 1154–1161 (2021).

 37. Gil-Ramírez, G., Leigh, D. A. & Stephens, A. J. Catenanes: fifty years of 
molecular links. Angew. Chem. Int. Ed. 54, 6110–6150 (2015).

 38. August, D. P. et al. Self-assembly of a layered two-dimensional molecularly 
woven fabric. Nature 588, 429–435 (2020).

 39. Liu, Y. et al. Weaving of organic threads into a crystalline covalent organic 
framework. Science 351, 365–369 (2016).

 40. Zhao, Y. et al. A synthetic route for crystals of woven structures, uniform 
nanocrystals, and thin films of imine covalent organic frameworks. J. Am. 
Chem. Soc. 139, 13166–13172 (2017).

 41. Liu, Y., O’Keeffe, M., Treacy, M. M. J. & Yaghi, O. M. The geometry of 
periodic knots, polycatenanes and weaving from a chemical perspective: a 
library for reticular chemistry. Chem. Soc. Rev. 47, 4642–4664 (2018).

 42. De Gennes, P. G. Reptation of a polymer chain in the presence of fixed 
obstacles. J. Chem. Phys. 55, 572–579 (1971).

 43. des Cloizeaux, J. Double reptation vs simple reptation in polymer melts. 
Europhys. Lett. 5, 437–442 (1988).

 44. Edwards, S. F. The statistical mechanics of polymerized material. Proc. Phys. 
Soc. 92, 9–16 (1967).

 45. Doi, M. & Takimoto, J. Molecular modelling of entanglement. Phil. Trans. R. 
Soc. Lond. A 361, 641–652 (2003).

 46. Hua, C. C. & Schieber, J. D. Segment connectivity, chain-length breathing, 
segmental stretch, and constraint release in reptation models. I. Theory and 
single-step strain predictions. J. Chem. 109, 10018–10027 (1998).

 47. Edwards, S. F. & Vilgis, T. The effect of entanglements in rubber elasticity. 
Polymer 27, 483–492 (1986).

NAture MAteriALs | VOL 21 | MarCh 2022 | 275–283 | www.nature.com/naturematerials282

http://www.nature.com/naturematerials


PersPectiveNATure MATeriAls

 48. Likhtman, A. E. Single-chain slip-link model of entangled polymers: 
simultaneous description of neutron spin–echo, rheology, and diffusion. 
Macromolecules 38, 6128–6139 (2005).

 49. Chappa, V. C., Morse, D. C., Zippelius, A. & Müller, M. Translationally 
invariant slip-spring model for entangled polymer dynamics. Phys. Lett. 109, 
148302 (2012).

 50. Uneyama, T. & Masubuchi, Y. Multi-chain slip-spring model for entangled 
polymer dynamics. J. Chem. Phys. 137, 154902 (2012).

 51. Everaers, R. Rheology and microscopic topology of entangled polymeric 
liquids. Science 303, 823–826 (2004).

 52. Edwards, S. F. Statistical mechanics with topological constraints: I. Proc. Phys. 
Soc. 91, 513–519 (1967).

 53. Saitta, A. M., Soper, P. D., Wasserman, E. & Klein, M. L. Influence of a knot 
on the strength of a polymer strand. Nature 399, 46–48 (1999).

 54. Farago, O., Kantor, Y. & Kardar, M. Pulling knotted polymers. Europhys. Lett. 
60, 53–59 (2002).

 55. Caraglio, M., Micheletti, C. & Orlandini, E. Stretching response of knotted 
and unknotted polymer chains. Phys. Rev. Lett. 115, 188301 (2015).

 56. Dai, L., Renner, C. B. & Doyle, P. S. Metastable tight knots in semiflexible 
chains. Macromolecules 47, 6135–6140 (2014).

 57. Klotz, A. R., Narsimhan, V., Soh, B. W. & Doyle, P. S. Dynamics of DNA 
knots during chain relaxation. Macromolecules 50, 4074–4082 (2017).

 58. Green, M. S. & Tobolsky, A. V. A new approach to the theory of relaxing 
polymeric media. J. Chem. Phys. 14, 80–92 (1946).

 59. Ball, R. C., Doi, M., Edwards, S. F. & Warner, M. Elasticity of entangled 
networks. Polymer 22, 1010–1018 (1981).

 60. Shchetnikava, V., Slot, J. & van Ruymbeke, E. Comparative analysis of 
different tube models for linear rheology of monodisperse linear entangled 
polymers. Polymers 11, 754 (2019).

 61. Watanabe, H. Viscoelasticity and dynamics of entangled polymers.  
Prog. Polym. Sci. 24, 1253–1403 (1999).

 62. McLeish, T. C. B. Tube theory of entangled polymer dynamics. Adv. Phys. 51, 
1379–1527 (2002).

 63. Pawlak, A. The entanglements of macromolecules and their influence on the 
properties of polymers. Macromol. Chem. Phys. 10, 1900043 (2019).

 64. Karatrantos, A., Composto, R. J., Winey, K. I., Kröger, M. & Clarke, N. 
Modeling of entangled polymer diffusion in melts and nanocomposites: a 
review. Polymers 11, 876–905 (2019).

 65. Uneyama, T. & Masubuchi, Y. Plateau moduli of several single-chain slip-link 
and slip-spring models. Macromolecules 54, 1338–1353 (2021).

 66. Li, G. et al. Woven polymer networks via the topological transformation of a 
[2]catenane. J. Am. Chem. Soc. 142, 14343–14349 (2020).

 67. Cockriel, D. L. et al. The design and synthesis of pyrazine amide ligands 
suitable for the ‘tiles’ approach to molecular weaving with octahedral metal 
ions. Inorg. Chem. Commun. 11, 1–4 (2008).

 68. Wadhwa, N. R., Hughes, N. C., Hachem, J. A. & Mezei, G. Metal-templated 
synthesis of intertwined, functionalized strands as precursors to molecularly 
woven materials. RSC Adv. 6, 11430–11440 (2016).

 69. Ciengshin, T., Sha, R. & Seeman, N. C. Automatic molecular weaving 
prototyped by using single-stranded DNA. Angew. Chem. Int. Ed. 50, 
4419–4422 (2011).

 70. Batten, S. R. & Robson, R. Interpenetrating nets: ordered, periodic 
entanglement. Angew. Chem. Int. Ed. 37, 1460–1494 (1998).

 71. Carlucci, L., Ciani, G. & Proserpio, D. M. Polycatenation, polythreading and 
polyknotting in coordination network chemistry. Coord. Chem. Rev. 246, 
247–289 (2003).

 72. Van Calcar, P.M., Olmstead, M. M. & Balch, A. L. Construction of a knitted 
crystalline polymer through the use of gold(I)–gold(I) interactions. Chem. 
Commun. 1995, 1773–1774 (1995).

 73. Axtell, E. A., Liao, J.-H. & Kanatzidis, M. G. Flux synthesis of LiAuS and 
NaAuS: ‘Chicken-wire-like’ layer formation by interweaving of (AuS)n

n− 
threads. Comparison with α-HgS and AAuS (A = K, Rb). Inorg. Chem. 37, 
5583–5587 (1998).

 74. Carlucci, L., Ciani, G., Gramaccioli, A., Proserpio, D. & Rizzato, S. Crystal 
engineering of coordination polymers and architectures using the 
[Cu(2,2′-bipy)]2+ molecular corner as building block (bipy = 2,2′- bipyridyl). 
CrystEngComm 2, 154–163 (2000).

 75. Li, Y.-H. et al. The first ‘two-over/two-under’ (2O/2U) 2D weave structure 
assembled from Hg-containing 1D coordination polymer chains. Chem. 
Commum. 2003, 1630–1631 (2003).

 76. Han, L. & Zhou, Y. 2D entanglement of 1D flexible zigzag coordination 
polymers leading to an interwoven network. Inorg. Chem. Commun. 11, 
385–387 (2008).

 77. Wu, H., Yang, J., Su, Z.-M., Batten, S. R. & Ma, J.-F. An exceptional 54-fold 
interpenetrated coordination polymer with 103-srs network topology. J. Am. 
Chem. Soc. 133, 11406–11409 (2011).

 78. Champsaur, A. M. et al. Weaving nanoscale cloth through electrostatic 
templating. J. Am. Chem. Soc. 139, 11718–11721 (2017).

 79. Herdlitschka, A., Lewandowski, B. & Wennemers, H. Organic molecular 
weaves. Chimia 73, 450–454 (2019).

 80. Liu, Y. & O’Keeffe, M. Regular figures, minimal transitivity, and reticular 
chemistry. Isr. J. Chem. 58, 962–970 (2018).

 81. Xu, H.-S. et al. Divergent chemistry paths for 3D and 1D metallo-covalent 
organic frameworks. Angew. Chem. Int. Ed. 59, 11527–11532 (2020).

 82. Xu, H.-S. et al. Single crystal of a one-dimensional metallo-covalent organic 
framework. Nat. Commun. 11, 1434–1439 (2020).

 83. Lewandowska, U. et al. A triaxial supramolecular weave. Nat. Chem. 9, 
1068–1072 (2017).

 84. Ashton, P. R. et al. Supramolecular weaving. Angew. Chem. Int. Ed. 36, 
735–739 (1997).

 85. Huang, Q. et al. Dynamic molecular weaving in a two-dimensional 
hydrogen-bonded organic framework. Chem 7, 1321–1332 (2021).

 86. Wang, Z. et al. Molecular weaving via surface-templated epitaxy of crystalline 
coordination networks. Nat. Commun. 8, 14442–14449 (2017).

 87. Wu, Q. et al. Poly[n]catenanes: synthesis of molecular interlocked chains. 
Science 358, 1434–1439 (2017).

 88. Hawker, C. J. & Wooley, K. L. The convergence of synthetic organic and 
polymer chemistries. Science 309, 1200–1205 (2005).

 89. Wang, Q. & Schniepp, H. C. Strength of recluse spider’s silk originates from 
nanofibrils. ACS Macro Lett. 7, 1364–1370 (2018).

 90. Nguyen, H. L. et al. A porous covalent organic framework with voided square 
grid topology for atmospheric water harvesting. J. Am. Chem. Soc. 142, 
2218–2221 (2020).

 91. Kantor, Y. & Hassold, G. N. Entanglements in random systems. Phys. Rev. A 
40, 5334–5341 (1981).

Acknowledgements
We thank the Engineering and Physical Sciences Research Council (EPSRC; EP/
P027067/1), the European Research Council (ERC Advanced Grant 786630) and East 
China Normal University for funding, and T. Bouwens for bringing D.A.L.’s attention to 
the Latin root of ‘complexity’. D.A.L. is a Royal Society Research Professor.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence should be addressed to David A. Leigh or Liang Zhang.

Peer review information Nature Materials thanks the anonymous reviewers for their 
contribution to the peer review of this work.

Reprints and permissions information is available at www.nature.com/reprints.

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

© Springer Nature Limited 2022

NAture MAteriALs | VOL 21 | MarCh 2022 | 275–283 | www.nature.com/naturematerials 283

http://www.nature.com/reprints
http://www.nature.com/naturematerials

	Molecular weaving
	Macroscopic versus molecular weaving, and periodic versus random entanglements
	Synthetic methodology for the assembly of orderly entanglements in molecular knots and links
	Modelling molecular-level entanglement
	Experimental realization of molecular weaving
	Challenges and potential
	Acknowledgements
	Fig. 1 Busch and Hubin’s concept of ‘true’ molecular weaving and recent experimental examples of molecularly woven structures.
	Fig. 2 Methodology for controlling crossing stereochemistry and connectivity.
	Fig. 3 Overview of frameworks used to model random molecular-level entanglements.
	Fig. 4 Examples of strategies to synthesize molecularly woven materials.




