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a b s t r a c t

Molecular weaving is a powerful approach to make molecularly woven materials that have showed un-

precedented characteristics and properties intrinsically distinct to those of non-woven materials. We here

report a facile and efficient approach for the synthesis of 2D woven supramolecular polymers by differen-

tiated self-assembly through orthogonal noncovalent interactions. Importantly, the difference in binding

strength of two orthogonal noncovalent interactions can be used to control the process of molecular

weaving. Consequently, single-layered 2D woven supramolecular polymers were synthesized and fully

characterized by various techniques. This study demonstrates a controllable method for molecular weav-

ing, and will significantly hasten the development of molecularly woven materials.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Fiber weaving is a conventional practical technique for fabric

production that has been widely applicable in the various fields

such as textiles, electronic devices, architectures, medicine, ocean,

and aerospace in real life. Like fiber weaving, molecular weaving

is a molecule-level technological process that is emerging as a po-

tentially powerful approach to achieve the landscape of molecular

fabrics. Chemists worldwide are devoted in the aim of construct-

ing unique molecular fabrics in two or three dimensions [1–16],

because molecular fabrics possess intrinsically distinctive topolog-

ical structures and features differing from molecular strands inter-

laced. Recently, molecular weaving in two dimensions or three di-

mensions has been investigated [17–21]. For example, Yaghi and

coworkers developed a class of diaxially woven covalent organic

frameworks (COFs) by means of metal template synthesis [22–24].

Besides the strategy of diaxial molecular weaves, Lewandowska

et al. reported a triaxial supramolecular weave approach, which

leads to the formation of a wholly organic micrometer-scale weave

with layer height exceeding 100nm [21]. In addition, a dynamic 2D

woven hydrogen-bonded organic framework through the interlock-

ing of 1D strands by O–H···O hydrogen bonds had been recently

reported [20]. Notably, the weak single H-bond is responsible to
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exceptional dynamics of the molecularly woven crystal, but this is

not sufficiently robust for molecular weaving in solution. Recently,

Leigh and coworkers reported a self-assembled layered woven ma-

terial consisting of alternating aliphatic and aromatic segmented

polymer strands that interweave each other within discretelayers

[19]. In the work, the strategy of regional weave realizes a woven

material with defined arrangement of 1D strands in the manner of

a macroscopic textile. With the access of these molecularly woven

materials, it is eager to develop versatile and facile approaches for

the synthesis of large-sized 2D woven polymers.

Advances in molecularly woven materials have showed un-

precedented characteristics and properties that are intrinsically

distinct to those of non-woven materials [11]. The synthesis of 2D

woven polymers therefore stands in the way of molecularly wo-

ven material development. Among few reported examples [11,25–

32], the design of noncovalently intercrossing pattern is vital to

construct molecularly woven structures. As reported in the litera-

tures [12,18,33,34], using ion-based template for the pre-synthesis

of noncovalently intercrossing patterns becomes a main mode of

molecular weaving. Therefore, it is important to discover appropri-

ate molecular entities that can form an intercrossing pattern at the

molecular level. As known, the formation of double-stranded helix

by the metal-free dimerization of single-stranded helix presents a

feasible mode to generate an intercrossing pattern. Moreover, the

presence of helical skeleton in woven structures weakens nonco-
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Fig. 1. (a) Molecular structure of helical pentamer and two kinds of noncova-

lent interactions with different binding constants are used to synthesize 2D woven

supramolecular polymers via differentiated self-assembly of orthogonal noncovalent

interactions. The relevant values of the binding constants of different noncovalent

interactions are derived from literature reports [55,56]. (b) Chemical structure and

molecular simulation of bifunctional monomer 1 as well as the schematic diagram

of the formation of 2D woven supramolecular polymers by orthogonal π-π inter-

actions and hydrogen bonding. Color code: gray, C; blue, N; red, O; white, H.

valent interactions between layers, thus possibly obtaining free-

standing single-layered woven structures. It is known that hy-

drogen bonding and π-π interactions were commonly used in

supramolecular assembly because these two noncovalent driving

forces are essentially orthogonal and could be differentiated in

binding strength [35–53]. Herein, we report a facile and efficient

approach for the synthesis of 2D woven supramolecular polymers

by differentiated self-assembly through orthogonal noncovalent in-

teractions. In particular, we employ an aromatic helix pentamer

that can spontaneously dimerize into double-stranded helix via π-

π interactions with a dimerization constant of 105 L/mol in chlo-

roform, to act as a noncovalently intercrossing pattern (Fig. 1a)

[54,55]. At the same time, the quadruple hydrogen bonding urei-

dopyrimidinone (UPy) unit developed by the Meijer group is used

for noncovalently crosslinking group because of its high associa-

tion constant of 107 L/mol in chloroform (Fig. 1a) [56]. The differ-

ence in binding strength of these two orthogonal noncovalent in-

teractions will provide possibility to control the process of molec-

ular weaving, even though the synergic combination of hydro-

gen bonding and π-π interactions was not explored in molecu-

lar weaving. In fact, it is the first design concept to controllable

molecular weaving. Therefore, by integrating aromatic helix pen-

tamer and UPy units into a bifunctional monomer that could form

in prior 1D supramolecular polymer strands by strong quadruplex

H-bonds and then mutually interlace through the formation of

double-stranded helix by relatively weak π-π interactions, 2D wo-

ven supramolecular polymers will be spontaneously prepared by

differentiated noncovalent synthesis (Fig. 1).

With the design in mind, a bifunctional monomer 1 consist-

ing of aromatic helical segment and two UPy units was prepared

through multistep organic synthesis and fully characterized (see

Supporting information for details). The aromatic helical segment

of bifunctional monomer 1 spontaneously dimerizes into double-

stranded helix that forms a noncovalently intercrossing pattern

available for molecular weaving [54,55], which can be supported

by molecular simulation (Fig. S1 in Supporting information). To fur-

ther monitor this process, concentration-dependent fluorescence

titrations of pentamer and monomer 1 were performed. The fluo-

rescence intensity of emission wavelength at 473nm gradually in-

creases and afterward turns to decrease while increasing the con-

centration of pentamer (Figs. 2a and b). This indicates the for-

mation of double-stranded helix via π-π interactions with tran-

sition concentration of 30 μmol/L (Fig. 2c). Similar results can be

observed in fluorescence spectra of monomer 1 (Figs. 2d and e),

but the transition concentration obviously increases to 45 μmol/L

(Fig. 2f), which is about 50% higher than that of pentamer. Notably,

for monomer 1 at the transition concentration of 45 μmol/L, UPy-

based 1D supramolecular polymers have formed owing to its asso-

ciation constant of 107 L/mol. This suggests that the prior forma-

tion of H-bonded supramolecular polymer strands slightly weak-

ens π-π interactions of aromatic helices. Nevertheless, the tran-

Fig. 2. Fluorescence spectra of helical pentamer at different concentrations (a) from 0.5 μmol/L to 0.03mmol/L and (b) from 0.03mmol/L to 0.4mmol/L at 298K in chloroform

at an excitation wavelength of 360nm. (c) Plot curve of the fluorescence intensity at different concentrations of helical pentamer at 473nm. Fluorescence spectra of monomer

1 at different concentrations (d) from 0.5 μmol/L to 0.05mmol/L and (e) from 0.04mmol/L to 0.4mmol/L at 298K in chloroform at an excitation wavelength of 360nm. (d)

Plot curve of the fluorescence intensity at different concentrations of monomer 1 at 473nm.
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Fig. 3. (a) AFM image of the self-assembled nanosheets of monomer 1. The samples

were prepared by using anhydrous chloroform solution of 1. (b) AFM image of self-

assembled nanowires of helical pentamer in anhydrous chloroform. The white line

in the image represents the height profile of 1D nanowires. (c) Cryo-TEM images of

free-standing nanosheet structures formed via noncovalently intercrossing mode of

monomer 1 in anhydrous DMF. (d) TEM image of 2D nanosheets by self-assembly

of monomer 1 in anhydrous DMF.

sition concentration corresponds to the π-stacking dimerization

constant of about 105 L/mol, which is consistent with previous

results [55]. In addition, concentration-dependent UV–vis spectra

of monomer 1 demonstrated that the transition concentration of

single-stranded helix to double-stranded helix is 45 μmol/L (Fig.

S2 in Supporting information), according with the result of fluo-

rescence titrations.

Dynamic light scattering (DLS) experiments supported the self-

assembly ability of monomer 1 in solution. When the concentra-

tion of monomer 1 changes from 0.4 μmol/L to 0.3mmol/L, the

size of assemblies gradually increases to 900nm (Fig. S3 in Sup-

porting information). The assembling structure of monomer 1 was

observed by atomic force microscopy (AFM). As seen in Fig. 3a,

the self-assembly of monomer 1 gives rise to the formation of

2D supramolecular polymers with uniform thickness of 2.4 nm in

chloroform. Surprisingly, the outer diameter (∼2.5 nm) of helical

segments coincides with the thickness of 2D supramolecular poly-

mers, indicating a single-layered structure. In contrast, the self-

assembly of helical pentamer just generates 1D nanowires (Fig.

3b). In essential, the formation of single-layered 2D supramolec-

ular polymers can be reasonably achieved by molecular weav-

ing. Additionally, the micrometer-scale 2D supramolecular poly-

mers show remarkable aspect ratio of exceeding 1000:1 (Fig. 3a).

In order to directly observe the assembling structure of monomer

1 in solution, cryo-TEM experiment was carried out. As seen in

Fig. 3c, micrometer-scale sheet-like structures by self-assembly of

monomer 1 were clearly observed in anhydrous DMF. Notably, the

self-assembled 2D nanostructures (Fig. 3c) of monomer 1 in DMF

have more regular edges than that (Fig. 3a) in chloroform. The

difference in the self-assembled morphologies of monomer 1 is

caused by solvation effect. As evidenced by optical micrograph

(Fig. S4 in Supporting information), the self-assembled morphol-

ogy of monomer 1 presents regular edge in DMF, whereas ap-

parently disordered morphology was observed in chloroform. Fur-

thermore, the self-assembled structures of monomer 1 were stud-

ied by transmission electron microscopy (TEM). As shown in Fig.

3d, micrometer-scale 2D nanostructures were obtained by self-

assembly of monomer 1. These above observations clearly demon-

strate the formation of single-layered 2D supramolecular polymers

designed by molecular weaving.

Fig. 4. Monitoring the formation of nanosheets by AFM. Effect of bifunctional

monomer 1 concentration on the formation of nanosheets: AFM images of the

nanosheets prepared by polymerization of 1 in anhydrous CHCl3 at different con-

centrations: 0.1 μmol/L (a), 10 μmol/L (b) and 50 μmol/L (c). Schematic represen-

tation of the proposed growth mechanism of the nanosheet: helical segment and

flexible UPy units form 1D supramolecular polymer strands driven by strong hy-

drogen bonding forces and further grows to the self-assembled 2D nanostructures

under weak π-π interactions.

Next, the process of controllable molecular weaving was in-

vestigated since the orthogonal noncovalent interactions possess

nearly two orders of magnitude difference in binding strength.

As shown in AFM (Fig. 4a), 1D supramolecular polymer strands

generate in prior by strong H-bonds when the concentration of

monomer 1 is below 0.1 μmol/L. By increasing the concentration of

monomer 1, both 1D and single-layered 2D supramolecular poly-

mers can be simultaneously observed, and woven intermediates

can also be detected (Fig. 4b). When the concentration of monomer

1 exceeds 50 μmol/L, 1D polymer strands are almost undetectable,

and single-layered 2D supramolecular polymers completely dom-

inate in the self-assembled structures of monomer 1 (Fig. 4c).

Apparently, subsequent molecular weaving process of UPy-based

supramolecular polymer strands does take place via the formation

of double-stranded helix by π-π interactions. In addition, 1H NMR

spectrum of monomer 1 at the concentration of 6mmol/L at 298K,

shows a set of unique and dispersed proton signals that corre-

sponds to discrete, molecularly woven structures (Fig. S16 in Sup-

porting information). This suggests that the aromatic helix units

are stochastically fixed into molecularly woven 2D architecture.

In contrast, aromatic helix without UPy units gives a set of wide

proton NMR signals, indicative of π-stacking aggregate structures

(Fig. S5 in Supporting information). Moreover, by adding a small

amount of trifluoroacetic acid (TFA) into the solution of monomer

1, the structure of noncovalently woven 2D supramolecular poly-

mers completely breaks down, and free monomer 1 regenerates as

observed in 1H NMR spectrum (Fig. S17 in Supporting information).

The above results indicate that the process of molecular weaving

can be controlled by differentiated self-assembly, and orthogonal

noncovalent synthesis provides a facile and efficient strategy for

constructing 2D woven supramolecular polymers.

Attempt to directly observe atomic structure (Fig. 5a) of single-

layered woven supramolecular polymers failed by TEM, due to

the low contrast of pure organic material and the destruction

of electron beam as well. Fortunately, the fine structure of four

stacked layers from single-layered 2D supramolecular polymers

was revealed by TEM (Figs. 5b and c). The four stacked layers

present a highly ordered, intercrossed structure with periodic spac-

ing distances of 0.46 and 0.27nm, respectively. Moreover, as seen

in Fig. 5d, the selected area electron diffraction (SAED) pattern

clearly exhibits periodic spacing distances of 0.4 and 0.27nm, ac-

cording with the four-layered stacking structure of single-layered

2D supramolecular polymers. These results demonstrate that self-

assembly of monomer 1 leads to the formation of single-layered

2D woven supramolecular polymers.

In summary, we report a facile and efficient approach for the

synthesis of 2D woven supramolecular polymers by differentiated

self-assembly through orthogonal noncovalent interactions. To de-

sign 2D woven supramolecular polymers, double-stranded helix

formed by relatively weak π-π interactions (105 L/mol) was used
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Fig. 5. (a) Molecular simulation of the morphology of self-assembled monomer 1

at equilibrium steady state, shows the periodic spacing distances of monolayered

woven structures. (b) The HRTEM image of monomer 1. (c) The schematic illus-

tration of periodic spacing distances of four stacked layers. (d) The selected area

electron diffraction (SAED) pattern of monomer 1. The samples were prepared by

using anhydrous DMF solution of 1 at the concentration of 10−4 mol/L.

as a noncovalently intercrossing pattern, and the UPy unit with

strong quadruple H-bonding interactions (107 L/mol) was employed

for noncovalently crosslinking group. Our study demonstrates that

the difference in binding strength of two orthogonal noncovalent

interactions can be used to control the process of molecular weav-

ing. To our knowledge, this is the first instance of controllable

molecular weaving via differentiated self-assembly. At the same

time, the presence of helical skeleton in woven structures weakens

noncovalent interactions between layers, thus achieving the syn-

thesis of single-layered 2D woven supramolecular polymers. This

proof-of-concept study introduces a feasible approach to prepare

2D molecularly woven structures, and will significantly hasten the

development of molecularly woven materials.
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