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Abstract 
Covalent Organic Frameworks (COFs) exhibiting kagome (kgm) structures are promising crystalline 

porous materials with two distinct pores. However, the challenge arises from the potential formation 

of the polymorphic square-lattice (sql) structure, which is undesired in some cases. To this, we 

introduce a novel linker design strategy featuring bulky functional groups, enforcing the preferred kgm 

structure, while hindering sql network formation. Implementing this design, we synthesized a 

terphenyl core-based tetraaldehyde linker (4A2E) incorporating a bulky methoxycarbonyl-terminated 

phenyl group. By varying the diamine linker lengths, using phenylenediamine (PDA) and benzidine (Bz), 

the steric interaction was tuned leading to the formation of different topologies. Structural analysis 

revealed the formation of a kgm network formation with an unusual ABC stacking for the 4A2E-PDA-

COF with the short PDA linker, in contrast to the sql network in 4A2E-Bz-COF with the longer benzidine. 

This steric interaction-driven design enhances control over COF structures, expanding the design 

toolbox, but also provides valuable insights into network formation and polymorphism.  

Introduction 
The appeal of covalent organic frameworks (COFs), and reticular materials in general, stems from their 

predictable structures, where the geometry of the building blocks determines the resulting net. 

However, with certain building block geometries, the outcome of a synthesis cannot always be 

predicted due to polymorphism. In three dimensional MOFs and COFs,1–3 a significant challenge arises 
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from the vast array of potential structures (and nets) that can emerge from a single type of building 

block. In two-dimensional COFs, net polymorphism is mostly known from the competition between 

kagome (kgm) vs. square lattice (sql) when using planar four connected (4-c) linkers. Notable further 

examples of (pseudo-) polymorphism are frustrated COFs based on three connected (3-c) with a 4-c 

linker leading to sub-stochiometric 2D COFs.4–6 

The competition of kgm vs. sql nets occurs as 4-c building blocks with angles of 60° and 120° between 

the functional groups can construct both nets without distorting the building blocks.7,8 The kgm 

topology has generated much interest because it contains two differently-sized pores in one structure.9 

Targeting just one of these nets remains an unresolved challenge in COFs. Efforts have been 

undertaken to control the topology using different linkers. For example, by controlling the planarity of 

the building block10 or with a hydrogen-bonding stabilized imine.11 In many individual examples, 

tetraphenylethylene-based building blocks prefer to form the kgm structure,7,8,12,13 while pyrene-based 

linkers prefer to form sql nets.14–18 In these examples, it is often not clear, why the system prefers 

either kgm or sql structures. The different topologies based on the same linker have also been realized 

with different synthesis conditions.1,19,20 However, only on very few systems, this synthetic control was 

possible.21 Theoretic simulations have predicted that depending on the concentration and interaction 

of the solvent with the monomer, the nucleation of either kgm or sql should be possible.22 

A much more well-understood type of polymorphism in 2D COFs is the so-called stacking modes, which 

describe the offset and sequence of layers. For structure elucidation, the stacking is often considered 

without disorder.23 Stacking modes can be differentiated by the offset between different layers. When 

the layers have no offset vector (0Å offset), the stacking mode is referred to as eclipsed (i.e. AA stacking 

sequence,). However, this idealized stacking is often assumed due to averaging of random offset 

stacking24 and is only rarely observed in reality.13 Alternately, uniform slipping of the layers in one 

direction (1-2Å offset) can be observed.25 If the backbone of the COF is positioned over the center of 

the pore in the layer below, the stacking is called staggered or AB/ABC stacked.26 Eclipsed and slipped 

stacking has important implications for the electronic properties of the material,26 which can be 

experimentally controlled by the addition of side chains,27 using donor-acceptor strategies,25,28,29 or 

introducing additional interactions between the layers.30 Staggered stacking is a strategy for 

generating small pore COFs, which is an important feature for porous materials in gas separation.31 

Yet, only very few examples of staggered hexagonal honeycomb (hcb) COFs have been reported, where 

the stacking can be controlled, such as through tuning steric interactions between the layers32, addition 

of a modulator33 or synthesis conditions34. Despite this apparent control over the stacking, the ABC 

stacking mode in other nets is exceedingly rare. For example, to the best of our knowledge, it has only 

been reported once for the kagome dual (kgd)35 and kgm36 topology.  

In this study, we investigated how steric interactions through the pores of 2D COFs affect their nets. 

We achieved the through-pore interactions by rigid attachment of a long and bulky methoxycarbonyl-

terminated phenyl group to a tetraaldehyde linker. Using this modified tetraaldehyde, we synthesized 

COFs with different linear diamine linkers. We observed a kgm structure with the short p-

phenylenediamine and a sql structure with the longer benzidine (p-diaminodiphenyl). Our work tackles 

the challenge of controlling the nets with this sterically demanding linker design. The structural 

characterization by powder X-ray diffraction (PXRD) and transmission electron microscopy (TEM) 

confirmed the selectivity for sql and kgm. Additionally, we found evidence for the rare ABC stacking in 

the kgm COF. Force field simulations provided evidence for strong steric crowding in the rhombic pore 

of a hypothetical sql 4A2E-PDA-COF, based on the p-phenylenediamine, that is relieved when forming 

the hexagonal pores in the kgm net. The longer benzidine linker increases the intrapore distance and 

decreases the steric demand, thus allowing the formation of a sql net. Our linker design enables 
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sterically demanding functional groups to control the net. This design principle expands the COF 

synthesis toolbox for inducing the kgm net more reliably. 

Results 
We designed a tetraaldehyde linker (4A2E, Figure 1 center) based on a terphenyl core with 2 aldehydes 

attached to each outer phenyl ring. The aldehydes are attached in 3 and 5 positions to form a 60° and 

a 120° bite angle between them, which allows the formation of both kgm and sql networks. The linker 

core was functionalized in the 60° bay with methyl groups to increase the solubility and the 120° bay 

was functionalized with bulky methyl benzoate moieties. The linker 4A2E was synthesized in a three-

step synthesis starting from 2-Bromoisopthalaldehyde (for details see supplementary method section).  

 

Figure 1: Schematic depiction of the possible formed nets (sql, left and kgm, right) 

We employed the 4A2E linker for the synthesis of imine-based COFs using either phenylenediamine 

(PDA) or benzidine (Bz). The synthesis was performed as a solvothermal approach in a mixture of 1,4-

dioxane and mesitylene, with trifluoroacetic acid (TFA) serving as the catalyst. After the reaction, the 

precipitated COFs were filtered off and washed thoroughly with methanol, followed by Soxhlet 

extraction with methanol and activation by using supercritical CO2. After extensive screening of the 

solvent ratios and acid concentrations, we obtained two crystalline COFs 4A2E-PDA-COF and 4A2E-BZ-

COF, using PDA and BZ as linear diamines, respectively. 

 

Figure 2: Simulated structures of 4A2E-PDA-COF (A) and 4A2E-Bz-COF (D), Experimental PXRD compared to the simulated 
patterns (B, E) and Pawley refinement of the PXRD patterns (C, F). 
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To verify the crystallinity of the 4A2E-PDA-COF, we performed PXRD. The diffractogram showed sharp 

reflexes with the most intense reflex at 5.22° 2θ, with additional less intense reflexes at 7.66°, 9.14°, 

12.98°, 14.80°, and 21.40° (, B). As the linker geometry of 4A2E leads to two possible 2D nets, sql and 

kgm, we constructed structural models of both nets in AA eclipsed stacking in Materials Studio. Based 

on these models, we simulated PXRD patterns (Figure 2, B). The simulated sql structure pattern clearly 

does not match the observed PXRD of 4A2E-PDA-COF, as it showed intense reflections at 6.73° and 

7.34° which do not match with the experimentally observed reflections, while the reflection at 5.22° is 

missing in the simulated pattern. Surprisingly, the simulated PXRD based on the kgm structural model 

with a 𝑃3̅ symmetry and eclipsed stacking did not show a good fit either: while some of the reflections 

match, others are evidently missing. The most intense observed reflection at 5.16° matches well with 

the 110 reflection of the simulated structure, while the reflection at 10.77° can be explained by the 

300 reflection. But crucially, the 100 reflection, predicted by the simulation at 2.98°, is completely 

absent in the experimentally observed pattern (Figure 2 B) even when measured at small angles (Figure 

S 12), while the observed reflection at 7.66° is absent in the simulated kgm pattern. This led us to 

believe that the kgm structural model with eclipsed stacking does not describe the structure 

accurately. 

To gain additional orthogonal information about the crystal structure required for solving the COF’s 

structure, we performed cryo-TEM. In the TEM the 4A2E-PDA-COF showed intergrown crystallites 

ranging in size from 100 to 150 nm (Figure S 8), which rendered single crystal electron diffraction 

structure determination unfeasible. However, owing to the high resolution achieved in the TEM 

images, we could observe these crystallites in various orientations, including alignment with the [001] 

direction, clearly revealing the hexagonal symmetry of the structure (Figure 3 B, C). This observation 

confirmed a d-spacing of 16.9 Å in the fast Fourier transform (FFT) of the TEM images, matching well 

with the reflection observed in the PXRD at 5.22°, which can be assigned to the 110 reflection in a kgm 

model (Figure 2). Additionally, FFT and real space images showed no indications of a 100 reflection, 

anywhere in the TEM images of the 4A2E-COF (Figure 3 C). This corresponds to the absence of this 

feature in the PXRD. The observed periodicities in the TEM, coupled with the hexagonal symmetry, 

evidently deviate from a simple eclipsed kgm model. 
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Figure 3: cryo-TEM images of the 4A2E-PDA-COF (A-B, D-E) and the 4A2E-Bz-COF (G-H) and the corresponding FFT images (C, 
F, I). The green overlays in A, D, G were generated by the Fourier filtering indicated in green in the corresponding FFT images 
(C, F, I). 

Next, we intended to exclude sub-stoichiometric structures, as these can lead to unexpected unit cells 

and can appear under specific synthesis conditions or when competing interactions are at play in the 

structure formation.4,37,38 When comparing the IR spectra of the 4A2E-linker molecules and the 4A2E-

PDA-COF (Figure S 6), the strong band corresponding to the C=O stretching of the aldehyde at 

1681 cm-1 disappears for the formed 4A2E-PDA-COF, while the C=O stretch vibration of the methyl 

ester group only shifts slightly from 1715 cm-1 to 1733 cm-1 for the linker and the COF, respectively. At 

the same time a vibration at 1612 cm-1 appears that can be assigned to the imine C=N stretch 

vibration.39 The characteristic amine vibrations from N-H stretch vibrations in the region 3100-3500 cm 

that are visible in the PDA linker completely disappear upon the formation of the 4A2E-PDA-COF.  

The stochiometric nature of the 4A2E-PDA-COF was also verified by solid-state NMR (ssNMR) (Figure 

4, B, including assignments following ref 39), where no significant aldehyde peak was observed at 

190 ppm. At the same time ssNMR showed the characteristic peak of the quaternary carbon of the 

methyl ester (1) at 165 ppm and the methyl ester carbon (5) can be assigned to the peak at 50 ppm for 

the 4A2E-PDA-COF. The methyl ester peak is thus shifted downfield from the methyl group attached 

to the 4A2E linker core, which can be found at 18 ppm. These measurements strongly indicate a 

stoichiometric structure as there are no dangling aldehyde groups or amine groups are detectable, and 

an intact methyl ester group. Additionally, dangling amines from a PDA core would not lead to the 
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formation of a two-periodic structure and would unlikely, but has been observed before under special 

cirumstances.40  

To determine the porosity of the synthesized COFs, nitrogen sorption isotherms were measured at 

77 K. The N2 gas adsorption isotherms showed a type I isotherm with expected steep uptake at low 

pressures (Figure 4), as even the “larger” trigonal pores in a kgm net are below 1.4 nm as seen from 

the structure simulations. The resulting BET surface showed a moderate area of 622 m2/g, which 

suggest an overall porous structure. 

 

Figure 4: Nitrogen adsorption isotherms at 77 K (left) of 4A2E-PDA- COF (green) and 4A2E-Bz-COF (grey). 13C-MAS NMR of 
4A2E-PDA-COF (grey) and 4A2E-Bz-COF (green). Asterisks indicate spinning side bands. 

It is known that the stacking can lead to symmetry reductions25 or even complete changes of a PXRD 

pattern through the change in symmetry.33 Therefore, we considered again the kgm structural model, 

and started building models with different stacking modes, to test if the stacking can explain the 

absence of the 100 peak in the PXRD and the TEM images. Slip stacking only leads to peak broadening 

or small peak splitting through apparent symmetry reduction,25 but cannot explain the absence of one 

significant reflection. In AB stacking where one hexagonal pore stacks on top of a triangular pore, while 

one trigonal pore remains open, leads to a dramatic reduction, but not to a complete loss off intensity 

of the 100 peak in the simulated pattern. When simulating the ABC-stacking of the kgm net layers of 

the COF we obtained a good match with the simulated XRD pattern, which was also validated by 

Pawley refinement of the ABC-stacked structure. The ABC stacking leads to a change of the symmetry 

to 𝑅3̅, the symmetry has a 3-fold screw axis, which leads to systematic absences in the X-Ray 

diffraction. The reflection conditions lead to a complete absence of the 100 reflection. Additionally, 

this structural model can explain the previously unexplained reflex at 7.85° 2θ (d=11.33 Å), which 

corresponds to the 101 reflection. The periodicity corresponding to the 101 reflections in the PXRD 

can also be observed in some crystal orientations in the TEM images (Figure 3 E, F). Explaining the 

presence of this reflection is important, as in typical hexagonal COFs with small parameters of c < 5 Å, 

no reflections are expected between the “first” and ”second” reflection in a hexagonal unit cell, which 

normally correspond to the 100 and 110 reflections, respectively. In the 𝑅3̅ space group of the ABC 

stacked 4A2E-PDA-COF also requires the presence of three layers in one unit cell. While reflections 

such as 001 are not observed due to systematic absences (only 000l: l = 3n are allowed), the 101 

reflection is allowed as it fulfills the hkil: −h+k+l = 3n reflection condition. Therefore, the ABC stacked 

model of the 4A2E-PDA-COF explains the absent and additional reflections in the PXRD fully, and 

matches well with the crystallites seen in cryo-TEM. 

The ABC-stacking of the kgm layers leads to the “closing” of the larger triangular pores with the smaller 

hexagonal pores with small pore apertures of only around 7 Å, which leads to a pearl-string pore 
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structure, which is quite unusual for COFs (Figure S 4). The small pore apertures that are every third 

layer in the structure, imposed by the six phenyl methoxycarbonyl linkers protruding into the pore and 

nearly in contact with each other thereby dominate the adsorption properties and lead to only small 

micropores being observed in the structure. This highly crowded pore is exaggerated by the locking of 

the imine orientation away from the ortho- phenyl ring. This orientation was predicted by force field 

calculations and verified by the single crystal X-ray diffraction (SCXRD) structure of a model imine 

compound from aniline and a carboxy dialdehyde linker (Figure S 3). This orientation can be attributed 

to steric repulsion with the phenyl ring. Interestingly the interaction between the imine and the phenyl 

ring reduces the number of conformers14 of the imine bond, which can be used to improve the 

crystallinity of COFs by forcing it to point away from the phenyl rings. Similar strategies can be realized 

with intramolecular hydrogen bonding41 and ortho methoxy groups.42 

To understand the preference for formation of the kgm structure over the sql structure in the 4A2E-

PDA-COF we used force field simulations to look at the interactions within one pore in unconstrained 

molecular models (Figure 5, A). In the hexagonal pore the methyl groups are in close contact but no 

out of plane bending is observed, which would be indicative of an overcrowded pore space. In the 

rhombic pore using also PDA, significant steric repulsion can be observed by the bulky functional 

groups bending out of each other’s way (Figure 5, B). Interestingly, this situation is reinforced by the 

conformational locking of the imine groups, which forces the bulky functional groups closer to each 

other. We theorized that this close contact leads to repulsion and thereby disfavors the sql structure 

when using the short phenylene diamine linker. The close contact of the methyl groups across the pore 

in the sql net is directly related to the length of the diamine linker, where a longer diamine might 

relieve some of the steric repulsion. Simulation of a benzidine based rhombic pore (Figure 5, C) indeed 

showed less repulsion between the methyl groups despite close contact.  

 

Figure 5: Unconstrained force field simulations of molecular analogs of one pore. A: Hexagonal pore with PDA as the amine. 
B: rhombic pore with PDA. C: Rhombic pore with benzidine.  

To test this assumption experimentally, we synthesized the COF based on the tetraaldehyde and 

benzidine (Bz), which is significantly longer (N-N distance of 9.98 Å for Bz43 vs. 5.66 Å for PDA44, 

respectively), and therefore should lead to decreased repulsion between the ester groups. The 

benzidine based COF showed prominent reflexes in the PXRD at 4.60° and 6.44° with smaller broad 

and overlapping reflexes at 9.7°, 13.4°, 23.1° (Figure 2, E, F). This pattern can be modelled by a sql 

based structure with a primitive unit cell (Z=1). Lattice parameters and the local symmetry match well 

with the observed crystallites in the TEM (Figure 3 G, H). However, in the FFT additional periodicities 

can only be explained with a Z=2 superstructure, redefined with a = (110), b = (-110), c = (001) 

respective to the primitive unit cell. The additional periodicities of observed in the FFT then correspond 
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to the 410, 520 and 610 reflections. Supercell periodicities are observed in multiple crystallites in the 

TEM (Figure S 9, Figure S 10). We therefore modeled the structure of the 4A2E-Bz-COF as a Z=2 unit 

cell in Materials Studio. Pawley refinement of the lattice parameters led to good agreement with the 

observed PXRD pattern (Figure 2, F), resulting in a unit cell with lattice parameters of: a = 27.5 Å, 

b =31.9 Å, c = 4.4 Å, α = 55.0°, β = 90°; γ = 86.6°. The deviation of γ from 90° dramatically improved the 

Pawley fit and matches with TEM images which showed γ = ~84°. The peak splitting at 6.44° indicated 

a symmetry reduction in the structure,25 which was well explained with slip-stacking perpendicular to 

the 4A2E linker in the structure. In sql lattice COFs, peak splitting can also be explained by a≠b 

structures,45 however these refinements all led to chemical unreasonably small values of a and b during 

refinement. Additionally, the N2-adsorption isotherm (Figure 4) match the expected structure well. The 

calculated BET surface was 774 m²/g.  

The stoichiometric nature of 4A2E-Bz-COF was confirmed by IR spectroscopy and ssNMR (Figure S 7, 

Figure 4), where no significant aldehyde peak was detected at 190 ppm. Simultaneously, ssNMR 

revealed the characteristic peak of the quaternary carbon of the methyl ester (1') at 165 ppm, and the 

methyl ester carbon (5') could be assigned to the peak at 52 ppm for 4A2E-Bz-COF (Figure S 11). The 

methyl ester peak is thus shifted downfield from the methyl group attached to the 4A2E linker core, 

which is evident at 17 ppm. 

Discussion 
Force field calculations of the one pore model indicate that the formation of the hexagonal pore leads 

to a low steric demand of the bulky methyl benzoate functional groups, while in the rhombic pore the 

methyl benzoate groups are forced much closer to each other. This is especially prominent in the case 

of the short PDA linker. In the case of the longer benzidine, interaction of the methyl benzoate 

functional groups through the pore in the rhombic pore is still evident, but less pronounced than in 

the PDA case. This indicates that the steric interaction of the bulky functional groups, through the pore 

play a role in determining the formation of the net during the synthesis of the 4A2E-PDA-COF. It is 

difficult to predict, if the sql or kgm net are the “default” or more stable structure for a given linker, as 

weak interactions such as stacking play a role.14 However, based on the same aldehyde linker, only 

with different length diamines we observed a switch in the preference from the kgm for the smaller 

diamine to the sql for the longer diamine. This indicates that the longer benzidine linker allows the 

formation of the sql structure while the shorter PDA linker prohibits the formation of the sql and 

thereby favors the formation of kgm. COF based on a similar tetra aldehyde linker as reported here, 

but without the bulky functional groups was reported to favor the formation of the sql COFs for both 

the benzidine and PDA linkers.46 This supports the hypothesis, that the steric interactions drive the 

formation of the kgm lattice instead of the sql. We achieve a length dependent switch between the 

topologies for our COFs, which allows us to override those preferences via the weak interactions. 

The formation of the ABC – stacking of the 4A2E-PDA-COF is a rare example of this stacking type in the 

kgm net. Due to the dimethyl core and the methyl benzoate group in ortho position to the aldehyde 

groups, the 4A2E linker possesses large dihedral angles along its backbone that inhibit efficient π-

stacking of the linker in the resulting COF. This lack of strong interactions between the layers might be 

responsible for the formation of the ABC stacked structure. This feature of the linker might also be 

responsible for the slip stacking of the 4A2E-Bz-COF, where the slip stacking relieves unfavorable close 

contact of the dimethyl benzene core of the linker. Another reason for the apparent rarity of the ABC-

stacked kgm structures might be the misassignment of sql nets to ABC stacked kgm structures, as often 

the position of the reflection with the lowest angle in the PXRD is taken an indication of kgm vs. sql. 

The absence of the (100) reflection in 𝑅3̅/ABC stacked kgm COFs leads to the first observed reflection 

(110) to be in approximately the same position as the (100) reflection of a sql lattice based on the same 
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linkers (in the case of the 4A2E-Bz-COF it is the (110) reflection due to the super cell). In the COFs 

reported here, the differentiation between ABC-stacked kgm and sql is more straightforward, as the 

methyl benzoate leads to high intensity on reflections at larger angles, and only a very weak reflection 

at low angles in the sql case. This highlights the importance for TEM measurements to not only verify 

the d-spacings, but also the symmetries in the crystallites.  

Conclusion 
The toolbox for the COF geometry is mostly limited to the geometry of the linkers. For nets where 

polymorphism is possible, there is not yet a reliable synthesis, so that the outcome would be 

predictable. Sterically demanding moieties can change the geometry of the linker and thus influence 

which nets can be formed. This concept is utilized through the tuning of dihedral angle in COFs47 and 

MOFs48, where the ortho-substitution of linkers significantly impacts overall geometry. In our work, we 

influenced the net geometry through through-pore interactions, exploring weak interactions as a 

nuanced tool for fine-tuning. Through simulations of rhombic pores (Figure 5) that occur in the sql 

structures, we observed that smaller diamines lead to direct interactions between methyl benzoate 

moieties across the pore. The through-pore interactions are now of repulsive nature, but one might 

envision the design of attractive interactions that could reverse the trend observed here. By altering 

interactions not within a single linker but between neighboring linkers, it becomes conceivable to 

generate non-flat structures and transition the system into three-dimensional configurations. This 

work also shows that steric interactions need to be considered when designing highly functional COFs, 

as the side chains in COFs should not be neglected and can influence the structure significantly.  

We successfully synthesized two new and exciting COFs, showcasing the versatility of COF design. For 

the convincing structural elucidation of 4A2E-PDA-COF TEM data was necessary to provide good 

evidence for the ABC stacking. The synthesized linker, which has not previously been reported, offers 

the unique advantage of forming larger pores compared to COFs based on the reported [1,1′-biphenyl]-

3,3′,5,5′-tetracarbaldehyde with a similar structural motif.49 Those only form the kgm networks.  
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Linker Synthesis 

 

Figure S 1: Synthesis strategy of the 4A2E linker. 

2,5-Dibromoisophthalaldehyde (3)50 

In a 50 mL crimp vial, 2-bromoisophthalaldehyde (5.00 g, 23.5 mmol, 

1.00 equiv.) and N-bromosuccinimide (5.00 g, 28.1 mmol, 1.20 equiv.) was 

dissolved in concentrated sulfuric acid (25 mL) and stirred at 85 °C for 16 h. 

The solution was poured into a solution of a stoichiometric amount of sodium 

bicarbonate in water and the product was extracted several times into 

dichloromethane (DCM). The solvent was removed under reduced pressure 

and the residue was purified by flash chromatography (CH/DCM; 1:1). The 

product was obtained as an off-white solid in a yield of 69% (4.76 g). 

1H NMR (400 MHz, CDCl3) δ [ppm] = 10.46 (s, 2 H), 8.22 (s, 2 H) 

13C NMR (100 MHz, CDCl3) δ [ppm] = 189.31, 137.80, 135.83, 128.76, 123.24 

Methyl 4'-bromo-2',6'-diformyl-[1,1'-biphenyl]-4-carboxylate (4) 

 

In a 100 mL 3-neck flask, 2,5-dibromoisophthalaldehyde (1.00 g, 3.42 mmol, 1.25 equiv.) and (4-

methoxycarbonylphenyl)boronic acid (493 mg, 2.74 mmol, 1.00 equiv.) were dissolved in dry 1,4-

dioxane (15 mL) and bubbled for 20 min. Pd(dppf)Cl2 (100 mg, 137 µmol, 5 mol%) was added and the 

solution was bubbled for additional 10 min. K3PO4 (1.74 g, 8.22 mmol, 3.00 equiv.) was dissolved in 

water (5 mL) and degassed for 10 min. Afterwards it was added to the reaction mixture. The reaction 

was stirred at 90 °C for 16 h. After cooling to room temperature, the reaction mixture was filtered and 

the solvents were removed under reduced pressure. The precipitate was dissolved in DCM (40 mL) and 

washed with water (3 * 50 mL) and brine (1 * 50 mL). The organic phase was dried over Na2SO4 and 

evaporated under reduced pressure. The crude residue was purified via flash column chromatography 

(CH:EtOAc). A higher catalyst concentration leads to dehalogenation reaction. Yield: 599 mg (63%, 

1.73 mmol) 

1H NMR (400 MHz, CDCl3) δ [ppm] = 9.71 (s, 2 H), 8.36 (s, 2 H), 8.21 (d, J = 8.5 Hz, 2 H), 7.47 (d, J = 

8.5 Hz, 2 H), 3.99 (s, 3 H) 

13C NMR (100 MHz, CDCl3) δ [ppm] = 188.9, 166.3, 145.2, 136.5, 136.2, 135.6, 131.4, 130.9, 130.0, 

124.0, 52.7 
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The substitution pattern was also verified via X-ray structure analysis of a single crystal grown by slow 

evaporation of CDCl3. The crystal structure has been deposited to the CCDC under the number: CCDC- 

2312146. 

 

Figure S 2: 3D structure of Methyl 4'-bromo-2',6'-diformyl-[1,1'-biphenyl]-4-carboxylate confirming the cross coupling at the 
1’ position. 

 

1,4-Bis(pinacolatoboronyl)-2,5-dimethylbenzene (6) 

Following a literature procedure51, in a 50 mL crimp vial under a 

nitrogen atmosphere, 2,5-dibromo-p-xylene (1.06 g, 4.00 mmol, 

1.00 equiv.), B2pin2 (3.05 g, 12.0 mmol, 3.00 equiv.), Pd(dppf)Cl2 

(0.196 g, 0.24 mmol, 0.06 equiv.), and KOAc (2.36 g, 24.0 mmol, 

6.00 equiv.) were dissolved in dry DMF(40 mL) and degassed with 

N2 for 20 min. The reaction mixture was heated at 85 °C for 48 h. 

The reaction mixture was cooled down to room temperature, then 

added to water before being extracted with DCM (50 mL). 

Combined organic layers were washed with water (2 * 100 mL) and 

brine (100 mL), then dried with Na2SO4 and evaporated under reduced pressure. The crude product 

was purified by recrystallization in MeOH. The product was obtained as a beige solid in a yield of 77% 

(1.11 g) 

1H NMR (400 MHz, CDCl3) δ [ppm] = 7.53 (s, 2 H), 2.48 (s, 6 H), 1.34 (s, 24 H) 

13C NMR (100 MHz, CDCl3) δ [ppm] = 140.69, 137.05, 83.55, 25.03, 21.62 

 

Dimethyl 2',3''',5''',6'-tetraformyl-2'',5''-dimethyl-[1,1':4',1'':4'',1''':4''',1''''-quinquephenyl]-4,4''''-

dicarboxylate (4A2E) 
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In a 100 mL 3-neck flask under a nitrogen atmosphere, methyl 4'-bromo-2',6'-diformyl-[1,1'-biphenyl]-

4-carboxylate (882 mg, 2.54 mmol, 2.50 equiv:), 1,4-Bis(pinacolatoboronyl)-2,5-dimethylbenzene 

(362 mg, 1.01 mmol, 1.00 equiv:) and Pd(PPh3)4 (133 mg, 115 μmol, 0.10 equiv) were dissolved in a 

mixture of dry toluene and dry 1,4-dioxane (1:1; 16 mL) and degassed with N2 for 15 min. K2CO3 

(796 mg, 5.76 mmol, 5.00 equiv.), dissolved in water (4 mL), was degassed for 10 min and added to the 

reaction mixture. The reaction was heated to 110 °C for 16 h. After the reaction cooled down to room 

temperature, the insoluble precipitate was filtered off and washed with EtOAc and water and dissolved 

in DCM (White solid). To increase the yield, the organic phase of the reaction mixture was washed with 

water (2 * 20 mL). After phase separation, the aqueous phase was extracted with DCM (3* 20 mL). The 

combined organic extracts were dried over Na2SO4 and the solvent was removed under reduced 

pressure. The crude material was purified via column chromatography of silica gel with CH/DCM as an 

eluent.  

Yield: 477 mg (74%, 0.747 mmol) 

1H NMR (400 MHz, CDCl3) δ [ppm] = 9.86 (s, 4 H), 8.30 (s, 4 H), 8.25 (d, J = 8.5 Hz, 4 H), 7.56 (d, J = 

8.5 Hz, 4 H), 7.27 (s, 2 H), 4.01 (s, 6 H), 2.36 (s, 6 H) 

13C NMR (100 MHz, CDCl3) δ [ppm] = 190.19, 166.25, 145.23, 142.36, 139.07, 137.29, 134.61, 133.28, 

133.15, 132.14,130.99, 130.95, 129.74, 42.48, 19.84 

 

Model compound synthesis 
Methyl 2',6'-diformyl-[1,1'-biphenyl]-4-carboxylate 

 

Under nitrogen atmosphere in a 50 mL crimp vial, 2-bromobenzene-1,3-dicarbaldehyde (2.43 g, 

11.4 mmol, 1.00 equiv), (4-methoxycarbonylphenyl)boronic acid (3.08 g, 17.1 mmol, 1.50 equiv), 

potassium carbonate (4.73 g, 34.2 mmol, 3.00 equiv) and dichloropalladium;triphenylphosphane 

(401 mg, 571 μmol, 0.0500 equiv) were dissolved in dry 1,4-dioxane (20.0 mL) and degassed for 

10 min. Degassed water (5.00 mL) was added and the reaction was heated to 100 °C for 4 h. The 

reaction mixture was cooled down, diluted with DCM and washed with water and brine. Difficulties in 

the phase separation. The organic phase was dried over MgSO4. The crude residue was was purified 

via flash column chromatography (30% DCM in CH to 100% DCM). Yield: 1.35 g (44%, 5.02 mmol) 

1H NMR (400 MHz, CDCl3) δ [ppm] = 9.78 (s, 2 H), 8.27 (d, J = 7.7 Hz, 2 H), 8.21 (d, J = 8.2 Hz, 2 H), 7.71 

(t, J = 7.7 Hz , 1H) 7.48 (d, J = 8.2 Hz, 2 H), 3.99 (s, 3 H) 

13C NMR (100 MHz, CDCl3) δ [ppm] = 188.8, 166.2, 145.1, 136.4, 136.1, 135.5, 131.3, 130.9, 129.9, 

123.9, 52.6 
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Methyl 2′,6′-bis[(phenylimino)methyl][1,1′-biphenyl]-4-carboxylate 

 
Methyl 2',6'-diformyl-[1,1'-biphenyl]-4-carboxylate (25.0 mg, 93.2 μmol, 1.00 equiv) and aniline 
(17.0 µL, 17.4 mg, 186 μmol, 2.00 equiv) were dissolved in deuterated chloroform (500 μL). The 
reaction mixture was stirred at 60 °C for 4 h. Crystals were grown by slow evaporation of CDCl3. 
The structure was verified by single crystal X-ray analysis and has been deposited to the CCDC 
under the number: CCDC- 2312147. 
 

 
 

Figure S 3: 3D structure of Methyl 2′,6′-bis[(phenylimino)methyl][1,1′-biphenyl]-4-carboxylate showing the imine-nitrogen 
pointing away from the ortho phenyl ring. 

 

COF synthesis 
4A2E-PDA-COF: A 50 mL vial was charged with tetraaldehyde linker (59.4 mg, 0.093 mmol, 

1.00 equiv.). It was suspended in a mixture 1,4-dioxane/mesitylene (550 µL:4.4 mL). TFA (114.6 µL, 

170.6 mg, 1.50 mmol, 16.0 equiv.) was added and subsequently phenylenediamine (20.19 mg, 

1.87 mmol, 2.00 equiv., dissolved in 550 µL 1,4-dioxane) was added. The vial was closed and placed in 

the ultrasonic bath for 10 min. The mixture was heated in an oven at 120 °C for 3 days. After being 

cooled to room temperature, the solvent was filtered of and the solid was washed thoroughly with 

methanol. Soxhlet extraction with MeOH overnight followed by supercritical CO2 drying yielded PDA-

COF as a yellow solid. 

4A2E-Bz-COF: A 50 mL vial was charged with tetraaldehyde linker (59.75 mg, 0.0935 mmol, 

1.00 equiv.). It was suspended in a mixture 1,4-dioxane/mesitylene (1.1 mL:4.4 mL). TFA (453.2 µL, 

674.81 mg, 5.92 mmol, 63.3 equiv.) was added and subsequently benzidine (34.45 mg, 1.87 mmol, 

2.00 equiv.) was added. The vial was closed and placed in the ultrasonic bath for 10 min. The mixture 

was heated in an oven at 120 °C for 3 days. After being cooled to room temperature, the solvent was 

filtered of and the solid was washed thoroughly with methanol. Soxhlet extraction with MeOH 

overnight followed by supercritical CO2 drying yielded BZ-COF as a yellow solid. 
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Methods 
Materials and methods 

All materials were obtained from commercial sources (TCI, BLD Pharm, abcr, Sigma Aldrich, 

FisherScientific/ThermoFisher) 

NMR: The solution state NMR spectra were acquired using an Agilent Technologies 400 MHz VNMRS 

and 500 MHz DD2 spectrometer at a temperature of 27 °C. The chemical shifts (denoted as δ) are 

presented in parts per million (ppm) and are calibrated with respect to the residual signal of the solvent 

(CDCl3: 7.26 ppm for 1H and 77.16 ppm for 13C) 

ssNMR: The 13C CP-MAS spectra were obtained on a Bruker Avance III spectrometer with proton 

resonance frequency 400 MHz. The samples were packed in 4 mm rotors and spun at MAS rate 10 kHz 

at ambient temperature. Experimental parameters: CP contact time  2.5 ms, 1H 90-degree pulse 

3.6 microseconds; the 13C signal was recorded during 35 ms with 65 kHz SPINAL proton decoupling. 

IR: Measurements were conducted using a DiaMaxATR unit (Harrik, Pleasantville, NY, USA), which was 

integrated with a Tensor 27 spectrometer (BRUKER, Billerica, USA). The sample was applied onto the 

ATR crystal and compressed using the pressure applicator, featuring a force-limited slip-clutch 

mechanism. The experiment was carried out at room temperature and consisted of 

256 accumulations, with data acquisition managed by the OPUS software. Subsequently, background-

corrected spectra were analyzed using the OPUS software and further processed in Origin. 

N2-sorption: All N2-sorption measurements were carried out using a Quantachrome autosorb iQ2. 

Before gas adsorption measurements, the sample was activated by drying under a vacuum at 120 °C 

for 16 h. The resulting sample was then used for gas adsorption measurements from 0 to 1 atm at 77 K. 

The Brunauer-Emmett-Teller (BET) method was utilized to calculate the specific surface areas. By using 

the non-local density function theory model, the pore size distribution curves were derived from the 

sorption data. 

PXRD: Measurements were conducted with an Incoatec (Geesthacht, Germany) IµS equipped with a 

microfocus source and a monochromator for CuKα radiation (l=1.54 Å). The 2D scattering patterns 

were captured using a Vantec 500 2D detector (Bruker AXS, Karlsruhe). 

TEM: The COF sample was suspended in 1-butanol at a concentration of 2 mg/mL. This suspension 

underwent an 8-minute sonication process at room temperature in a standard ultrasonic bath 

(Bandelin Sonorex Digiplus - Bandelin Electronic GmbH & Co. KG) and was subsequently centrifuged at 

17,000 g for 3 minutes (Heraeus Fresco 21 - ThermoFisher Scientific). Following this, a 3.5 μl aliquot of 

the supernatant 1-butanol was dispensed onto the carbon side of lacey grids, which were already laid 

on 525-type ashless filter paper to remove excess solution. This technique enables the lacey film to 

selectively filter fine COF particles. Subsequently, the grids were air-dried and then securely affixed 

within the ThermoFisher Autogrid assembly using the standard tools, all conducted at room 

temperature. 

The prepared samples were loaded into a Thermo Fisher Scientific Glacios cryogenic electron 

microscope, operating at 200 kV and equipped with a Falcon 4i direct electron detector. These samples 

were left to equilibrate overnight under vacuum conditions within the microscope's autoloader at 

room temperature to ensure thorough drying. Following this, the samples were gradually cooled to 

cryogenic temperatures (below 100 °K) inside the microscope while maintaining the vacuum. 

For imaging, a low-dose strategy was employed. Images were captured with an average electron dose 

of 50 e/Å² at a pixel size of 0.936 Å in electron counting mode, and a frame rate of 310/s. The electron 
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event data underwent motion correction and were stored as a single frame using the on-the-fly frame 

alignment feature of the Falcon 4i camera. 

Single Crystal X-ray Analysis: Diffraction data of Methyl 4'-bromo-2',6'-diformyl-[1,1'-biphenyl]-4-

carboxylate (4) and Methyl 2′,6′-bis[(phenylimino)methyl][1,1′-biphenyl]-4-carboxylate were collected 

on a STOE STADI VARI diffractometer with monochromated Mo K (0.71073 Å) or Ga K (1.34143 Å) 

radiation at low temperature. Using Olex252, the structures were solved with the ShelXT53 structure 

solution program using Intrinsic Phasing and refined with the ShelXL54 refinement package using Least 

Squares minimization. Refinement was performed with anisotropic temperature factors for all non-

hydrogen atoms; hydrogen atoms were calculated on idealized positions. Crystallographic data and 

refinement details are summarized in Table S1. 

Table S1 Crystallographic data and refinement details. 

Compound   Methyl 4'-bromo-2',6'-diformyl-
[1,1'-biphenyl]-4-carboxylate (4) 

Methyl 2′,6′-
bis[(phenylimino)methyl][1,1′-
biphenyl]-4-carboxylate 

Empirical formula  C16H11BrO4  C28H22N2O2  

Formula weight  347.16  418.47  

Temperature/K  180.0  180  

Crystal system  orthorhombic  triclinic  

Space group  Pna21  P‾1  

a/Å  14.3243(10)  9.9945(16)  

b/Å  11.4688(7)  10.1084(12)  

c/Å  8.7762(8)  11.4916(15)  

α/°  90  82.539(10)  

β/°  90  73.454(11)  

γ/°  90  76.360(11)  

Volume/Å3  1441.78(19)  1079.1(3)  

Z  4  2  

ρcalcg/cm3  1.599  1.288  

μ/mm–1  2.757  0.082  

F(000)  696.0  440.0  

Crystal size/mm3  0.08 × 0.058 × 0.015  0.22 × 0.2 × 0.18  

Radiation  Ga Kα (λ = 1.34143)  Mo Kα (λ = 0.71073)  

2Θ range for data collection/°  12.29–128.0  3.71–52.0 

Index ranges  –18 ≤ h ≤ 17,  
–15 ≤ k ≤ 11,  
–11 ≤ l ≤ 9  

–12 ≤ h ≤ 12,  
–12 ≤ k ≤ 9,  
–14 ≤ l ≤ 14  

Reflections collected  9338  8450  

Independent reflections  2842 [Rint = 0.0630]  4194 [Rint = 0.1187]  

Ind. refl. with I≥2σ (I) 2277 2078 

Data/restraints/parameters  2842/1/191  4194/0/290  

Goodness-of-fit on F2  1.031  0.973  

Final R indexes [I≥2σ (I)]  R1 = 0.0383, wR2 = 0.0973  R1 = 0.1171, wR2 = 0.2769  

Final R indexes [all data]  R1 = 0.0485, wR2 = 0.1020  R1 = 0.1826, wR2 = 0.3287  

Largest diff. peak/hole / e Å-3  0.40/–0.52  0.55/–0.73  

Flack parameter –0.05(3)  

CCDC number 2312146 2312147 
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Supplemental Figures 
 

      

Figure S 4: Solvent accessible surfaces of the two central pores in the 4A2E-PDA-COF with a 1.4 Å Probe radius viewed along 
the [001] direction (left) and the [110] direction (right). Symmetry equivalent pores at the unit cell boundary were omitted 
for clarity. 

 

 

Figure S 5: PXRD comparison 4A2E-PDA-COF with sql AA, kgm ABC, kgm AB and kgm AA stacking. 

 

 

Figure S 6: IR of 4A2E-PDA-COF (black), 4A2E linker (red) and Phenylenediamine (green). 
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Figure S 7: IR spectra of 4A2E-BZ-COF (black), 4A2E linker (red) and Benzidine (green). 

 

Figure S 8: Overview of particles of the 4A2E-PDA-COF 
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Figure S 9: TEM images of the 4A2E-Bz-COF (left, middle) and the corresponding FFT image (right). The red circles in the FFT 
represent the superstructure. 

 

Figure S 10: TEM images of the 4A2E-Bz-COF (left, middle) and the corresponding FFT image (right). The red circles in the FFT 
represent the superstructure. 

 

Figure S 11: Comparison of ssNMR of COFs (blue) with solution state NMR of 4A2E (red) and diamine (black). 4A2E-PDA-COF 
(left) 4A2E-BZ_COF (right). 
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Figure S 12: PXRD measurement of the 4A2E-PDA-COF and 4A2E-Bz-COF in the small angle configuration.  

 

Figure S 13: 1H NMR of 2,5-Dibromoisophthalaldehyde 
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Figure S 14:13C NMR of 2,5-Dibromoisophthalaldehyde 

 

Figure S 15: 1H NMR of Methyl 4'-bromo-2',6'-diformyl-[1,1'-biphenyl]-4-carboxylate 
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Figure S 16:13C NMR of Methyl 4'-bromo-2',6'-diformyl-[1,1'-biphenyl]-4-carboxylate 

 

Figure S 17: 1H NMR of 4A2E 
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Figure S 18: 13C NMR of 4A2E 

 

Figure S 19: 1H NMR of Methyl 2',6'-diformyl-[1,1'-biphenyl]-4-carboxylate 
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Figure S 20: 13C NMR of Methyl 2',6'-diformyl-[1,1'-biphenyl]-4-carboxylate 
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