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Isostructural 3D Covalent Organic Frameworks 

Chao Gao,[a]† Jian Li,[b],[c]† Sheng Yin,[a] Guiqing Lin,[a] Tianqiong Ma,[b] Yi Meng,[a] Junliang Sun*[b],[c] 

and Cheng Wang*[a] 

Abstract: The construction of high quality three-dimensional 

covalent organic frameworks (3D COFs) has been considered as a 

big challenge, especially in how to modify the pore environment and 

determine the crystal structure to the atomic level. Herein, we 

reported the designed synthesis of three isostructural 3D COFs 

functionalized with organic groups –H, –Me and –F, which have 

similar crystallinity and topology. The crystal structures of these 

three isostructural 3D COFs were successfully determined by using 

continuous rotation electron diffraction (cRED) technique, and all the 

three 3D COFs are identified to adopt a five-fold interpenetrated pts 

topology. More importantly, the resolution of these cRED datasets 

was measured up to 0.9-1.0 angstrom, leading to the location of all 

non-hydrogen atomic positions in COF framework directly by 3D ED 

techniques for the first time. In addition, the precise control of pore 

environments with different functional groups introduced different 

selectivity of CO2 over N2. In particular, 3D COF with C-F bonds on 

the pore surface shows the highest selectivity value. This study 

proved that polycrystalline COFs can also be studied to the atomic 

level as other materials for the first time and will definitely inspire us 

to design and synthesize 3D COFs with tailored pore environment 

for interesting application in future. 

Introduction 

Covalent organic frameworks (COFs), in which molecular 
building blocks are precisely organized into two-dimensional 
(2D) layered structures or three-dimensional (3D) networks, 
have emerged as a novel class of crystalline organic polymers 
with inherent porosity and structural periodicity.1 Owing to their 
tunable structures and high porosity, COFs have gained great 
interest and shown promising applications in molecule storage 
and separation,2 heterogeneous catalysis,3 sensing,4 energy 
storage,5 optoelectronics,6 etc. We should point out that, since 
Yaghi and co-worker reported the first example in 2005,7 most 
efforts in this attractive area have been devoted on 2D COFs.8 
By contrast, 3D COFs are much less reported,913 mainly due to 
their synthetic challenges and complicated structure 
determination. However, as 3D COFs can possess numerous 
open sites and allow hierarchical arrangement of nanopores,  

 

Figure 1. Schematic representation of the synthesis of 3D-TPB-COF-H, 3D-
TPB-COF-Me and 3D-TPB-COF-F. 

these 3D architectures have found interesting applications and 
received considerable attention recently. For example, Yan and 
co-workers claimed that 3D based-functionalized COFs can be 
used as shape-selective catalysts.9e Yaghi and co-workers 
reported a 3D COF that should be the first material to be woven 
at molecular level.9f We also demonstrated that the incorporation 
of fluorophores into 3D COFs can endow the resulting materials 
with fluorescence, whereas the 2D COFs analogues are non-
fluorescent.10a Considering their unique properties, the 
construction and functionalization of 3D COFs are highly 
desirable. 

As a kind of highly ordered porous materials, the chemical 
environment within the pores of 3D COFs is crucial for their 
applications. Therefore, it is highly demanded to tailor their 
internal surfaces with desired functionalities. In principle, there 
are two ways to achieve this goal, either by direct synthesis of 
3D COFs from predesigned precursors with specific functional 
groups or through post-synthetic modification11 of a premade 
functional 3D COF. For the latter route, functional groups can be 
anchored onto the surfaces of 3D COF after it has been 
synthesized and very few examples have been successfully 
announced until now. Unfortunately, these reported systems 
usually suffer problems, such as decreasing of crystallinity11b or 
low conversion yield11c. On the contrary, the former way 
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Figure 2. SEM images of 3D-TPB-COF-H (a), 3D-TPB-COF-Me (f) and 3D-TPB-COF-F (k). 3D reciprocal lattice of 3D-TPB-COF-H (b), 3D-TPB-COF-Me (g) and 
3D-TPB-COF-F (l). (h0l) (c), (0kl) (d), and (hk0) (e) slices cut from the reconstructed reciprocal lattice of 3D-TPB-COF-H. (h0l) (h), (0kl) (i), and (hk0) (j) slices cut 
from reconstructed reciprocal lattice of 3D-TPB-COF-Me. (h0l) (m), (0kl) (n), and (hk0) (o) slices cut from the reconstructed reciprocal lattice of 3D-TPB-COF-F. 

can overcome these drawbacks, if the functional groups are 
compatible with the synthetic conditions required to construct the 
targeted 3D COFs. However, due to the limited diversity of 
building blocks, the rational design and synthesis of isostructural 
3D COFs with different functional groups have been considered 
as a big challenge. Moreover, once these isostructural 3D COFs 
are successfully synthesized, another big challenge that has to 
face is how to resolve their crystal structures at the atomic level 
to reveal the different functional groups, which cannot be 
distinguished by using common simulation methods. One 
possible way is to grow large well-crystalline single crystals for 
the single crystal X-ray diffraction (SC-XRD), but it took really 
long time to optimize the synthesis condition12a; the other is to 
synthesize well crystalline powder samples and hopefully atomic 
resolution can be reached through powder X-ray diffraction 
(PXRD) or 3D electron diffraction (ED) techniques.14 
Unfortunately, all reported polycrystalline COFs has relatively 
low resolution limited to about 1.5-2 angstrom even with the 
state-of-art 3D ED techniques9d,10c,12b. 

Herein, we demonstrate the design and synthesis of three 
isostructural 3D COFs (Figure 1), in which the pore environment 
has been finely tuned without changing the topology and 
interpenetration degree. By selectively choosing the precursors 
and connection patterns, three isostructural 3D COFs 
functionalized with organic groups –H, –Me and –F, have been 
synthesized. By using continuous rotation electron diffraction 
(cRED) technique,15 the resolution of these 3D ED datasets 

reached up to 0.9-1.0 angstrom leading to the location of all non-
hydrogen atoms directly from a polycrystalline sample for the 
first time. All three isostructural 3D COFs adopt a five-fold 
interpenetrated pts topology and due to the precise control of 
pore environments, these 3D COFs exhibit different gas 
absorption behaviors, e.g., selectivity of CO2 over N2. In 
particular, 3D COF with C-F bonds on the pore surface shows 
the highest selectivity value. 

Results and Discussion 

In order to construct such isostructural 3D COFs, the starting 
building blocks should have the same skeleton with different 
functionalities, similar solubility and reactivity. Recently, we 
demonstrated that it is reasonable to synthesize 3D COFs, 
starting from tetrahedral and quadrilateral building blocks 
connected through [4 + 4] imine condensation reactions.10 
Therefore, we decided to choose 1,2,4,5-tetraphenylbenzene 
(TPB) as the quadrilateral core, as it is possible to modify the 
3,6-position of the central benzene ring with different functional 
groups.16a Accordingly, we designed and synthesized three 
tetraaldehyde functional TPB derivatives (Figure S1-S3) with 
organic groups –H, –Me or –F. As shown in Figure 1, after 
condensation of tetra(p-aminophenyl)methane (TAPM)16b and 
the designed TPB analogues, three isoreticular 3D COFs, 
denoted as 3D-TPB-COF-H, 3D-TPB-COF-Me and 3D-TPB-
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Figure 3. PXRD patterns and Rietveld refinement of (a) 3D-TPB-COF-H, (b) 3D-TPB-COF-Me and (c) 3D-TPB-COF-F. The experimental XRD patterns are 
shown in black, the Rietveld refinement patterns in red, and their difference in green, the patterns calculated from the five-fold interpenetrated pts net in blue. 

COF-F, were successfully isolated as white powders. It should 
be noted that, in order to obtain high crystalline materials for 3D 
ED techniques, the synthesis condition, including the reaction 
solvents, temperature and concentration of acid, must be 
adaptable to the change of functional TPB precursors, 
accordingly. 

The atomic-level formation of these three isoreticular 3D 
COFs was confirmed by Fourier transform infrared (FT-IR) 
spectroscopy and solid-state nuclear magnetic resonance 
(ssNMR) spectroscopy. According to the FT-IR spectra, all the 
3D-TPB-COFs exhibited a stretching vibration band at ~ 1626 
cm−1 (Figure S4), indicating the formation of imine bonds. From 
the ssNMR spectra, new signals appeared at ~ 160 ppm for all 
the 3D-TPB-COFs, confirming again the successful formation of 
imine bonds. In addition, signals at ~ 64 ppm was found, which 
should be assigned to the quaternary carbon atom from the 
TAPM precursor (Figure S5-S7). According to the 
thermogravimetric analysis (Figure S8), all the 3D-TPB-COFs 
showed high thermal stability up to about 530 °C under nitrogen. 
Moreover, scanning electron microscopy (SEM) experiments 
showed that these 3D-TPB-COFs have a homogeneous 
morphology with a maximal crystal dimension of ~ 1 μm (Figure 
2a, 2f, 2k, Figure S9). 

The crystalline nature of these isoreticular 3D-TPB-COFs was 
confirmed by PXRD analysis. As shown in Figure 3, all the 3D-
TPB-COFs showed amounts of intense diffraction peaks, 
indicating the long-range ordering. As the crystal sizes for all 3D-
TPB-COFs are still too small to collect single crystal X-ray 
diffraction data (Figure 2a, 2f, 2k), we then decided to use 3D 
ED technique, which has recently been applied as a powerful 
tool for the structure determination of 3D COFs9d,10c,12b. cRED 
data of all the 3D-TPB-COFs single crystals were collected on 
JEM2100 TEM at 99K by continuously rotating the goniometer. 

The cRED data was then processed and intensities were 
extracted using XDS-data procession software,17a resulting in 3D 
ED data of up to 1.0, 0.9 and 1.0 angstrom resolution for 3D-
TPB-COF-H, 3D-TPB-COF-Me and 3D-TPB-COF-F, 
respectively. As the average bond length of C-H, C=C, C-F and 
C-C are 0.96, 1.38, 1.37 and 1.53 angstrom, such high-
resolution cRED data are good enough to locate the non-
hydrogen atoms and distinguish the group of –H and –Me/–F. 
The 3D reciprocal lattice of 3D-TPB-COFs (Figure 2b, 2g, 2l) 
was then reconstructed from the ED patterns by using RED-data 
processing software.17b The unit cell of 3D-TPB-COFs were 
determined as monoclinic with a = 30.25 Å, b = 7.52 Å, c = 27.10 
Å, and  = 91.45° for 3D-TPB-COF-H, a = 30.99 Å, b = 7.72 Å, c 
= 26.49 Å, and  = 90.84° for 3D-TPB-COF-Me, and a = 30.75 Å, 
b = 7.68 Å, c = 26.64 Å, and  = 91.45° for 3D-TPB-COF-F. The 
same reflection conditions (hk0: h+k=2n; h0l: h=2n, l=2n) were 
obtained from the 3D ED data of 3D-TPB-COF-H, 3D-TPB-COF-
Me, and 3D-TPB-COF-F, suggesting two possible space groups, 
C2/c (No.15) and Cc (No.9) (Figure 2b-2e, Figure 2g-2j, Figure 
2l-2o). Ab initio structure solutions were then performed with 
each of the 3D ED data, using the software of SHELXT.17c All 
non-hydrogen atoms, including the function group of –Me/–F, 
could be directly located with the space groups C2/c in initial 
structural model (Figure S11, S14, S17). The same initial 
structure models could also be obtained by Superflip.17d To our 
best knowledge, this is the first time to locate all non-hydrogen 
atoms in three 3D COFs from the structure solution and 
distinguish the function group of –Me/–F and H directly by single 
crystal electron diffraction (SCED). Finally, 3D-TPB-COF-H, 3D- 
TPB-COF-F, and 3D-TPB-COF-Me have the same topology with 
five-fold interpenetrated pts net (Figure 4, Figure S13, S16, 
S19). 
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Figure 4. Structural representations of 3D-TPB-COFs. (a) Single pts network of 3D-TPB-COFs; (b) five-fold interpenetrated pts topology; the porous structure of 
(c) 3D-TPB-COF-H, (d) 3D-TPB-COF-Me and (e) 3D-TPB-COF-F. The carbon is colored in gray and nitrogen is in blue; all the hydrogen atoms are omitted for 
clarity except the hydrogens in the central benzene rings of 3D-TPB-COF-H. The balls in 3,6-position of the central benzene ring of TPB are the functional groups: 
H, deep sky blue; Me, green; F, sandy brown. 

Structure refinement was subsequently performed against 
cRED data using SHELXL software package.17c All the carbon, 
nitrogen and fluorine atoms were refined isotropically, with soft 
restraints for the geometry of the phenyl ring and the C-C and 
C=N bond lengths. In order to remove the contribution of 
diffraction from the disordered guest molecules in the pores, the 
PLATON/SQUEEZE17e procedure was conducted during the 
refinement. The final R1 values were converged to 0.3213, 
0.2897 and 0.3133 for 3D-TPB-COF-H, 3D-TPB-COF-Me and 
3D-TPB-COF-F, respectively (the crystallographic data and 
structure refinement details performed on cRED data were 
shown in Table S1, S4 and S7). Due to the presence of 
dynamical effects and other errors in electron diffraction 
intensities, the R-Values were relatively high comparing to those 
in X-ray crystallography. The Rietveld refinement with rigid-body 
constraints was further performed on the experimental PXRD of 
these three 3D-TPB-COFs. Although these three 3D-TPB-COF 
were isostructural with the same topology, the weak peaks of the 
PXRD were totally different because of the presence of different 
functional group (Figure 3), i.e. when using the structure model 
with wrong functional group, the Rietveld refinement will result in 
higher R-values. Thus, the functional group of –Me/–F and –H 
could also be easily distinguished by PXRD. The Rwp and Rp of 
final Rietveld refinement were converged to 2.66% and 1.97% 

for 3D-TPB-COF-H, 4.02% and 2.53% for 3D-TPB-COF-Me, 
5.57% and 3.54% for 3D-TPB-COF-F (the detailed data were 
shown in Table S2-S3, Table S5-S6 and Table S8-S9). 

The permanent porosity of these isostructural 3D-TPB-COFs 
were investigated by measuring nitrogen (N2) sorption isotherms 
at 77 K. As can be seen in Figure S10，all three 3D-TPB-COFs 
exhibited a type I isotherm with a sharp increase in gas uptake 
under low relative pressures, indicating their microporous 
structures. The Brunauer−Emmett−Teller (BET) surface areas 
were calculated to be 1050 m2 g−1 for 3D-TPB-COF-H, 950 m2 
g−1 for 3D-TPB-COF-Me and 850 m2 g−1 for 3D-TPB-COF-F, and 
the total pore volumes were estimated to be 0.49 cm3 g−1, 0.45 
cm3 g−1, and 0.42 cm3 g−1, respectively. Furthermore, the pore-
size distributions of these 3D-TPB-COFs were also calculated 
by using the model of nonlocal density functional theory 
(NLDFT). Interestingly, 3D-TPB-COF-H showed a major peak 
centered at 0.56 nm, where 3D-TPB-COF-Me and 3D-TPB-
COF-F displayed a major peak at 0.52 nm. This pore size 
difference can be explained by the volume effect, as –Me and –
F groups occupy much more space than H atom. 

Given that these isostructural 3D-TPB-COFs possess similar 
structure, porosity, pore size and thermal stability, we decided to 
investigate their gas absorption and separation properties to 
verify the effects of functional groups on pore environment. As a  
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Figure 5. Gas uptake and selectivity of 3D-TPB-COFs. (a) CO2 and N2 
isotherms at 273 K, full symbols are for CO2, empty symbols are for N2; (b) 
IAST selectivity of CO2/N2 at the ratio of 15/85. Note: 3D-TPB-COF-H (black), 
3D-TPB-COF-Me (red), 3D-TPB-COF-F (blue). 

proof-of-concept study, we chose to investigate the selective 
sorption of CO2 over N2, since CO2 has larger quadrupole 
moment than that of N2. The N2 uptakes of 3D-TPB-COFs at 273 
K are all very low due to the weak interaction between the 
framework and N2, as shown in Figure 5a. In contrast, all three 
3D-TPB-COFs can adsorb much more amount of CO2 with 
almost the same value (~90 cm3 g−1) at 273 K and 1 bar. More 
importantly, 3D-TPB-COF-F shows much more adsorption at low 
CO2 pressure than 3D-TPB-COF-H and 3D-TPB-COF-Me. In 
order to further understand the CO2 adsorption properties, we 
calculated the isosteric heat of adsorption (Qst) from the CO2 
adsorption isotherms at temperatures of 273 K and 298 K by 
fitting the data to virial equation (Table S10 and Figure S21-S23). 
At zero coverage, the Qst value of 3D-TPB-COF-H, 3D-TPB-
COF-Me and 3D-TPB-COF-F were calculated to be 21.8 kJ mol-
1, 24.7 kJ mol-1 and 28.4 kJ mol-1, respectively, which explains 
the high adsorption of CO2 for 3D-TPB-COF-F at low pressure.18 

On the basis of the CO2 and N2 isotherms measured at 273 K, 
we then used the ideal adsorbed solution theory (IAST) to 
calculate the multicomponent adsorption behavior. The 

adsorption selectivity for CO2/N2 mixtures (15/85) of 3D-TPB-
COFs as a function of pressure was presented in Figure 5b. 
Obviously, 3D-TPB-COF-F showed a selectivity of 50 at 1 bar, 
which is higher than that of 3D-TPB-COF-Me (31, 1 bar) and 3D-
TPB-COF-H (24, 1 bar). Thus, by changing the pore 
environment of 3D-TPB-COFs, the selective sorption capability 
can be definitely tuned. 

Conclusion 

In summary, we have designed and synthesized three 
isostructural 3D-TPB-COFs, in which the pore environment has 
been precisely tuned leading to the highest selectivity of CO2 
over N2 with polar C-F functional groups. With state-of-art cRED 
techniques, the electron diffraction resolution reached up to 0.9-
1.0 angstrom, which gives the possibility to locate all non-
hydrogen atoms directly from a polycrystalline sample for the 
first time. Three 3D-TPB-COFs were proved to adopt the same 
five-fold interpenetrated pts topology with clearly visible different 
functional groups. This result can not only help us for better 
understanding and future designing of the pore environment of 
3D COFs for targeted applications, but also open the possibility 
to study the polycrystalline COF samples directly at atomic level 
while avoiding the growth of large COF single crystals. 

Experimental Section 

Synthesis of 3D-TPB-COF-H. A Pyrex tube was charged with TAPM 
(30.4 mg, 0.08 mmol), 1,2,4,5-Tetrakis-(4-formylphenyl) benzene (TPB-
H) (39.6 mg, 0.08 mmol), chloroform (2.0 mL), n-butanol (0.1 mL) and 6 
M aqueous acetic acid (0.2 mL). After being degassed by freeze-pump-
thaw technique for three times and then sealed under vacuum, the tube 
was placed in an oven at 100 °C for 7 d. The resulting precipitate was 
filtered, exhaustively washed by Soxhlet extractions with tetrahydrofuran 
and dichloromethane for 2 d, dried at 120 °C under vacuum for 12 h. The 
3D-TPB-COF-H was isolated as white powder (49.7 mg, 77% yield). 
Elemental analysis for the calculated: C, 88.43%; H, 4.70%; N, 6.87%. 
Found: C, 84.38%; H, 4.81%; N, 6.63%. 
Synthesis of 3D-TPB-COF-Me. A Pyrex tube was charged with TAPM 
(30.4 mg; 0.08 mmol), 1,2,4,5-Tetrakis-(4-formylphenyl)-3',6'-
dimethylbenzene (TPB-Me) (41.8 mg, 0.08 mmol), o-dichlorobenzene 
(2.0 mL), n-butanol (1.0 mL) and 6 M aqueous acetic acid (0.6 mL). After 
being degassed by freeze-pump-thaw technique for three times and then 
sealed under vacuum, the tube was placed in an oven at 110 °C for 7 d. 
The resulting precipitate was filtered, exhaustively washed by Soxhlet 
extractions with tetrahydrofuran and dichloromethane for 2 d, dried at 
120 °C under vacuum for 12 h. The 3D-TPB-COF-Me was isolated as 
white powder (48.4 mg, 73% yield). Elemental analysis for the calculated: 
C, 88.33%; H, 5.02%; N, 6.65%. Found: C, 82.36%; H, 5.06%; N, 6.35%. 
Synthesis of 3D-TPB-COF-F. A Pyrex tube was charged with TAPM 
(30.4 mg; 0.08 mmol), 1,2,4,5-Tetrakis-(4-formylphenyl)-3',6'-
difluorinebenzene (TPB-F) (42.6 mg, 0.08 mmol), o-dichlorobenzene (0.9 
mL), dioxane (2.1 mL) and 12 M aqueous acetic acid (0.3 mL). After 
being degassed by freeze-pump-thaw technique for three times and then 
sealed under vacuum, the tube was placed in an oven at 120 °C for 7d. 
The resulting precipitate was filtered, exhaustively washed by Soxhlet 
extractions with tetrahydrofuran and dichloromethane for 2 d, dried at 
120 °C under vacuum for 12 h. The 3D-TPB-COF-F was isolated as 
white powder (52.3 mg, 78% yield). Elemental analysis for the calculated: 
C, 84.69%; H, 4.26%; N, 6.58%. Found: C, 80.12%; H, 4.11%; N, 6.58%. 
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