
•ARTICLES• July 2022 Vol.65 No.7: 1315–1320
https://doi.org/10.1007/s11426-022-1272-5

Covalent organic frameworks catalyzed by organic Lewis acid
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We report the synthesis of covalent organic framework (COF) crystals with organic Lewis acid instead of the conventional use of
Brønsted acid or inorganic Lewis acid. Specifically, tris(pentafluorophenyl)borane was applied for the growth of seven imine
COFs: TAPB-PDA-, TAPB-2,5-DMTA-, TAPB-2,3-DMTA-, TAPT-PDA-, TAPT-2,5-DMTA-, TAPT-2,3-DMTA-COF with
hcb topology and varied in functional groups, as well as a new one, COF-820, with sql topology. All these COFs were obtained at
room temperature. Their high crystallinity and porosity demonstrate the versatility of the organic Lewis acid as a catalyst. Bulky
organic Lewis acid was found critical for the production of COF-820, while its absence resulted in the formation of a different
COF, 4PE-1P-COF, with kgm topology using the same building blocks. Such steric effect, typical for organic catalysts, provides
a new way to regulate the topology of COFs and their future design.
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1 Introduction

Covalent organic framework is an emerging family of porous
crystalline materials constructed from molecular building
blocks linked by covalent bonds [1]. The crystallization of
COFs with imine linkage paved the way to the recent
thriving of chemically stable COFs for the separation of
useful molecules, catalysis and biomedical applications [2–
5]. In the conventional synthesis of imine COFs, Brønsted
acids, e.g., acetic acid, are usually applied as the catalysts to
activate the aldehyde carbon in one of the molecular building
blocks (Scheme 1a). It usually takes more than a week to
obtain imine COFs with high crystallinity and requires a
relatively high reaction temperature, typically more than
120 °C [6,7]. The growth process was drastically accelerated
by switching Brønsted acid to inorganic Lewis acid, such as

metal triflates and metal halides [8,9], where the coordina-
tion between oxygen and the metal ions further activates the
aldehyde carbon (Scheme 1b). In the following step, the al-
dehyde carbon is attacked by an amine, which is also elec-
trophilic [10]. The presence of both Brønsted acid and Lewis
acid will also influence the attack of amine (Scheme 1b).
Therefore, a delicate balance between the activation of al-
dehyde carbon and nucleophilic attack of amine is required
for the overall formation of the imine bond during the growth
of imine COFs.
Different from inorganic Lewis acid, organic Lewis acid

might not be as efficient in activating aldehyde carbon be-
cause of its steric [11–13]. However, its relatively weaker
influence on the amine caused by the steric effect is usually
overlooked [14–18], especially in the synthesis of COFs. In
this study, we use tris(pentafluorophenyl)borane (TPFB) to
show that organic Lewis acid is also capable of efficient
catalysts for the growth of imine COFs (Scheme 1b). A series
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of COFs, TAPB-PDA-, TAPB-2,5-DMTA-, TAPB-2,3-
DMTA-, TAPT-PDA-, TAPT-2,5-DMTA-, TAPT-2,3-
DMTA-COF, with hcb topology and various functional
groups (such as triazine, methoxy), was obtained by this
catalyst, respectively. In addition, a new structure with sql
topology, COF-820, was synthesized. This COF was not
obtained when Brønsted acid or inorganic acid was used as
catalyst [19,20]. In order to investigate the role of TPFB in
the formation of COF-820, a control experiment was per-
formed by adding extra aniline to quench this organic Lewis
acid. A COF with a different topology, kgm, was obtained,
where the majority of the pores are too small for the entrance
of TPFB. This indicates that the organic Lewis acid tunes not
only the formation of the imine bond, but also certain dial-in
topology through the steric effect, a feature typical for or-
ganic catalysts, but not sound in Brønsted acid or inorganic

Lewis acid. The versatility of this method to different
functional groups and topologies makes organic Lewis acid a
new tool to explore the synthesis of COFs.

2 Results and discussion

In order to demonstrate the capability of this bulky organo-
boron, TPFB, as an organic Lewis acid catalyst, we first
selected the synthesis of TAPB-PDA-COF with hcb topol-
ogy as an illustration (Figure 1a). The experiments were
carried out under ambient conditions for three days, without
applying heating or additional pressure in the conventional
conditions, using Brønsted acid as a catalyst (Supporting
Information online Section 2). The yellow crystals obtained
were collected with a yield of about 81%. The appearance of

Scheme 1 (a) General comparison of conventional methods and this work for COF synthesis. (b) Comparison of Brønsted acid, inorganic Lewis acid, and
organic Lewis acid from the perspective of the formation mechanism of imine COF (color online).
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a characteristic peak of C=N bond stretch at 1,624 cm−1 in
the Fourier transform infrared (FTIR) spectrum indicates the
formation of imine bonds (Figure S9). Powder X-ray dif-
fraction (PXRD) analysis showed sharp peaks in the pattern,
indicating good crystallinity. Four finger print peaks were
observed at 2.80°, 4.86°, 5.58°, and 7.42°, with the corre-
sponding hkl index of 100, 110, 200, and 210, respectively,
confirming the successful synthesis of TAPB-PDA-COF
(Figure 1b). Scanning electron microscope (SEM) images
show that the product is uniform in size (around 200 nm) and
pure phase (Figure S15). The organoboron catalyst was re-
moved by washing with weak basic solvents such as acet-
onitrile and dioxane due to its good solubility in organic
solvents prior to the activation of COF crystals. Brunauer-
Emmett-Teller (BET) surface area of TAPB-PDA-COF cal-
culated from N2 adsorption isotherm at 77 K was 480 m2 g−1

(Figure 1c) in the same ball park that was synthesized using
Brønsted acids as catalyst [21]. The above results show that
this method offers good yield, excellent crystallinity and fair
permanent porosity. In comparison to Brønsted acid, the
interaction between the organoboron to the aldehyde linker
was weaker. Therefore, its activation of the aldehyde was not
in effect. However, COF can be synthesized under much

milder conditions using organic Lewis acid. This indicates
that the contribution to the catalysis originated from the re-
duced quench to the amine linker.
The versatility of the catalytic bulky performance of or-

ganoboron was tested by expanding the range of amine
monomers and aldehyde monomers, including the less so-
luble triazine-based amine building blocks and methoxy-
modified aldehyde building blocks. A series of COFs varied
in functional groups isoreticular to TAPB-PDA-COF were
obtained under the similar synthetic conditions using TPFB,
namely TAPB-2,5-DMTA-, TAPB-2,3-DMTA-, TAPT-
PDA-, TAPT-2,5-DMTA-, TAPT-2,3-DMTA-COF (Figure
1a), with the yield about 79%, 68%, 75%, 81%, and 76%,
respectively. The FTIR spectrum shows that the character-
istic peaks of C=N bond stretch appear at 1,618, 1,618,
1,621, 1,620, and 1,624 cm−1, for these COFs, respectively
(Figure S10-14). PXRD patterns of these COFs show the
characteristic peaks at 2.8°, indicating that these COFs are
identical in topology (Figure 1b). Their experimental PXRD
patterns matched well with that generated from simulated
structures, and the presence of sharp peaks indicated the
good crystallinity of these five COFs. SEM images also
confirm their uniform crystal size and phase purity (Figures

Figure 1 (a) General synthesis of bulky organoboron-catalyzed COFs and their chemical structures. (b) PXRD pattern of TAPB-PDA, TAPB-2,5-DMTA,
TAPB-2,3-DMTA, TAPT-PDA, TAPT-2,5-DMTA, TAPT-2,3-DMTA-COF, respectively. (c) BET isotherms of the TAPB-PDA, TAPB-2,5-DMTA, TAPB-
2,3-DMTA, TAPT-PDA, TAPT-2,5-DMTA, TAPT-2,3-DMTA-COF, respectively (color online).
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S16–S20). BET surface areas were measured, 670, 1,260,
1,280, 1,080, and 600 m2 g−1 for TAPB-2,5-DMTA-, TAPB-
2,3-DMTA-, TAPT-PDA-, TAPT-2,5-DMTA-, TAPT-2,3-
DMTA-COF, respectively, indicating their permanent por-
osity (Figure 1c). TAPT-PDA-COF with the triazine ring
exhibited a better specific surface area compared with the
Brønsted acid [22], which is likely due to the interaction
between nitrogen atoms on the triazine ring and bulky or-
ganoboron. The shortened distance between the organoboron
and the adjacent building blocks promotes the catalytic ef-
ficiency for the formation of imine bonds nearby. With the
modification of the methoxy group on the aldehyde building
blocks, its steric hindrance might affect the catalytic effi-
ciency of the bulky organoboron, reflected in the reduced
specific surface area compared with TAPT-PDA-COF. The
methoxy groups present in the channel would also occupy
space, therefore decreasing the pore volume (Figures S22–
S26). These results demonstrated that organic Lewis acid is
applied to the synthesis of COFs with different substituents.
In addition to the promotion of catalytic efficiency for

COF synthesis, the bulkiness of organic Lewis acid will also

offer structure tunability of COFs through steric effect, a
feature yet available in Brønsted acids or inorganic Lewis
acid. The topology and pore size of COFs are known to be
critical for their macroscopic applications [23,24]. The to-
pology of the resulting COF is usually determined by the
symmetry of building blocks. However, in some cases, the
same set of building blocks can lead to different topologies.
For example, the combination of a quad-linked building
block with D2h symmetry, tetraphenylethene, and double-
linked monomers with C2 symmetry, terephthalaldehyde,
will lead to the formation of two topologies in 2D, sql and
kgm [25]. Different pore types and pore sizes are observed in
the COFs with these two topologies. The COF in kgm
topology exhibits a hierarchical pore structure containing
two types of channels. One is a larger channel in hexagonal
shape, accounting for only 33% of the entire pores, and
the other is a smaller one in triangular shape contributing
to 66%. The COF in sql topology displays channels of a
single type in quadrilateral shape, the pore size of which is
larger than that of the triangular pore in the kgm topology
(Scheme 2).

Scheme 2 Preferential formation of sql topology under the catalysis of bulky organoboron caused by steric effect (color online).
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The difference between these two pores allows for topol-
ogy regulation using bulky organoboron as a catalyst. The
size of TPFB is 1.58 nm, which is smaller than the quad-
rangular pores in the sql topology but larger than the trian-
gular pores, 0.90 nm, taking up the majority of the pores in
the corresponding COF. When TPFB was used, a new COF,
COF-820, in sql topology was obtained instead of 4PE-1P-
COF, a known COF in kgm topology, using Brønsted acid as
a catalyst. The PXRD patterns of the resulting COF show
three finger print peaks, typical for sql topology, with the
strongest at 4.85°, and the other two at 9.71° and 12.29°,
respectively. These peaks matched well with the simulated
structure of sql topology, distinctively different from those of
kgm topology, demonstrating the phase purity (Figure 2a).
The nitrogen adsorption isotherm of COF-820 shows a type I
isotherm, and the single peak in pore size distribution is in
good accordance with the single pore type for COF-820
(Figure S27). SEM image also shows uniform morphology
with rhombic flakes (Figure 2a). The regulation of the
synthesis of COF in sql topology is likely attributed to the
fitting of the organoboron into the pores of these COFs. The
quadrilateral pore in COF-820 with sql topology is large
enough to the allowed entrance of TPFB to carry catalysis for

structure formation. Although the hexagonal pore is large
enough, the majority of triangular pores are too small to
include TPFB inside, inhibiting the formation of 4PE-1P-
COF in kgm topology. This unveils the potential of organic
Lewis acid in controlling topology for COF synthesis.
To further verify the role of organic Lewis acid in topology

regulation, control experiment with the extra amount of
aniline to quench the acidic site in TPFB. As the ratio of
aniline increased, a mixed phase of two topologies emerged.
The PXRD pattern showed multiple peaks, corresponding to
the finger print peaks of both simulated sql and kgm struc-
tures. SEM images revealed two morphologies for the pro-
duct obtained from this condition, rhombic sheet and
spherical structures (Figure 2c).
As aniline was added with higher proportions, the forma-

tion of COF-820 with sql topology was completely inhibited,
resulting in the formation of 4PE-1P-COF with kgm topol-
ogy in the pure phase. The PXRD pattern shows five finger
print peaks of 4PE-1P-COF, with the highest intensity peak
at 2.71°, and the other four are at 4.70°, 5.43°, 7.19° and
8.15°, respectively, corresponding to the simulated kgm
structure (Figure 2d). The nitrogen adsorption isotherm at 77
K of 4PE-1P-COF is type IV. Two peaks were observed in

Figure 2 (a) Tuning of topology by adjusting the ratio of bulky organoboron as Lewis acids and aniline as Lewis bases. (b) Experimental (black) and
simulated (blue) PXRD pattern of COF-820. Inset is the SEM image (scale bar: 500 nm) of the COF-820. (c) Experimental PXRD pattern (black) of the
mixed phase of COF-820 and 4PE-1P-COF. (d) Experimental (black) and simulated (red) PXRD pattern of 4PE-1P-COF. Inset is the SEM image (scale bar:
500 nm) of the 4PE-1P-COF (color online).
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pore size distribution in good accordance with the dual-pore
structure of 4PE-1P-COF (Figure S29). SEM images only
showed morphology typical for 4PE-1P-COF was rod-like
particles in spherical aggregates (Figure 2d). This further
outlined the critical role of organic Lewis acid in topology
control.

3 Conclusions

In summary, we have successfully synthesized a series of
COFs with high crystallinity and porosity at room tempera-
ture in the air by using the bulky organoboron as a pure
organic Lewis acid catalyst. The condition using a metal-free
catalyst is less in energy consumption and pollution, which is
ideally suited for large-scale production of COFs. The steric
hindrance offered by the organic catalyst allows for topology
regulation of COFs using the same set of building blocks,
which provides a new choice for the design and synthesis of
new COFs.
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