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Abstract: Molecular weaving is the interlacing of covalently linked threads to make extended structures. 

Although weaving based on three-dimensional networks has been reported, the two-dimensional forms 

remain largely unexplored. Reticular chemistry uses mutually embracing tetrahedral metal complexes as 

crossing points, which when linked typically lead to 3D woven structures. Realizing two-dimensional 

weaving patterns requires crossing points with an overall planar geometry. We show that polynuclear 

helicates composed of multiple metal-complex units, and therefore multiple turns, are well-suited in this 

regard.  By reticulating helicate units, we successfully obtained two-dimensional weaving structures      

based on the familiar chicken wire pattern. 
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The power of reticular chemistry has been illustrated in making metal-organic frameworks (MOFs) 

and covalent organic frameworks (COFs) with predetermined structures1. Recently, molecular weaving 

has further expanded this chemistry by using either weak intermolecular forces or mutually embracing 

metal complexes to create woven structures wherein long threads are interlaced2-8. Previous work has 

employed such complexes with an overall tetrahedral geometry to consistently give 3D woven and 

interlocked frameworks5-8. In our attempt to expand the scope of this chemistry, we asked the question of 

how one maintains the necessity of having mutually embracing complexes for weaving to take place, 

while at the same time, targeting topologies other than 3D networks. Namely, how do we prepare woven 

2D structures? We believe that such arrangements are of fundamental importance to achieving properties, 

which make woven fabric and metal fences so pervasive in our society. In this work, we show how 

helicates9-12 composed of multiple mutually embracing complexes can indeed be used to access the very 

planar building units necessary for making 2D patterns. By controlling the number of turns in these helical 

building units, we show that two distinct chicken wire patterns are achieved (Fig. 1).  

The key to designing new molecular weaving patterns is to choose a mutually embracing metal 

complex, which serves as a crossing point. The linking groups (points-of-extension) define its overall 

geometry, and in reticulating an extended woven structure there are three factors to be considered: 1) The 

angles between these geometric units determine the dimensionality of the woven pattern, 2) the 

directionality of the points-of-extension control the propagation of the structure, and 3) the relative 

orientation of the units bearing the points-of-extension will ultimately determine the type of pattern. The 

latter factor is especially useful when using helicates because of their chirality: an aspect typically not 

considered in MOF or COF construction, but essential to molecular weaving by design (Fig. 1a, b).  In 

our pursuit of 2D weaving, we use two- and three-turn helicates to illustrate how two patterns can be 

achieved, where the threads either propagate orthogonally or parallel to each other (Figs. 1c, d).  

Our synthetic strategy is shown in Fig. 2. The weaving nodes dicopper(I)-bis{4,4'-[1,3-

phenylenebis(1,10-phenanthroline-9,2-diyl)] dibenzaldehyde}tetrafluoroborate, Cu2(PPD)2(BF4)2, and 
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Tricopper-bis{2,9-bis[3-(9-(4-(dimethoxymethyl)phenyl)-1,10-phenathrolin-2-yl)phenyl]-1,10-

phenanthroline}tritetrafluoro-borate, Cu3(DPPP)2(BF4)3, can be functionalized with either aldehyde or 

dimethoxymethyl groups. The functional groups can be linked with 9,10-bis(4-aminophenyl)anthracene 

(BAA) or 2,7-bis(4-aminophenyl)pyrene (BAP), respectively, to make imine-bonded PPD-BAA or 

DPPP-BAP threads. These two complexes include two and three copper(I) ions, respectively, and have 

been studied extensively as discrete molecules for the formation of molecular knots13,14. The single-crystal 

structures of the complexes and their analogues confirm a pseudo planar geometry at the helicate edges, 

which ensures the assembly of the threads into a 2D framework (Figs. 1a, b, Supplementary Figs. 1, 2), 

resembling a chicken wire. Mechanical measurements by AFM nanoindentation indicate that the 2D 

structures have a higher elasticity compared to the reported 3D woven structures. Upon removal of the 

Cu(I) ions, the threads become solely held together by mechanical bonds, thereby making the material 

even more elastic.  

 

Results and discussion 

  Synthesis and characterization.   The synthesis of COF-524-Cu, [Cu2(PPD)2(BF4)2(PPA)2]imine 

or COF-525-Cu, [Cu3(DPPP)2(BF4)3(BAP)2]imine was carried out using equimolar amounts of 

Cu2(PPD)2(BF4)2 or Cu3(DPPP)2(BF4)3 and BAA or BAP, which were reacted in dioxane or a 1:3 (v/v) 

mixture of N,N-Dimethylacetamide (DMA) and chlorobenzene in the presence of aqueous acetic acid as 

a catalyst. The reaction mixture was sealed in a Pyrex tube and heated at 120 °C. After 7 days, the resulting 

precipitate was collected and washed by Soxhlet extraction with anhydrous tetrahydrofuran to yield a dark 

brown crystalline solid, which was found to be insoluble in common organic solvents and water. The 

formation of imine linkages in the COFs was confirmed by Fourier-transform infrared (FT-IR) 

spectroscopy (Supplementary Figs. 3, 4).  and 13C cross-polarization magic angle spinning (CP-MAS) 

solid-state NMR spectroscopy (Supplementary Figs. 5, 6). The FT-IR spectra of COF-524-Cu and COF-

525-Cu feature characteristic C=N stretching vibrations at 1665 and 1656 cm−1, respectively, 
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corroborating the formation of imine bonds. The formation of imine linkages was further confirmed by 

13C CP-MAS NMR solid-state NMR spectroscopy, with the characteristic C=N imine resonance being 

observed at 158 ppm, which can be differentiated from the C=N double bond of the phenanthroline unit 

located at around 152 ppm. Additionally, the disappearance of resonances above 192 ppm for COF-524-

Cu, as well as 54 ppm and 100 ppm for COF-525-Cu demonstrate full conversion of the Cu2(PPD)2(BF4)2 

aldehyde and Cu3(DPPP)2(BF4)3 dimethyl acetal starting material. These results support completeness of 

the reaction and formation of imine bonds between the building blocks to form an extended framework 

structure.  Their thermal stability of both COFs studied by TGA measured under a N2 atmosphere, and 

the onset of the thermal decomposition of both COFs were found to be at ∼400 °C (Supplementary Fig 

7). Both COFs exhibited powder X-ray diffraction (PXRD) patterns with sharp peaks and low background 

that match the predicted patterns of the simulated structures (Fig. 3). 

  Structure determination. Scanning electron microscopy (SEM) micrographs show a 

homogeneous morphology of rod-shaped crystals for COF-524-Cu (Supplementary Fig. 8) and prism-

shaped crystals for COF-525-Cu. (Fig. 4a). After ultrasonication of the sample in isopropanol, individual 

COF crystals were dispersed on a copper sample grid for transmission electron microscopy (TEM) 

analysis. 3D electron diffraction tomography (3D-EDT) data of COF-524-Cu was collected by combining 

specimen tilt and electron-beam tilt in the range of −49.6° to +50.6° with a beam-tilt step of 0.3° and was 

further processed by an EDT-process program15,16. From the acquired data set the 3D reciprocal lattice of 

COF-524-Cu was constructed and found to have unit-cell parameters of a = 25.01 Å, b = 19.99 Å, c = 

12.20 Å, and V = 6099.4 Å3, α = β = γ = 90°. From the acquired data, a structural model of COF-524-Cu 

was built in Materials Studio 8.0 in the orthorhombic space group P222. The unit-cell parameters were 

optimized further by Pawley refinement of the PXRD pattern to be a = 25.84 Å, b = 20.76 Å, c = 12.87 

Å, and V = 6904.0 Å3 (Rwp = 1.30%, Rp = 0.97%). The calculated PXRD pattern of the modeled structure 

was found to be in good agreement with the experimental pattern of COF-524-Cu (Fig. 3a, Supplementary 

Section 8.1). 
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  For COF-525-Cu, a single crystal was identified and analyzed using microcrystal electron 

diffraction (MicroED)17,18. The microED data set was collected by rotating the crystal by 65° in the 

electron beam at a rate of 1.0° per second. The diffraction data set was processed to 1.71Å using XDS19 

to identify the unit cell parameters and space group, which were determined to be C222, a = 18.45 Å, b = 

30.68 Å, c = 15.61 Å, and V = 8836 Å3 (Figs. 3b, 4b, Supplementary Sections 8.2). The structural model 

of COF-525-Cu was constructed based on this information, and the simulated PXRD pattern showed great 

alignment with the experimental pattern. The unit-cell parameters were further optimized by Pawley 

refinement of the PXRD pattern to be a = 18.45 Å, b = 31.08 Å, c = 16.00 Å, and V = 9181 Å3 with very 

low discrepancy factors (Rp = 1.02%, Rwp = 1.56%; Fig. 3b).  

According to the refined model, COF-525-Cu crystallizes in hexagonal wire meshes by pseudo-

square-planar building units Cu3(DPPP)2(BF4)3 and linear linkers BAP connected through imine bonds. 

Covalently linked 1D zigzag threads propagate along the crystallographic c-axis and adjacent parallel 

threads are mechanically braided by triple-turn helicates at each crossing point, thus forming a chicken 

wire motif with 32.0 × 62.2 Å meshes along the crystallographic b-axis (Fig. 5b). These 2D frameworks 

are two-fold interpenetrated along the b-axis with each layer staggered along the a-axis (AB-stacking) 

and leave enough space for the BF4
- counterions (Fig. 5d). High-resolution TEM (HRTEM) images were 

collected to gain further insight into the crystal structure of COF-525-Cu. The striped pattern of the lattice 

fringes observed in the HRTEM image shown in Fig. 4d, which are separated by 16.1 Å and 15.2 Å, are 

in good agreement with the copper ions located within each crossing point. 

  We note that in the context of reticular chemistry, the number of turns in the crossing points directs 

how the threads are woven in the crystalline network. By substituting the triple-turn helicates with double-

turn helicates, we were able to synthesize COF-524-Cu, which also exhibits the expected pattern of two-

fold interpenetrated chicken wire weaving with staggered stacking (Figs. 5a, c). The average background 

subtraction filter (ABSF) HRTEM image of COF-524-Cu was taken along the [010] direction. The striped 

pattern of the lattice fringes observed in the HRTEM image shown in Supplementary Fig. 11, which are 
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separated by 12.87 Å and 12.92 Å, are in good agreement with the structural model viewed along the [010] 

direction. However, unlike the motif observed in COF-525-Cu, in which the structural pattern is formed 

by the weaving of zigzag threads with two adjacent parallel threads, in COF-524-Cu, the two sets of 

diagonal linear threads propagate in an opposite direction. The diagonal blue and yellow linear threads 

are woven to form the 2D structure with 25.7 × 51.7 Å meshes and each of the threads is periodically 

crossing all threads that are orthogonal to it (Fig. 5a). Although COF-524-Cu and -525-Cu are all 

composed of homochiral helicates in one crystal domain, the mixed enantiomeric isomers give rise to 

overall racemic woven frameworks. 

  We sought to remove the Cu ions and examine the properties of the materials before and after 

demetalation. Heating the COFs in a KCN solution of n-butanol/water (3:1) yielded metal-free structures. 

Using inductively coupled plasma atomic emission spectroscopy (ICP-AES), we confirmed that 94 to 

97% of the Cu(I) copper ions had been removed (Supplementary Table 5). The dark brown or red color 

of COF-524-Cu and -525-Cu changed to pale yellow or gray for COF-524 and -525 as the demetalation 

proceeded (Supplementary Figs 12, 13). As expected, the crystallinity of the demetalated material 

decreased compared to the pristine COFs (Supplementary Figs 14, 15). The SEM images show similar 

morphology and crystal sizes before and after demetalation (Supplementary Figs 8, 18). Additionally, the 

imine linkages were also maintained throughout the process: The characteristic FT-IR stretches at 1665 

and 1656 cm-1 are consistent with those of COF-524 and -525, respectively (Supplementary Figs 16, 17). 

Furthermore, the material could be remetalated with Cu(I) ions by stirring in a CH3CN/CH2Cl2 solution 

of Cu(CH3CN)4BF4 to give back crystalline COF-524-Cu and -525-Cu. These remetalated COFs have 

similar crystallinity to the original as-synthesized COFs, as evidenced by the retention of the intensity and 

positions of the peaks in the PXRD patterns (Supplementary Figs 14, 15). In the FT-IR spectrum, the peak 

representing the imine C=N stretch was retained, indicating that the framework is chemically stable and 

robust under such reaction conditions (Supplementary Figs 16, 17). 
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  We measured the mechanical properties of a single particle of the metalated and demetalated COFs 

using nano-indentation. The Young’s moduli of COF-524-Cu and -525-Cu were 3.41 (± 0.72) and 2.38 

(± 0.74) GPa, respectively, which is significantly more elastic than the reported values for the 3D woven 

COF-5058 and wCOF-Ag20 and a similar order of magnitude to other reported values of 2D COFs21 or 

common polymers22,23. The hardness values of COF-524-Cu and -525-Cu were 124.79 (± 46.61) and 

92.82 (± 33.50) MPa, respectively. The results indicate that COF-525-Cu is mechanically more flexible 

and softer than COF-524-Cu; highlighting the importance of designing parallel alignment patterns of 

woven threads to control the material's properties (Supplementary Figs. 19-21). The COF-525-Cu's 

parallel alignment of its woven helicate threads is structurally advantageous for their mechanical folding 

along the crystallographic b-axis. By contrast, the crosslinked alignment of the woven helicate threads of 

COF-524-Cu prevents the folding. Moreover, the demetalation process can further enhance their 

mechanical flexibility (2.28 (± 0.75) and 1.56 (± 0.64) GPa for COF-524 or -525, respectively), which is 

attributed to the increased degree of freedom due to the loose interactions between the threads upon the 

removal of copper ions. 

 

Conclusion  

We developed a new approach to achieve 2D woven COFs by installing functionalized polynuclear 

helicates. The pseudo-planar square geometry of the helicate linkers not only allows us to access 2D 

frameworks, closely resembling chicken wire fences, but also offers precise control over the type of 

pattern. The helical even and odd turn numbers directly influence the resulting woven pattern and its 

mechanical properties. This strategy enables the generation of a new class of woven COFs. 
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Methods 

Synthesis of COF-524-Cu: A Pyrex tube measuring 10 × 8 mm (o.d × i.d) was charged with 

Cu2(PPD)2(BF4)2 (8 mg, 0.005 mmol), BAA (3.6 mg, 0.01 mmol), 1 mL of anhydrous dioxane and 0.4 

mL of 6 M aqueous acetic acid solution. The tube was flash frozen at 77 K (liquid N2 bath), evacuated to 

an internal pressure of 50 mTorr and flame sealed. Upon sealing, the length of the tube was reduced to 

13-15 cm. The reaction was heated at 120 °C for 7 days yielding a brown solid at the bottom of the tube 

which was isolated by centrifugation and washed with anhydrous THF and dried at 120 °C under 50 

mTorr for 12 h. This material is insoluble in water and common organic solvents such as hexanes, 

methanol, acetone, tetrahydrofuran, N,N-dimethylformamide, and dimethyl sulfoxide, indicating the 

formation of an extended structure. Yield: 9.7 mg, 86.3% based on Cu2(PPD)2(BF4)2.  

Synthesis of COF-525-Cu: A Pyrex tube measuring 10 × 8 mm (o.d × i.d) was charged with 

Cu3(DPPP)2(BF4)3 (12.2 mg, 0.005 mmol), BAP (3.8 mg, 0.01 mmol), 0.3 mL of N,N-dimethylacetamide 

(DMA), 0.7 mL of chlorobenzene (CB), and 0.1 mL of 6 M aqueous acetic acid solution. The tube was 

flash frozen at 77 K (liquid N2 bath), evacuated to an internal pressure of 50 mTorr and flame sealed. 

Upon sealing, the length of the tube was reduced to 13-15 cm. The reaction was heated at 120 °C for 3 

days yielding a brown solid at the bottom of the tube which was isolated by centrifugation and washed 

with anhydrous THF and dried at 120 °C under 50 mTorr for 12 h. This material is insoluble in water and 

common organic solvents such as hexanes, methanol, acetone, tetrahydrofuran, N,N-dimethylformamide, 

and dimethyl sulfoxide, indicating the formation of an extended structure. Yield: 9.7 mg, 86.3% based on 

Cu3(DPPP)2(BF4)3.  
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Fig. 1. Illustrations of woven threads in two dimensions. The complex (Left: side view; Right: top 

view) with two (a) and three (b) copper(I) ion centers generates helicates with planar geometry, which 

directs the formation of 2D woven frameworks (c, d).  
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Fig. 2 | General strategy for the design and synthesis of woven frameworks resembling chicken wire 

structures. COF-524-Cu (left) and 525-Cu (right) constructed from organic threads using copper(I) as a 

template to make two-dimensional extended weaving structures.  
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Fig. 3 | The PXRD refinement. Indexed PXRD pattern of the activated COF-524-Cu (a) and 525-Cu (b) 

samples (orange) and Pawley refinement (black) of the unit cell from the modeled structures. 

 

 

Fig. 4 | Electron microscopy studies of COF-525-Cu. (a) SEM micrographs of the COF-525-Cu 

crystallites indicate a single morphological phase with a homogeneous distribution of crystal sizes of 

∼100 nm. (b)  Electron diffraction pattern acquired from a selected area of the crystal confirms the single 

crystalline nature of the particles. (c) HRTEM image of COF-525-Cu. (d) Magnified view of the 

highlighted area in panel d overlaid with a structure model showing good agreement along [100]. 
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Fig. 5 | Modeled crystal structures of the woven COFs. COF-524-Cu: a, The diagonal blue and yellow 

linear threads are woven to form the 2D structure with 25.7 × 51.7 Å meshes. Each of the threads is 

periodically crossing all threads that are orthogonal to it. c, Blue, yellow, and white threads are mutually 

woven into a two-fold interpenetrated pattern within one layer. Each layer is staggered along the a-axis. 

COF-525-Cu: b, The 2D structure formed by the weaving of adjacent parallel zigzag threads (blue and 

yellow) with 32.0 × 62.2 Å meshes. Each of the threads is periodically crossing all threads that are parallel 

to it.  d, Blue, yellow, and white threads are mutually woven into a two-fold interpenetrated pattern within 

one layer. Each layer is staggered along b-axis. All hydrogen atoms and BF4
- ions are omitted for clarity. 

Copper atoms, pink.
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