Chinese Journal of
POLYMER SCIENCE

RESEARCH ARTICLE

https://doi.org/10.1007/s10118-024-3133-5
Chinese J. Polym. Sci.

A Fluorine-Functionalized 3D Covalent Organic Framework with

Entangled 2D Layers

Li-Bang Xiao®!, Zi-Han Wu@*, Jun-Jie Xin®*, Yuan-Peng Cheng?, Bo Gui?", Jun-Liang Sun®, and Cheng Wang®”

@ College of Chemistry and Molecular Sciences, Wuhan University, Wuhan 430072, China
b College of Chemistry and Molecular Engineering, Beijing National Laboratory for Molecular Sciences, Peking University, Beijing 100871, China

é Electronic Supplementary Information

Abstract Constructing three dimensional (3D) covalent organic frameworks (COFs) through the entanglement of two dimensional (2D) nets is a
promising but underdeveloped strategy. Herein, we report the design and synthesis of a fluorine functionalized 3D COF (3D-An-COF-F) formed by
entangled 2D sql nets. The structure of 3D-An-COF-F was determined by the combination of continuous rotation electron diffraction technique
and modelling based on the chemical information from real space. Interestingly, compared to the isostructural 3D-An-COF without F atoms, 3D-
An-COF-F showed an improved CO, sorption ability and higher CO,/N, selectivity. Our study not only demonstrated the generality of construct-
ing 3D COFs with entangled 2D nets by introducing bulky groups vertically in planar building blocks, but also will expand the diversity of 3D COFs

for various applications.
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INTRODUCTION

Covalent organic frameworks!' (COFs) represent an emerging
class of porous crystalline polymers constructed by covalently
linked molecular building blocks following the principle of reti-
cular chemistry.” Owing to their designable structures, low
density, permanent porosity, and robust backbones, COFs have
been found broad interest in catalysis,®~'? adsorption and sep-
aration,"’"9) sensing,'"' optoelectronics,?%-23 energy,?+-%"
and so on. Based on their structural characteristics, COFs can be
mainly divided into either 2D COFs®8-32 or 3D COFs.33-49 Struc-
turally, 3D COFs can have abundant open channels and nume-
rous open sites, which makes them promising for separation®"
and catalysis.*? However, due to the challenging synthesis and
structure determination,333443-% far fewer 3D COFs have been
reported. Consequently, many efforts have been devoted to di-
versifying the structures of 3D COFs. The most straightforward
method to extend the structure pool of 3D COFs is to develop
new 3D nodes suitable for constructing these structures. Thanks
to worldwide efforts, polyhedral nodes with 4, 6 or 8 connectivi-
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ty have been developed.”*¢-53 Unfortunately, the synthesis and
structure determination of 3D COFs becomes more challenging
as the valence of building blocks increases. Therefore, it is high-
ly appealing to develop other strategies to construct 3D COFs.

Alternatively, it is also possible to construct 3D COFs from
the entanglement of 2D planar sheets based on reticular
chemistry.54! For example, Yaghi and coworkers reported two
3D COFs composed of 2D layers constructed based on a dis-
torted tetrahedral building block.l>s! This work strongly con-
firms the possibility to construct 3D COFs through the entan-
glement of 2D layered nets, but very few examples have been
successfully reported so far.55-571 Very recently, we devel-
oped a new strategy to construct 3D COFs formed by 2D lami-
nated sheets via the introduction of bulky hindrance to the
vertical direction of planar building blocks.l*8) However, the
universality of this strategy should be further verified. In addi-
tion, the effect of pore environment modification on the
properties of these 3D COFs with entangled structures is un-
known.

Herein, we report the design and synthesis of a novel 3D
COF formed by entangled 2D layers. The F atoms substituent
precursor with bulky anthracene in the vertical direction was
designed and synthesized. After further Schiff-base reaction, a
novel 3D COF (3D-An-COF-F) was isolated, which is isostruc-
tural to our previously reported 3D-An-COF.[56] Based on the
combination of continuous rotation electron diffraction
(cRED) techniquel6581 and modelling with the chemical infor-
mation in real space, 3D-An-COF-F was determined to be a 3D
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framework entangled by two sets of nearly vertical 2D sql
nets. Interestingly, 3D-An-COF-F showed enhanced CO, sorp-
tion performance and higher CO,/N, selectivity compared to
the reported 3D-An-COF. Therefore, it is general to construct
3D COFs with entangled 2D sheets from the planar building
blocks with bulky groups in the vertical direction. This study
also advances the design and synthesis of 3D COFs with en-
tangled 2D layers for target applications in the future.

EXPERIMENTAL

General Considerations
3,5-Difluoro-4-formylphenylboronic  acid (98%), palladium
tetrakis(triphenylphosphine) (99%), and 1,2-difluorobenzene
(98%) were purchased from Shanghai Aladdin Biochemical
Technology Co., Ltd. 1,4-Dioxane (99%), acetic acid (99.5%),
potassium carbonate (99%) and dichloromethane (99%) were
obtained from Sinopharm Chemical Reagent Co., Ltd. All chemi-
cals were used as received unless otherwise indicated. Deion-
ized water was used in all experiments.

Synthesis of PADC-F

The N°,N°,N'°N'O-tetrakis(4-bromophenyl)-9,10-anthracene di-
amine was synthesized following previously reported proce-
dure.® 3,5-Difluoro-4-formylphenylboronic acid (3.72 g, 20.00
mmol), N°N°N'° N'"-tetrakis(4-bromophenyl)-9,10-anthracene-
diamine (3.50 g, 4.00 mmol), palladium tetrakis(triphenylphos-
phine) (0.23 g, 0.20 mmol) and potassium carbonate (4.42 g,
32.00 mmol) were added to a flask containing 150 mL of 1,4-
dioxane and 30 mL of water. The mixture was heated at 120 °C
under nitrogen atmosphere for 3 days. After cooling down to
room temperature, the solvents were removed under reduced
pressure. Then the residues were purified by column chro-
matography [SiO,:CH,Cl,/PE (2:1— 5:1)] to yield PADC-F as a
yellow solid (2.70 g, 63% yield). 'TH-NMR (400 MHz, CDCl,, 6,
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ppm): 10.34 (s, 4H), 8.21-8.15 (m, 4H), 7.52 (d, J=8.8 Hz, 8H),
7.50—7.40 (m, 4H), 7.27 (s, 4H), 7.25 (s, 4H), 7.16 (d, J=10.1 Hz, 8H).
"H-NMR (400 MHz, DMSO-dg, 6, ppm): 10.19 (s, 4H), 8.20-8.15
(m, 4H), 7.83 (d, J=8.9 Hz, 8H), 7.59 (d, J/=10.8 Hz, 12H), 7.23 (d,
J=8.9 Hz, 8H). 3C-NMR (100 MHz, CDCl,, 6, ppm): 184.3, 162.3,
148.8, 148.5, 136.9, 131.6, 131.0, 128.5, 127.9, 124.8, 121.0, 110.1,
109.8."°F-NMR (376 MHz, CDCls, 6, ppm): —114.2. HR-MS (MALDI-
TOF): m/z calcd. for CggHsgFgN,O4: 1072.2547 [M]F; found:
1072.2552 [M]*.

Synthesis of PADA
N° NP, N'° N'O-tetraphenylanthracene-9,10-diamine (PADA) was
synthesized following previously reported procedure.®

Synthesis of 3D-An-COF-F

To obtain high quality crystalline samples, we have tried hun-
dreds of reaction conditions by changing solvents, temperature,
and the concentration of acid (Fig. S1 in the electronic supple-
mentary information, ESI). Finally, the optimized synthetic con-
dition for the synthesis of 3D-An-COF-F was obtained as follows:
A Pyrex tube was charged with PADA (8.8 mg, 0.01 mmol),
PADC-F (10.7 mg, 0.01 mmol), 1,2-difluorobenzene (0.30 mL)
and 9 mol/L aqueous acetic acid (0.1 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 3
days. The resulting precipitate was filtered, washed with DMF,
tetrahydrofuran and dichloromethane for 2 days, dried at 100 °C
under vacuum for 12 h. The activated 3D-An-COF-F was ob-
tained as a yellow powder (11.0 mg, 59% yield). Elemental anal-
ysis for the calculated: C, 76.03%; H, 3.77%; N, 7.19%. Found: C,
76.43%; H, 4.14%; N, 5.35%.

Synthesis of 3D-An-COF
3D-An-COF was synthesized following previously reported pro-
cedure.d

3D-An-COF, R=H (previous work)
3D-An-COF-F, R=F (this work)

Scheme 1 Construction of 3D-An-COF and 3D-An-COF-F from the molecular precursors.
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RESULTS AND DISCUSSION

To construct 3D COFs composed of entangled 2D nets with
modified pore environment, we followed our previously devel-
oped strategy (Scheme 1) and designed a novel precursor
N°,N°,N'0,N0-tetrakis(3',5'-difluoro-4'-carbaldehyde-[1,1'-
biphenyl]-4-yl)anthracene-9,10-diamine (PADC-F). Then we tried
to construct the 3D COF by reacting PADC-F with the reported
N°N° N'O,N'0-tetrakis(4'-amino-[1,1"-biphenyl]-4-yl)-anthracene-
9,10-diamine (PADA)®® (Scheme S2 in ESI). After plenty of trials
to screen the reaction conditions about solvents/catalyst types
and ratios (Fig. S1 in ESI), a highly crystalline yellow powder (3D-
An-COF-F) was isolated by placing the precursors in the solvent
mixture of 1,2-difluorobenzene/9 mol/L aqueous acetic acid
(3:1, V:V) at 120 °C for 3 days (Fig. S2 in ESI). The atomic level of
the covalent bond information in 3D-An-COF-F was character-
ized by Fourier transform infrared (FTIR) and solid-state NMR (ss-
NMR) spectroscopies. A stretching bond at 1631 cm™ in the FTIR
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spectrum (Fig. S3 in ESI) and a characteristic signal at 161 ppm in
the ssNMR spectrum (Fig. S4 in ESI) can be observed, demon-
strating the formation of imine bond. According to the scan-
ning electron microscopy (SEM) image (Fig. S5 in ESI), 3D-An-
COF-F displays a regular polyhedron morphology. Furthermore,
thermogravimetric analysis (TGA) shows that 3D-An-COF-F ex-
hibits high thermal stability and begins to decompose at ~450
°C (Fig. S6 in ESI). Moreover, 3D-An-COF-F shows good chemical
stability in different solvents, including 0.1 mol/L HCl and 12
mol/L NaOH aqueous solution (Fig. S7 in ESI). In addition, 3D-
An-COF-F exhibits a strong yellow fluorescence in the solid state
(Fig. S9in ESI).

The crystallinity of 3D-An-COF-F was investigated by pow-
der X-ray diffraction (PXRD) experiment. As shown in Fig. 1(a),
3D-An-COF-F displays many intense and sharp diffraction
peaks, demonstrating its excellent crystallinity. Considering
the small size of the microcrystals (Fig. S5 in ESI), we then
used continuous rotation electron diffraction (cRED) tech-

Fig. 1 Structure determination of 3D-An-COF-F. (a) The observed PXRD pattern (black), the Pawley refinement pattern (red), their
difference (blue), the Bragg position from the modelled structure (green); (b) Reconstructed 3D reciprocal lattice of 3D-An-COF-F view

froma’, b",c".

Fig. 2 Structure representation of 3D-An-COF-F. (a) Selected one layer of the 2D sql network; (b) Selected two entangled square nets;
(c) Two sets of entangled square nets from different directions; (d) The porous network of 3D-An-COF-F; (e) Network surface of 3D-An-

COF-F. The purple balls in the structures are F atoms.
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niquel8l to solve the crystal structure of 3D-An-COF-F (Fig.
1b). The cRED data for 3D-An-COF-F was collected in the low-
dose mode at —174 °C and the resolution of data reached up
to 1.4 A. After reconstructing the 3D reciprocal lattice using
REDp data processing software,>! the unit cell of 3D-An-COF-
F was determined as an orthorhombic P lattice with a=38.68
R, b=8.86 A, c=18.33 A. Furthermore, 3D-An-COF-F shows al-
most the same PXRD peak positions (Fig. S10 in ESI) with our
reported 3D-An-COF,1%¢! which is composed of entangled 2D
sheets based on atomic resolution cRED data. Consequently,
3D-An-COF-F is isostructural to 3D-An-COF and a 3D struc-
ture model based on Pccn space group was built. Pawley re-
finement was subsequently conducted on the structure mod-
el, which gave a refined profile matched well with the ob-
served pattern (Fig. 1a and see Tables S1 and S2 in ESI for de-
tails).

Based on the above results, 3D-An-COF-F consists of entan-
gled 2D layered nets (Fig. 2). The steric anthracene was ex-
tended out of the sql sheets (Fig. 2a) connected by the
molecular building blocks, which makes it difficult to stack
the layers to form a 2D COF. Consequently, the 2D layers in
the directions of 2b+c and 2b—c entangled with each other to
give the 3D structure of 3D-An-COF-F (Fig. 2b). The distance
between the layers in the same directions is about 0.66 nm
(Fig. 2c) and the entanglement of these 2D layers produces a
pore along the b axis (Fig. 2d). The permanent porosity of 3D-
An-COF-F was evaluated by nitrogen (N,) sorption isotherm at
—196 °C. As can be seen in Fig. 3, 3D-An-COF-F has a typical
type | isotherm, indicating its microporous structure. The
Brunauer-Emmett-Teller (BET) surface area of 3D-An-COF-F
was calculated to be 930 m2-g~!, which was close to our re-
ported 3D-An-COF.[5¢] Moreover, the pore size distribution of
3D-An-COF-F was calculated by using a quenched solid densi-
ty functional theory (QSDFT), which gave a narrow distribu-
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Fig. 3 N, sorption isotherm of 3D-An-COF-F at —196 °C and its
pore size distribution.

tion centred at 0.55 nm, consistent with the measured value
of the crystal structure.

Considering the microporous channels of 3D-An-COF-F
were decorated by exposed F atoms, we hypothesized 3D-
An-COF-F has the potential to be used in gas separation. As a
proof-of-concept study, we then explored its CO,/N, separa-
tion, as the capture of CO, from flue gas is vital in combating
climate changes. The CO, and N, isotherms of 3D-An-COF-F
and 3D-An-COF were conducted. Notably, both 3D-An-COF-F
and 3D-An-COF showed reasonable CO, adsorption but negli-
gible N, sorption at 0 °C (Fig. 4a). In addition, 3D-An-COF-F
showed higher CO, uptake at both 0.01 and 0.1 MPa (Fig. 4b),
indicating the enhanced CO, sorption ability compared to
3D-An-COF. The ideal adsorbed solution theory (IAST) was
subsequently applied to calculate the adsorption selectivity
for CO,/N, mixture (15/85) of these two 3D COFs as a func-
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Fig. 4 CO, (solid circle) and N, (open circle) sorption isotherms of the 3D-An-COF (blue), 3D-An-COF-F (red) at (a) 0 °C and (d) 25 °C; CO,
adsorption capacity at (b) 0 °C and (e) 25 °C; CO,/N, selectivity of 3D-An-COF (blue), 3D-An-COF-F (red) at a ratio of 15/85 at (c) 0 °C and (f) 25 °C.
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tion of pressure. As we expected, 3D-An-COF-F showed a se-
lectivity of 51 at 0 °C and 0.1 MPa (Fig. 4c), which was signifi-
cantly higher than 3D-An-COF (30, 0 °C and 0.1 MPa). To eval-
uate the potential applications at ambient conditions, the
sorption experiments was also carried out at 25 °C. As shown
in Figs. 4(d) and 4(e), 3D-An-COF-F also exhibited higher CO,
uptake at both 0.01 and 0.1 MPa. The CO,/N, selectivity of 3D-
An-COF-F at 25 °C and 0.1 MPa was twice of that for 3D-An-
COF (21, 0.1 MPa, Fig. 4f). Based on these CO, sorption
isotherms, the calculated isosteric heats of adsorption (Qy)
value of 3D-An-COF-F (30.6 kJ-mol-") was higher than that of
3D-An-COF (26.4 kJ-mol~") (Fig. S11 and Table S3 in ESI). As a
result, the microporous 3D-An-COF-F with exposed F atoms
displays significantly higher CO, sorption ability and CO,/N,
selectivity.

CONCLUSIONS

In conclusion, we designed and synthesized a fluorescent fluo-
rine-functionalized 3D COF (3D-An-COF-F). According to the
structure analysis, 3D-An-COF-F was formed by two sets of en-
tangled 2D layers. Interestingly, 3D-An-COF-F displays en-
hanced CO, sorption ability and higher CO,/N, selectivity to our
previously reported 3D-An-COF without F atoms, demonstrat-
ing the modification of the pore environment by introducing F
atoms. Therefore, it is general to construct 3D COFs formed by
entangled 2D layers from the building blocks with bulky steric
hindrance in the vertical direction and it will definitely inspire us
to design other functional 3D COFs for target applications in the
future.
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