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The utilization of dative B«~N bonds for the creation of crystalline organic framework (BNOF) has
increasingly received intensive interest; however, the shortage of permanent porosity is an obstacle that
must be overcome to guarantee their application as porous materials. Here, we report the first
microporous crystalline framework, BNOF-1, that is assembled through sole monomers, which can be
scalably synthesized by the cheap 4-pyridine boronic acid. The 2D networks of BNOF-1 were stacked in
parallel to generate a highly porous supramolecular open framework, which possessed not only the
highest BET surface area of 1345 m? g~! amongst all of the BNOFs but also features a record-high

) d1stN ber 2022 uptake of C;H, and CO, in covalent organic framework (COF) materials to date. Dynamic breakthrough
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Accepted 2nd December 2022 experiments demonstrated that BNOF-1 material can efficiently separate C,H,/CO, mixtures. In addition,
the network can be regenerated in organic solvents with no loss in performance, making its solution

DOI: 10.1039/d25c06016g processable. We believe that BNOF-1 would greatly diversify the reticular chemistry and open new
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Introduction

Since the first crystalline porous materials were reported in the
late 1980s and early 1990s, they have provided an ideal platform
for a deep understanding of the structure-performance rela-
tionships of materials due to their clear and adjustable struc-
tures and controllable properties.’* Metal-organic frameworks
(MOFs)** and covalent organic frameworks (COFs)™ are the
most representative of crystalline porous materials, and thus,
they are known for their impressive material properties.
However, insolubility and poor processability are the limita-
tions of MOF and COF materials, which are related to the
inherent strong bonding interactions (coordination/covalent
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avenues for the application of BNOFs.

bonds) used to aggregate their building blocks.'”** Relatively
weak intermolecular supramolecular interactions permit the
framework to readily dissolve and regenerate in solvents,
endowing the materials with processability to a certain
extent.”*** Various supramolecular interactions, such as
hydrogen bonds,''* halogen bonds,"”** and m- interactions*®
play important roles in producing crystalline supramolecular
frameworks. However, the stability of these frameworks is
usually not enough, for instance, the removal of lattice mole-
cules often results in framework collapse.**** The few supra-
molecular networks, which show extrinsic porosity, are mostly
based on hydrogen bonds.*** In addition, the large-scale and
industrial usage of such materials is still difficult owing to
prohibitive production costs.>*>*

Dative boron-nitrogen bonds (B« N bonds) are very unique
in having a strong covalent character, directionality, and
reversible nature.**** The utilization of dative B« N bonds in
structural supramolecular chemistry has become increasingly
popular in recent years.>*?* Since Kay Severin pioneered the
synthesis of the first crystalline organic framework based on the
B« N bonds (BNOF) by using triboronate esters and bipyridyl
ligands in 2011,% other 1D and 2D crystalline BNOFs have been
designed and synthesized by combining polytopic N-donor
ligands with polyboronate esters.*”*° It is now known that the
robustness of B« N bonds is significantly dependent upon the
steric and electronic properties of the interacting compo-
nents,*>*’ as these properties can prevent the sensitive boronate
ester moieties from hydrolyzing.**** Thus B < N bonds stabilize
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the resulting organic frameworks. In 2019, Severin's group
explored the porosity of BNOFs with sheet-like structures by
combining tetrahedral borates with bent diimidazole ligands.**
However, because these BNOFs exhibit an amorphous state
after activation, the reported specific surface area is low (=314
m? g~ ). The synthesis of BNOFs with permanent porosity is still
in the initial stages.

When the dative B<—N bond is formed, the Lewis basic N-
donor strut is of a monodentate fashion; the configuration of
the B atom is converted from trigonal-planar (sp®) to tetrahedral
geometry (sp®), therefore BNOFs can be controlled and
assembled.**™*” Previously reported the synthesis of supramo-
lecular assemblies based on dative B« N bonds usually
included two steps: (i) boric acid condensation with diols and/or
self-condensation to form borate esters; (ii) adduct formation of
borate esters with N-donor ligand (Scheme 1a and b).>”*® It was
found that the formation of borate esters often increases the
complexity of the monomers, leading to more flexible linkers,
and forming unstable or interpenetrated frameworks with low
void space.***® In contrast, the one-step reaction utilizing a rigid
single component not only simplifies the formation procedures
but also helps avoid by-products.***® Therefore, the single
bifunctional component may be a promising alternative to
building BNOFs. This strategy has however only rarely been
studied.** In this work, we employed an easily obtained and
cheap bifunctional monomer, 4-pyridine boronic acid (PBA), to
construct microporous BNOFs (Scheme 1c¢). It can be speculated
that a 0D macrocyclic multimer could be formed through
bridging pyridine, once boronic acid is condensed into a bor-
oxine ring (B;O3). Nevertheless, isoreticular expansion needs to
connect two B atoms in a stereoscopic configuration on the
boroxine (one boroxine cannot exist with three tetrahedral B
atoms due to the steric hindrance effect™). As we expected, a 2D
crystalline B« N organic framework, BNOF-1, was successfully
synthesized by PBA in one step, which is the first BNOF with
permanent porosity based on the sole monomer. BNOF-1 can be
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easily prepared in large amounts and possesses the highest
specific surface area compared to previous BNOFs. It also
establishes a new benchmark organic framework material for
C,H, storage. According to the breakthrough curve, the high
dynamic C,H, productivity and selectivity allow BNOF-1 to be
potentially applied to the separation of C,H,/CO, mixtures
under actual conditions.

Results and discussion
Crystal structure

Colourless rhombic single crystals of BNOF-1 were obtained
under a solvothermal reaction by heating PBA in a mixture of N-
methylformamide (NMF), MeCN, and HCOOH at 120 °C for
12 h. The single-crystal structure shows that BNOF-1 crystallizes
in the orthorhombic space group Pmmn. Three PBAs were
condensed into a boroxine after removing trimolecular water,
and the other two PBAs coordinated with two B atoms in the
tetrahedral configuration on the boroxine through dative BN
bonds (Scheme 1c). The B-N bond length of 1.627 A is similar to
the previously reported values.****> Every boroxine is con-
nected to four bridged pyridines in the trans conformation and
one coplanar pyridine (Fig. 1a); the 4-c boroxine node is further
extended to construct a 2D layer (Fig. 1b) with sra topology.
From the a-axis, these layers are stacked and overlapped to give
rise to a supramolecular framework through weak intermolec-
ular forces, with an interlayer distance of about 3.7 A (Fig. 1c). A
square 1D open channel of ~9.0 x 9.6 A? is formed along the ¢
direction (Fig. 1b and d), with accessible free voids covering
49.0%. The end-capped pyridines were staggered and modified
on the upper and lower surfaces of the layers (Fig. 1c).

Stability

The crystalline phase was characterized by powder X-ray
diffraction (PXRD) that shows sharp and strong peaks at 26
equaling 8.1 and 12.0° for synthesized crystals of BNOF-1

This Work (One-step)
(c)

(a) and (b) Supramolecular assemblies based on dative B« N bonds that were synthesized in two steps according to previous reports.

(c) The incorporated bifunctional monomer used in this work and a fragment of the 2D network in BNOF-1.
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Fig. 1
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(a) Connection mode of boroxine in BNOF-1. (b) Fragment of the tetrameric ring in BNOF-1. (c) 2D layers in BNOF-1 stacked along the a-

axis. (d) The 3D supramolecular framework of BNOF-1 is viewed along the c axis. C gray, N navy, B pink, O red (H atoms are omitted for clarity).

(Fig. S17). Thermogravimetric analysis (TGA) of BNOF-1 showed
a 23.7% weight loss between 30 and 260 °C, and then a platform
was displayed at 260-380 °C (Fig. S27), demonstrating high
thermal stability. Although BNOF-1 exhibits thermostability at
high temperatures, it quickly decomposed into the monomer
PBA in water and acidic/basic solutions (Fig. S3t), resulting
from the nature of the boroxine formation as a reversible
dehydration process.*” The decomposition product, PBA, can be
reused to synthesize BNOF-1 (Fig. S31). However, BNOF-1 can
retain its crystallinity in common organic solvents, such as
EtOH, CH,Cl,, MeCN, n-hexane, N,N-dimethylformamide,
methylbenzene (MB), and acetone (Fig. S47).

Large-scale production and regeneration

Notably, the highly crystalline BNOF-1 material can be facily
synthesized with gram-scale and a high yield, which is imper-
ative from a view of industrial application. In a laboratory
attempt, 0.73 g of BNOF-1 could be produced from 1 g of PBA by
simply improving the raw material amount (Fig. 2a). Interest-
ingly, the crystals of BNOF-1 can be dissolved in a hot organic
solution, and the high-quality crystalline samples can be ob-
tained again by slowly evaporating (Fig. 2b). This process is
predominant due to the good reversibility of B« N bonds that

Evaporate
.

Fig. 2 (a) Large-scale synthesis and (b) regeneration process of
BNOF-1.

© 2023 The Author(s). Published by the Royal Society of Chemistry

enables recrystallization to the original framework after
breakage and reassembly,**** indicating the excellent regener-
ability and solution processability of BNOF-1. The measured
PXRD results are also consistent with the as-synthesized
pattern, indicating phase purity (Fig. S11).

Gas adsorption

Guest-free BNOF-1 can be readily produced by heating under
a vacuum at 433 K for 10 h, where BNOF-1 maintains crystal-
linity after activation (Fig. S11). The activated sample does not
contain guest molecules, as confirmed by TGA (Fig. S2t). The
permanent porosity of BNOF-1 was proven by N, adsorption at
77 K. At low pressure (P/P, < 0.01), the adsorption amount
increased rapidly, exhibiting the I-type adsorption curve of
microporous materials with a saturated loading of 340.7 cm?
¢~ ' (Fig. 3a). By fitting the adsorption data, Brunauer-Emmett-
Teller (BET) and Langmuir specific surface areas were 1345 and
1450 m” g, respectively. BNOF-1 represents the highest BET
surface areas reported for B-N-based compounds (=314 m>g ™)
to date.* According to the Horvath-Kawazoe (H-K) model, the
pore size of BNOF-1 is approximately 4.5-9.0 A (Fig. 3a inset),
which is close to the pore aperture metrics from the structure.
The experimental pore volume of BNOF-1 is ~0.50 cm® g~ " (P/P,
= 0.12), agreeing with the theoretical pore volume (0.55 cm®
g~ "). Furthermore, the porosity and BET surface areas can be
well maintained for the scale-up and regenerated crystals
(Fig. 3f and S57).

C,H, is an important raw material widely used in the
production of chemical products.*® In industry, trace CO, is
inevitably mixed in the process of producing C,H, through
partial combustion of methane or steam cracking,* which
seriously affects the purity of C,H, in applications. However, as
they have identical kinetic diameters (3.3 A) and similar boiling
points (C,H,, 189.3 K; CO,, 194.7 K, Scheme S171),°>*® C,H,-CO,
separation is extremely challenging. However, BNOFs have not
been explored in the field of gas separation. Inspired by the high
porosity and large specific surface area of BNOF-1, we further
investigated the adsorption properties of C,H, and CO,. As
shown in Fig. 3b, the adsorption capacities of C,H, at 273 and

Chem. Sci., 2023, 14, 533-539 | 535
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(a) N5 sorption isotherm and pore size distribution of BNOF-1at 77 K. (b) C,H, and CO, sorption isotherms of BNOF-1 at 273 and 298 K. (c)

Comparison of C,H, and CO, uptakes by BNOF-1 with other C,H,-selective COF materials at 298 K. (d) Comparison of selectivity and C,H,
adsorption uptake among COFs at 298 K and 100 kPa. (e) Qs of BNOF-1 for C,H, and CO,. (f) Comparison of adsorption amounts for N, CoHo,

and CO; in different samples of BNOF-1.

298 K at 1 bar are 135.9 and 113.2 cm?® g, respectively. The
corresponding uptakes of CO, are 121.6 and 75.2 cm® g™,
respectively. From the crystal density and uptake, the C,H,
storage density in BNOF-1 at 298 K was calculated to be
1.48 ¢ cm >, which is far beyond the safe compression limit at 2
bar (~704 times, 0.0021 g cm °).” In addition, the uptake
amounts of BNOF-1 for large-scale prepared and regenerated
samples remain unchanged, demonstrating the feasibility of
large-scale synthesis and the intactness of the restored frame-
work (Fig. 3f and S6-S91). Under ambient conditions, BNOF-1
exhibits the highest volumetric adsorption capacity for C,H,
and CO, (113.2, 75.2 cm® g~ ') as compared to the reported COF
materials, such as NKCOF-12 (78, 55 cm® g '),*® 2D sql COF
(77.8,39.4 cm® ¢ 1),* 3D pts COF (71.4, 32 cm® g 1),* TpPa-NO,
(63.73, 45.18 cm® g~ ),°° PAF-120 (50.8, 30 cm® g~ '),** NUS-72
(48, 11.2 em® g7"),% NUS-71 (42.4, 10.3 cm® g7),* ZJUT-2 (36,
20.7 cm® g7 1),% ZJUT-3 (34.7, 16.1 cm® g '), et al. (Fig. 3c and
Table S1t), which could be a new benchmark organic frame-
work for C,H, and CO, storage.

Gas selectivity

Given the significant C,H, loading of BNOF-1, the ideal adsor-
bed solution theory (IAST) was used to evaluate the separation
performance of BNOF-1 on C,H, and CO, mixtures. According
to the fitting results through the single-point Langmuir-
Freundlich equation (Fig. S1071), the selectivity of 2.8-3.2 at 298
K (Fig. S117) is comparable to other COFs, such as ZJUT-2
(3.2),%* 2D sql COF (4.8),” and NKCOF-12 (5.8)°® (Fig. 3d).
Subsequently, the Virial II equation was used to estimate the
interactions of BNOF-1 with C,H, and CO, (Fig. S12t). As shown
in Fig. 3e, the adsorption heats (Qy) of CO, and C,H, at 298 K
were in the range of 23.8-27.3 and 24.0-29.8 kJ mol ™',

536 | Chem. Sci., 2023, 14, 533-539

respectively. The Qg for both C,H, and CO, increased with the
uptake, which may be because the adsorption process benefits
from molecular interactions between the adsorbates.®*** The
overall higher Qs of BNOF-1 for C,H, than CO,, indicates
a higher affinity. The zero-loading Qg (24.0 k] mol ') of BNOF-1
for C,H, is lower than some known COFs (Table S17). Such
a moderate Qg implies that the regeneration of BNOF-1 material
is more energy-saving for the uptake and release of C,H,.

Molecular simulations

To accurately illustrate the interactions between BNOF-1 and
gas molecules, the preferential combined sites of C,H, and CO,

(a) y A (b) _—

(c)12 (d)

Qo6 gas

04 0.4
0.2 C.H, 0.2 CH,
co, co,

0.

0.0
0 10 20 30 40 50 60 70 80 90
t(ming”)

.0
0 10 20 30 40 50 60 70 80
t(ming™)

Fig. 4 Preferential adsorption sites for (a) CoH, and (b) CO,. Break-
through plots for the separation of C,H,/CO, mixtures at 298 K: (c)
CoH,—CO,—Ar = 5%-5%-90%, (d) CoH,—CO,—Ar = 5%-10%—-85%.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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in the framework were simulated by using the Grand Canonical
Monte Carlo (GCMC). As described in Fig. 4a and b, both CO,
and C,H, molecules are located in the centre of the rhombic
channel of BNOF-1. The adsorbed CO, molecule shows a side-
on orientation, while C,H, has an end-on orientation in terms
of the local pore environment, which has also been observed in
previous reports on energy reduction.®® One O atom of CO,
molecule forms four C-H---O hydrogen bonds (~3.22 A) with
the C-H units of four pyridine rings. For the C,H, molecule, two
H atoms form four C-H---C hydrogen bonds with the C atoms of
four pyridine rings (~2.83 A), as reported in other MOF mate-
rials.” These similar weak interactions explain the small
difference in Qg between C,H, and CO,, but as the hydrogen
bonds formed by the framework with C,H, are shorter than
CO,, it leads to stronger interactions for C,H, from the
framework.

Breakthrough experiment

To verify the ability of BNOF-1 to capture C,H, and separate
C,H,/CO, in gas mixtures, the activated BNOF-1 (0.6 g) was fil-
led into the packed bed for dynamic breakthrough experiments.
At a flow rate of 5 mL min~, CO, was detected at 15 min gf1 for
the equimolar C,H, and CO, mixture (C,H,~CO,-Ar = 5%-5%-—
90%), while C,H, could be retained at 40.4 min g~ '. Therefore,
the penetration time interval was 25.3 min g ' (Fig. 4c),
exceeding COF material NKCOF-12 (14 min g ')*® and MOF
material FJU-22 (11 min g ")* under similar conditions. Based
on the working capacity, 1 kg of BNOF-1 could adsorb 12.5 L of
C,H, in BNOF-1 and directly produce 4.0 L of CO, with high
purity (>99.0%). The yield of C,H, was higher than that of
NKCOF-12 (10.04 L), but lower than the COF materials, NUS-71
(31.4 L)*> and NUS-72 (35.8 L),** as well as several benchmark
MOFs for C,H,/CO, separation supported by open metal sites
and/or polar functional groups, such as TIFSIX-2-Cu-i (73.9 L),*
FJU-90 (41.9 L),” CPL-1-NH, (30.9 L),”* and UTSA-300 (17.2 L).”
The dynamic separation ratio could be determined to be 3.1,
which was consistent with the IAST selectivity (3.2) and sur-
passed the values in some MOFs, such as FJU-22 (1.9),°® SNNU-
45 (2.9),” and NKMOF-1-Ni (2.6).”* When the ratio of C,H, and
CO, is changed to 1 : 2 (C,H,~CO,-Ar = 5%-10%-85%), BNOF-1
can still completely separate C,H, and CO,, with the break-
through time interval of 25 min g ' (Fig. 4d). The excellent
C,H,/CO, separation ability of BNOF-1 may be attributed to
high C,H, adsorption capacity and significant C,H,/CO, selec-
tivity. In addition, after the breakthrough experiments, the
samples of BNOF-1 are still intact, as confirmed by PXRD
(Fig. S1%).

Conclusions

In conclusion, we present the first example of crystalline
microporous 2D BNOF with permanent porosity, which was
constructed through single-component monomers. BNOF-1
with high porosity shows the highest surface area amongst
known BNOFs and a benchmark C,H, adsorption capacity in
COFs. BNOF-1 can be conveniently prepared on a large scale by

© 2023 The Author(s). Published by the Royal Society of Chemistry
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a one-step reaction and regenerated under mild conditions. The
breakthrough experiment proves that BNOF-1 can efficiently
separate CO, and C,H, mixtures with a long C,H, retention
time and high dynamic selectivity. The synthesis of BNOF-1
would enrich supramolecular chemistry and reticular chem-
istry. It is expected that more innovative B« N bonds-based
organic frameworks will be produced for their broad applica-
tions in the future. Notably, a newly published study reported
an example of BNOF with permanent porosity during the peer
review stage of this study, which was based on two different
monomers with a relatively low surface area (255 m> g )
compared to BNOF-1.7
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