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Abstract: Three-dimensional covalent organic frameworks (3D 
COFs) with a pcu topology have been obtained from distorted 
polycyclic aromatic hydrocarbons acting as triangular antiprismatic 
(D3d) nodes. Such 3D COFs are six-fold interpenetrated as the result 
of interframework π-stacking, which enable charge transport 
properties that are not expected for 3D COFs. 

Reticular chemistry provides a powerful approach to blueprint 
and synthesize crystalline solids that relies on the concepts of 
modularity and predictability.[1] The combination of these two 
concepts with dynamic covalent chemistry has given rise to 
covalent organic frameworks (COFs). These periodic networks 
of covalently bonded organic monomers have attracted a lot of 
attention from different perspectives, including synthetic, 
structural, supramolecular and electronic.[2] 

The structure and properties of COFs are directly related 
to the symmetry and connectivity of the monomers used. 
Therefore, the rational design of monomers has become a 
fundamental tool in the design of COFs with specific structures 
and properties. The (co)polymerization of coplanar 2D polygonal 
monomers produce crystalline π-stacks of 2D COF layers, along 
which charge-carriers can move.[3] Meanwhile, the 
(co)polymerization of either non-coplanar 2D polygonal 
monomers or of 3D polyhedral monomers produce 3D COFs,[2a, 

2d, 2h, 2n, 2o] in which the lack of π-stacking makes difficult charge-
transport, but enables light-emitting properties.[4] 

Even if 3D COFs show distinctive properties, they remain 
largely unexplored with 2D frameworks being the dominant 
motif.[2a-d, 2f-h, 2j, 2k, 2m, 2o] This is in part because of the low number 
of 3D organic monomers available, their limited geometries 
(imposed by the sp, sp2 and sp3 hybridization of carbon), and 
reduced points of extension. For instance, most of the reported 
3D COFs have been obtained from tetrahedral (Td)[4-5] 
monomers and only a few exceptions of 3D COFs have been 
obtained from triangular (D3),[6] square (D4),[6] triangular prismatic 

(D3h)[7] and cubic (Oh)[8] monomers. This is illustrated by the 
small number of topologies reported for 3D COFs (acs,[7b] bcu,[8] 
bor,[5e] ctn,[5e] dia,[5a-d] ffc,[9] fjh,[6c] lon,[5a] pts,[4, 5f-i] rra,[5j] srs,[6a] 
stp[7a], tbo[6b]), compared to the large number of topologies 
reported for metal-organic frameworks (>60).[10] 

Another aspect that has been identified to influence the 
formation, characterization and properties of 3D COFs is 
interpenetration.[2a, 2d, 2h, 2n, 2o] This is when additional 
framework(s) intergrow in the empty space generated by the 
framework itself. Although interpenetration is often regarded as 
something to be avoided because of its detrimental effect on 
porosity,[2d, 2l, 2n, 2o] its potential benefits on the overall properties 
of 3D COFs remains practically unexplored.[11] 

Herein, we report the synthesis of 3D COFs from a 
distorted polycyclic aromatic hydrocarbon monomer with a 
triangular antiprismatic (D3d) structure, namely 
2,3,6,7,10,11,14,15,18,19,22,23-dodecahydroxy-cata-
hexabenzocoronene (3D-HBC, Figure 1A). The structure of 3D-
HBC deviates from the typical graphitic geometries because of 
the steric congestion between hydrogens on the peripheral rings, 
which forces, alternately, the catechol residues on the outer rim 
above and below the coronene plane. The copolymerization of 
3D-HBC with linear diboronic acids gives rise to 3D COFs with a 
previously unreported pcu net (Marta-COF-3 and 4, Figure 1A). 
This topology shows a trigonal trapezohedral lattice and a tight 
six-fold interpenetration that lines up the face-on triangular 
micropores into open channels (Figures 1B-E and S1). The 
interpenetrated structure is held together by interframework π-
stacking (to which we refer to as π-interpenetration or inter-π-
netration) between the 3D-HBC nodes, which is favored by the 
inherent rigidity, structural self-complementarity and tendency to 
self-assemble of cata-hexabenzocoronenes. Such inter-π-
netration enables charge transport properties that are not 
expected in conventional 3D COFs and that are similar to those 
intrinsic of 2D COFs. 
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3D-HBC was synthesized by ether cleavage of 
2,3,6,7,10,11,14,15,18,19,22,23-dodecamethoxy-cata-
hexabenzocoronene[12] in the presence of BBr3 in a quantitative 
yield. Marta-COF-3 and 4 were synthesized by solvothermal 
condensation of 3D-HBC with benzene-1,4-diboronic acid and 
with pyrene-2,7-diboronic acid, respectively (Figure 1), in N,N-
dimethylacetamide/mesitylene (1:1, v/v) at 140 °C for 7 days in 
sealed pre-scored ampoules, which afforded green crystalline 
powders in ~90% yields.  

The FT-IR spectra of the powders of Marta-COF-3 and 4 
confirmed the successful condensation of the precursors with 
the appearance of strong C-O stretching band distinctive for 
boronate ester five-membered rings at 1346 and 1347 cm−1, 
respectively, together with strongly attenuated signals of the 

hydroxyls of the boronic acid (Figures S2 and S3). The UV-vis 
absorption spectra of the powders show similar absorption 
patterns in the vis region consistent with the absorption of the 
3D-HBC nodes (Figure S4). The solid-state 13C cross-
polarization magic angle spinning (CP/MAS) NMR signals of 
both 3D COFs (Figures S5 and S6) are consistent with the 
aromatic nature of the monomers, meanwhile the CP/MAS 11B 
NMR spectra (Figures S7 and S8) show single peaks attributed 
to a single type of boronate ester linkage. Marta-COF-3 and 4 
show a solvent stability similar to that of other boronate ester 
COFs and hydrolyze in the presence of protic solvents. Thermal 
gravimetric analysis reveals that Marta-COF-3 and 4 were stable 
up to 257 and 311 °C under N2 (Figure S9). 

 

Figure 1. A) Structure of 3D-HBC. Synthesis and reconstructed crystal structures of a single framework of Marta-COF-3 and 4. B,D) Face-on and C,E) edge-on 
views of the reconstructed crystal structures of the complete 6-fold interpenetrated structures of Marta-COF-3 and 4 showing the triangular pores and the 
interframework π-stacking (inter-π-netration). Stars indicate the distances discussed in the TEM section. 
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Crystallinity was first confirmed by powder X-ray diffraction 
(PXRD) measurements, which showed several intense 
diffraction peaks with a similar pattern for Marta-COF-3 and 4 
but at different 2q values (Figures 2A and 2E). This implies a 
similar structure for both 3D COFs but with different dimensions, 
which is consistent with the different length of the linkers. 
Pawley refinement yielded trigonal unit cells with excellent 
agreement factors (a = b = 20.22 Å, c = 7.91 Å, Rwp= 5.70 %, 
and Rp= 4.83 % for Marta-COF-3 a = b = 24.60 Å, c = 7.95 Å, 
Rwp= 8.50 %, and Rp= 2.97 % for Marta-COF-4) (Figures S10 
and S11). The atomic structure of Marta-COF-3 and 4 was 
elucidated by comparing the simulated PXRD patterns of 
computed different crystal structures with the experimental ones. 
Crystal structures were computed by unconstrained 
minimizations initially performed with Tight-Binding (TB) and 
refined with DFT (PBE-MBD/light) with DFTB+[13] and FHI-
aims,[14] respectively (details in supporting information). Given 
the rigidity, symmetry and valency of 6 of 3D-HBC, a D3d trigonal 
trapezohedral lattice with a (2,6)-connected pcu topology was 
constructed for Marta-COF-3 and 4 (Figure 1A). This lattice was 
distorted by introducing different twist angles at the 3D-HBC 
nodes (Figure S12), which implicitly give rise to different degrees 
of interpenetration (three-, six- and nine-fold). The simulated 
PXRD diffractograms of the six-fold interpenetrated structure 
were in excellent agreement with the experimental ones (Figures 
1B-E, 2A, 2E, S13 and S14) and also with the values obtained 
from the Pawley refinement. Concurrently, these six-fold 
interpenetrated structures were also found to show the most 
favorable potential energies. Interpenetration is strongly favored 
in these COFs by means of interframework π-stacking between 
the 3D-HBC nodes, which is consistent with the structural self-
complementarity and the tendency to self-assemble of cata-
hexabenzocoronenes.[3j, 15] To verify the preferential AA 

arrangement of the nodes, the reconstructed crystal structures 
of the 3D COFs with AB node arrangements were computed 
with TB for 3x3x3 supercells, yielding quasi-AA node 
arrangements upon minimization with negligible energy 
differences (Figure S15). All simulations were run on P1 cells 
without symmetry constrains. Upon symmetrization, Marta-COF-
3 and 4 computed structures were found to belong to the P31m 
space group. For Marta-COF-3 (Figure 2A) the diffraction peaks 
at 5.31°, 8.95°, 13.45°, and 15.32° can be assigned to the (100), 
(1-20), (210), and (3-30) Bragg peaks, respectively. For Marta-
COF-4 (Figure 2B) the peaks at 4.31°, 7.36°, 8.46°, 11.19°, 
12.74°, and 16.73° can be assigned to the (010), (1-20), (020), 
(210), (3-30) and (4-40) Bragg peaks, respectively. 

The tight six-fold interpenetrated pcu topology of Marta-
COF-3 and 4 gives rise to uniform triangular micropore channels 
(Figures 1B-E) in spite of the different porosities of the single 
nets. Nitrogen adsorption measurements at 77 K show in both 
cases a type I sorption isotherm (Figures 2B and 2F) with a 
mesoporous tail at high relative pressures, suggesting intergrain 
mesoporosity associated to small particle size. The Brunauer-
Emmet-Teller (BET) surface areas are 778 and 723 m2 g–1, 
respectively for Marta-COF-3 and 4, which are close to the 
Zeo++ theoretical values of 625 and 1075 m2 g–1. The higher 
BET surface area of Marta-COF-3 can be ascribed to the higher 
crystallinity, in agreement with microscopy characterization (see 
below). The positive deviation of the BET surface area from the 
theoretical value in the case of Marta-COF-3 can be ascribed to 
the known overestimation of surface areas by the BET method 
in materials with micropores between 0.6 and 1.3 nm.[16] The 
pore size distributions calculated with Density Functional Theory 
(DFT) (Figures 2C and 2G) give a dominant pore centered at 
0.63 nm in both COFs, consistent with the theoretical pore sizes 
of 0.60 and 0.64 nm, respectively for Marta-COF-3 and 4. 

 

Figure 2. Experimental and simulated PXRD patterns for the reconstructed crystal structures of A) Marta-COF-3 and E) Marta-COF-4. Nitrogen adsorption and 
desorption isotherms at 77 K and DFT pore size distribution, respectively, of B,C) Marta-COF-3 and F,G) Marta-COF-4. HR-TEM images of D) Marta-COF-3 and 
H) Marta-COF-4. 
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The crystallinity and porous structure of Marta-COF-3 and 
4 was also evidenced by scanning electron microscopy (SEM) 
and high-resolution transmission electron microscopy (HR-TEM). 
SEM revealed that crystallites of COF have approximately 
triangular shapes, with lateral dimensions of 100-200 nm and 
the thickness of ~20 nm (Figure S16), which implies a 
preferential growth of COF layers in the a-b crystallographic 
plane during the synthesis. The nanocrystallites are arranged in 
a pattern of a desert-rose crystal, where the 'petals' (e.g. 
triangular crystallites of COF flattened along the c 
crystallographic axis) are fanning open from the center of the 
crystal cluster (Figure S16). Removal of the top layer of the COF 
rosette-like particles demonstrated mesoporous internal voids of 
20-50 nm (Figure S17), similar to the mesoporous particles of 
conjugated microporous polymers.[17] Crystallites with periodic 
channel-like features were observed by HR-TEM in both Marta-
COF-3 and 4 samples but with differences in the channel widths 
(1.6 and 2.2 nm, respectively) (Figure 2D, 2H, S18 and S19). 
These different distances are in excellent agreement with the 
centroid-to-centroid distances between 3D-HBC and the 
opposite benzene or pyrene linker (indicated with stars in Figure 
1B and 1D) on the reconstructed crystal structures (1.6 and 2.3 
nm, respectively for Marta-COF-3 and 4). 

Given the extensive interframework π-stacking of Marta-
COF-3 and 4, their charge transport properties were evaluated 
by flash-photolysis time-resolved microwave conductivity (FP-
TRMC).[18] FP-TRMC allows estimating the pseudo-
photoconductivity or intrinsic mobility (φΣμ, where φ: the charge 
carrier generation yield, Σμ: the sum of charge carrier mobilities) 
directly on powder samples. The samples of Marta-COF-3 and 4 
showed φΣμ maximum values (φΣμmax) of 1.2 × 10–4 and 1.3 × 
10–4 cm2 V–1 s–1, respectively (Figure 3). These φΣμmax values 
are of the same order of magnitude as those generally observed 
in π-stacked 2D COFs[3] (with φΣμmax values that fall between 
10–5 and 10–4 cm2 V–1 s–1, Table S1) and even double those 
observed in 2D COFs constituted of the same components (0.6 
× 10–4 cm2 V–1 s–1).[3j] The nearly identical φΣμmax values of 
Marta-COF-3 and 4 indicate that charge transport takes place 
preferentially across the 3D-HBC stacks. 

 

Figure 3. φΣμ transients of Marta-COF-3 and 4 measured by FP-TRMC. 

 

To conclude, we have described an approach to prepare 
3D COFs (Marta-COF-3 and 4) with a trigonal trapezohedral 
lattice and a previously unreported pcu topology from a distorted 
polycyclic aromatic hydrocarbon with a triangular antiprismatic 
structure (3D-HBC). The excellent agreement between structural 
characterization and calculations confirm that Marta-COF-3 and 
4 show a tight 6-fold interpenetrated structure held together by 
interframework π-stacking across the 3D-HBC nodes. Such 
inter-π-netration enables charge transport properties that are not 
expected for 3D COFs and that are similar to those observed in 
π-stacked 2D COFs. Thereby, providing new application 
perspectives both for framework interpenetration and for 3D 
COFs. Overall, this work illustrates that distorted aromatics offer 
new possibilities to design organic monomers with structures 
that deviate from standard graphitic geometries, and thus, to 
design COFs with unprecedented architectures and properties. 
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Three-dimensional covalent organic frameworks (3D COFs) have been obtained from distorted polycyclic aromatic hydrocarbon 
nodes. Interframework π-stacking enables charge transport properties that are not expected for 3D COFs. 

 

 


