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Organic Molecular Weaves
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Abstract: Weaving of organic compounds on the molecular level is an intriguing challenge and promises to pro-
vide materials that combine high elasticity with strength and fracture toughness. Yet, the formation of crossing
points between molecular threads in defined and regular distances to create an interwoven network is not trivial.
To date, only a few examples of wholly organic weaves have been reported. Within this review we present the
different strategies that enabled their formation and highlight the structural features of the obtained nanostruc-
tured materials. We expect these pioneering studies to pave the way to many more organic molecular weaves
with more and more sophisticated topologies and exquisite mechanical properties.
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1. Introduction
Humans began to weave organic fibers into textiles at least

26,000 years ago.[1] The nanoscale application of this Stone Age
art has the promise of creating versatile new materials for mod-
ern society. Yet, despite tremendous advancements in the field of
supramolecular chemistry in the last decades – including the de-
velopment of numerous nanostructured materials[2–6] and discrete
assemblies with sophisticated molecular topologies[7–11] – the
weaving of wholly organic molecules into extended structures is
in its infancy. Weaving on the molecular level is difficult since
looms are missing to install crossing points with an up-and-down
geometry of entwining threads.[12] Even interlacing with the help
of metal complexes, which provide for defined directionality and
therefore predictable cross-over geometries, has proven challeng-
ing.[13–20] Diaxial weaves are most common in textiles and are
composed of two interwoven sets of threads (‘warp’ and ‘weft’)
that are often oriented at an angle of 90° to each other (Fig. 1A).
Advanced weaves that involve more than two sets of threads pro-
vide macroscopic objects with higher stability[21] but are more dif-
ficult to access (Fig. 1B). Recently, the first fully organic extended
molecular weaves have been accomplished.[22–26] Herein, we re-
view the ‘molecular loom strategies’ that enabled these achieve-
ments and highlight the properties of the obtained nanostructured
materials.

Fig. 1. Illustration of A) diaxial weaves composed of two interwoven sets
of threads (‘warp’ and ‘weft’) and B) advanced weave with three sets of
threads.
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They show that small modifications of the reaction partners, e.g.
the metal complex or counterion, can affect the structure of the
resulting woven material to a significant extent.

2.2 Layered Metal Organic Frameworks for Molecular
Weaving

Whereas Yaghi employed metal complexes to install cross-
ing points, a team led by Mayor andWöll used metal complexes
to preorganize ligands with reactive moieties to form crossing
points upon covalent bond formation.[25] The researchers used
quadritopic cross-shaped building blocks that bear at two op-
posite sites carboxylic acid moieties and at the other two sites
alkyne moieties as reactive groups for Glaser coupling reactions
(Fig. 4, top left). Upon deposition on a gold surface, the CO

2
H

groups of four building blocks formed square planar complexes
with Cu(i) ions, which resulted in a regular grid-like 2D metal

2. Covalent Molecular Weaves

2.1 Metal Complexes as Crossing Points
In 2016, Yaghi and coworkers achieved the formation of a

molecular weave, which consists of two interlaced threads, by
using metal complexes as templates for the formation of cross-
ing points (COF-505, Fig. 2).[22] The researchers equipped bi-
dentate phenanthroline ligands with two aldehyde moieties and
formed Cu-complexes with a nearly tetrahedral geometry (Fig.
2A). Reaction of the aldehydes with benzidine bearing two ami-
no groups in the para-positions connected the Cu-complexes via
imine bonds to form interlaced molecular threads. The geometry
of the tetrahedral metal complexes combined with the rigidity of
the benzidine linker ensured the directionality and up-and-down
geometry of the diaxially interlaced threads (Fig. 2B). Fourier-
transform infrared spectroscopy (FT-IR) and solid-state nuclear
magnetic resonance (NMR) spectroscopy analyses confirmed the
formation of imine-bonds. Single crystal X-ray diffraction (Fig.
2C/D), 3D electron diffraction tomography (3D-EDT), powder
X-ray diffraction (PXRD), and high-resolution transmission elec-
tron microscopy (HR-TEM, Fig. 2F) analyses of the crystalline
product support a 2-fold interpenetrating woven 3D-network with
a distorted tetrahedral geometry around the Cu(i) center and a di-
hedral angle of 57° between the phenanthroline ligands (Fig. 2B).
Washing of the metal-coordinated framework with an aqueous
KCN solution removed the Cu(i)-ions and yielded a fully-organic
extended molecular weave. This demetalation increased the elas-
ticity of the material by ten-fold as evidenced by the measured
Young’s moduli before (1.3 GPa) and after (~12.5 GPa) removal
of the Cu-ions. Remetalation of the woven framework restored the
original elasticity parameters.

BF
4
anions served as the counterions for Cu(i) in this initial

diaxial weave.When the sterically more demanding PO
2
Ph

2
anion

was used as counterion, Yaghi obtained an interwoven structure
with the same topology but larger pores.[23]The larger counterions
also prevented interpenetration of the threads and thus provided
for pores large enough to host guests such as THF and organic
dyes (e.g.methyl orange, hydroxynaphthol blue and methyl blue).
Upon using hexacoordinate Co(ii) instead of tetracoordinate Cu(i)
as the templating metal, the group formed a non-interpenetrating,
diaxially woven framework (COF-112) with interlaced threads
that cross at an angle of 77.3° (Fig. 3).[24]

The above examples demonstrate the value of metal complex-
es with a defined geometry as crossing points followed by their
covalent tethering for the formation of organic woven materials.

Fig. 2. Synthesis and structure
of COF-505: A) Cu(i)-ions coor-
dinate to phenanthroline (PDB)
ligands in a close-to-tetrahedral
geometry; Upon imine forma-
tion with the homo-bifunctional
benzidine (BZ) linkers, interwoven
PDB-BZ threads form. B) 2-folded
interpenetrating COF-505 struc-
ture in its metallated state; C)
Arrangement of adjacent organic
ligands in the crystal structure of
COF-505, propagating at 57° an-
gles with Cu(i)-ions as the points
of registry; D) Neighboring blue
helices are woven with the orange
helices to form the overall frame-
work; E) TEM image of a single
sub-μm crystal used for 3D-EDT
analysis; F) HRTEM image of
COF-505. (reproduced and modi-
fied from ref. [22] with permission
from Science)

Fig. 3. A) Synthesis of diaxially woven COF-112 with a set of threads
crossing at 77.3°; (B) SEM image of COF-112 crystals; (C) HRTEM im-
age of the woven material; (D) model of the woven framework of COF-
112. (reproduced and modified from ref. [24] with permission from The
Journal of the American Chemical Society)
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the layer-by-layer deposition of material on a surface through
soaking-cycles in solutions with the desired molecular compo-
nents (Fig. 4).

Covalent bond formation was achieved by immersing the
multilayer assembly in a solution of tetramethylenediamine
(TMEDA)-CuCl under an oxygen atmosphere (Glaser-Hay cou-
pling). The constraints of the biphenyl moieties require the react-
ing alkyne of a given ligand to bend out of plane of the layer. The
complementary covalent bond within one square can therefore
only form when the perpendicular alkynes bend into the opposite
direction of the plane. As a result, an alternating up-and-down
geometry of molecular threads forms with consecutive Glaser-
Hay couplings and establishes crossing points within a diaxial
weave (Fig. 4).

Infrared reflection absorption spectroscopy (IRRAS) and
Raman spectroscopy showed a characteristic vibrational band of
the diacetylene-group and confirmed the formation of the Glaser-
Hay product. SEM and AFM images showed planar material that
extends into the nanometer regime (Fig. 5A) with a thickness of
~20 nm (Fig. 5B,C).

Fewer cycles during the liquid-phase epitaxy reduced the
number of layers in the assembly and the thickness of the obtained
material. Demetalationwas achieved by treatment of the assembly
with dilute aqueous hydrochloric acid. Ultrasonication in THF
disassembled the network into discrete 4 nm thick and 200 nm
long polymeric fibers as revealed by AFM analysis (Fig. 5D–F).
These dimensions are close to those expected based on the mo-
lecular dimensions and assembly mode of the components. The
observed fibers are therefore a strong support for the formation of
the woven structure.

The bottom-up layer-by-layer assembly is an ingenious ap-
proach to extended woven materials that cleverly uses molecular
constraints to generate interlaced threads. The strategy relies on
the quantitative formation of covalent bonds, ideally propagating
from one starting point through the polymerizable MOF layer –
features that might be difficult to control.

3. A Non-covalent Molecular Weave

3.1 π–π and CH–π Interactions between Peptide–
Chromophore Conjugates to Establish Crossing
Points

The two above-described approaches require the efficient
formation of defined covalent bonds upon crosslinking of the
metal-coordinated building blocks. The correction of errors is
difficult if not impossible when threads with non-reversible co-
valent bonds form the weave. In 2017 our group used an oli-

organic framework (MOF) layer (Fig. 4, top middle). The ste-
rically constrained biphenyl backbone of the building blocks
positions the alkyne moieties opposite to each other within the
layer. To enforce reaction between alkynes within one layer, the
researchers placed non-polymerizable (‘sacrificial’) layers that
bear methyl in place of alkyne groups between the polymeriz-
able layers (Fig. 4, top right). This sandwich-like assembly of
alternating polymerizable and non-polymerizable MOF-layers
was achieved by liquid-phase epitaxy, a method that involves

Fig. 5. (A) SEM image of 5 cycles
of molecular weaving attached
on TEM grids; (B) AFM image
and (C) height profile of 5 cycles
of molecular weaving attached
on a smooth silica substrate; (D)
Schematic illustration of the disas-
sembly of the molecular weave;
(E) AFM images of the single chain
polymer after disassembly; (F)
height profile of the single chained
polymer. (reproduced and modi-
fied from ref. [25] with permission
from Nature Communications)

Fig. 4. Molecular structure of the polymerizable and non-polymerizable
building blocks and their assembly by coordination to Cu(I)-ions into
a square unit. Liquid phase epitaxy to form alternating polymerizable
and ‘sacrificial’ layers. Formation of crossing points within the polym-
erizable MOF layer by Glaser reactions and removal of the metal ions.
(reproduced and modified from ref. [25] with permission from Nature
Communications.)
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determine that the initial nucleus is composed of 10 molecules –
the number necessary to form two adjacent triangular connection
points (Fig. 7B) – suggesting that this is the minimal nucleus for
the propagation of the molecular weave.

Weaving bestows macroscopic objects with mechanical
stability. The determination of Young‘s moduli by quantitative
nanomechanical mapping (QNM) showed that also the triaxi-
ally woven material is stiffer (1.7 GPa) compared to non-woven

goproline-chromophore conjugate to form a triaxial molecular
weave that is held together by non-covalent π–π stacking and
CH–π interactions.[26] The woven material is thus formed under
thermodynamic control and errors are corrected in the formation
process.

Building on prior supramolecular assemblies of oligoproline-
chromophore conjugates,[27–29] we installed perylene monoimide
(PMI) moieties via triazole linkages at the two penultimate posi-
tions of a rigid oligoproline 9-mer (1 in Fig. 6A). This design
ensured that the two PMI moieties point in the same direction[30]
with a void of ~18 Å between them. It also ensured that con-
jugate 1 can self-assemble, similarly to related conjugates,[27–29]
head-to-tail by π–π stacking of the PMImoieties into threads (Fig.
6B). Upon annealing in a mixture of 30% THF in H

2
O, conju-

gate 1 formed hexagonal plates with dimensions in the microm-
eter regime (Fig. 6D). TEM analyses revealed a highly regular
structure that consists of triangles with high electron density and
hexagonal holes with diameters of ~3.0 nm (Fig. 6E,G). AFM
analyses of more than 150 superstructures revealed that the hexa-
gons are flat (Fig. 6H) and have average widths of 3.02±0.91 µm
and heights of 179±55 nm. TEM images, which were recorded
from samples at higher concentration (500 instead of 50 µM),
supported the formation of threads that further assemble into the
hexagonal superstructures (Fig. 6F). Together with UV-Vis and
CD spectroscopy as well as X-ray powder diffraction (GIWAXS)
the microscopic data provided detailed insight into the assembly:
The self-assembled threads have up-and-down facing voids (Fig.
6B) that are filled by intercalation with two additional threads at
an angle of 60° (Fig. 6C).As a result, triangular connecting points
form, which are stabilized by the π–π stacking along the threads
and weaker CH–π interactions between chromophore pairs of the
interwoven threads. The molecular dimensions of this supramo-
lecular assembly of conjugate 1 match perfectly the dimensions
observed in the microscopic images (Fig. 6G).

Thermal annealing and monitoring of the self-assembly of
molecularly dissolved conjugate 1 upon cooling by UV-Vis spec-
troscopy revealed a sharp transition at 51 °C from the non-assem-
bled to the assembled state, which is indicative of a cooperative
nucleation–elongation self-assembly mode (Fig. 7A). Fitting of
the data to the Eikelder–Markvoort–Meijer model[31] allow to

Fig. 6. (A) Molecular structure of
the oligoproline conjugate 1; (B)
Self-assembly of 1 into threads
and (C) triangular connecting
points to form a triaxial weave;
(D) TEM micrograph of self-
assembled 1 at low and (E) higher
magnification formed at 50 µM in
THF:H2O (30:70); (F) TEM micro-
graph of 1 at 500 µM in THF:H2O
(30:70); (G) Illustration of the mo-
lecular organization of the woven
topology superimposed on the
TEM micrograph; (H) AFM micro-
graph with height profile.

Fig. 7. (A) Temperature-dependent UV-Vis absorption at 580 nm of 1
(30:70 THF:H2O, 50 µM); (B) Proposed structure of the 10-molecule self-
assembly nucleus; (C) Comparison of Young’s modulus of woven (dark
grey) and non-woven (light grey) 1 by PeakForce QNM; (D) Unstained
dark-field STEM micrograph of IrNPs embedded in the holes of self-
assembled 1 (dropcast from toluene suspension). Inset: Fast Fourier
transform (FFT) analysis of the micrograph with the regular hexagonal
arrangement of IrNPs.
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threads (0.3 GPa, Fig. 7C). In addition, the woven material is so
strong that it withstands multiple cycles of lyophilization and
redispersion in different solvents, including water and toluene.
Thus, despite the lack of covalently tethered threads, it is the
woven topology, achieved by the synergistic interplay of non-
covalent interactions that endows the supramolecular assembly
with remarkable robustness. In addition, the uniformly shaped
pores of the triaxial weave allowed for the formation of homo-
geneously sized iridium nanoparticles with a diameter of 3 nm
inside the holes (Fig. 7D). Thus, the pores of the triaxial weave
can serve as templates for guest molecules, a finding that opens
exciting perspectives for applications such as catalysis, sensing,
or separation and storage.

4. Conclusions and Outlook
The few examples ofwholly organicweaves that have emerged

since 2016 highlight the prospects of weaving on the molecular
level for the development of materials that combine features such
as elasticity and robustness. Three unique approaches have so far
been used as ‘chemical looms’. They rely either on the formation
of metal complexes followed by covalent cross-linking of the li-
gands and demetalation, or the self-assembly of building blocks
that are preorganized to form threads and interweave with each
other. The interactions that hold the threads together (covalent
bonds or intermolecular interactions) are stronger compared to
those responsible for the intertwining of the threads to form the
weave. Since the design of molecular weaves – even of the sim-
plest with diaxial connecting points – is difficult, serendipitous
discoveries will likely accompany the path to more and more
elaborate woven topologies. The practitioners in the field enjoy
the challenge of creating complex molecular architectures for
the development of materials with exquisite properties. Already
the initial examples showed that molecular weaves are valuable
for their elasticity and robustness as well as for the incorpora-
tion of molecular guests and even the synthesis of objects on the
nanoscale inside pores – findings that could be useful for storage
and delivery. In light of the numerous macroscopic woven mate-
rials that have been developed and appreciated by mankind over
the past thousands of years for practical purposes (e.g. fishing
nets, baskets, clothes) as well as for their beauty and esthetics, the
future of materials woven on the nanoscale – a field that is in its
infancy – is bright and an exciting arena of research.
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