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The separation of C,H,/C,H4 mixtures is of industrial importance in the production of high-purity CoHy
and C,H,. The primary objective of this work is to enhance the selectivity of C,H,/C,H,4 separation by
developing a method for appropriate modification of porous adsorbents. Toward this end, directly doping
low-content Na* ions into covalent organic frameworks (COFs) via cation exchange is proposed in this work.
Relative to the pristine COF, COF-ECUT-1, with C,H, and C,H,4 adsorption capacities of 55.39 cm® g‘1 and
28.63 cm® g7, the Na*-anchored phase with just 4.0 wt% sodium content, Na@COF-ECUT-1, enables largely
enhanced adsorption ability with the corresponding values of 89.70 cm® g™t and 49.26 cm?® g™, respectively.
As a result, the adsorption selectivity of C,H, over that of C;H, is enhanced from 6.33 to 9.41, and the separ-
ation potential estimated by the simulated transient breakthrough is largely improved about three-fold. The
density functional theory (DFT) calculation reveals that the trap of Na* within the COF channel affords strong
affinity towards C,H, or C,H,4 through Na—= interactions and relatively stronger contact for C,H, than for
CoHy4 is observed. This result is in line with the experimental results of both enhanced C,H, and C,H,4 adsorp-
tion capacity and C,H,/C,H,4 separation performance. This work outlines a general and simple method to
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Introduction

Acetylene (C,H,) and ethylene (C,H,) are essential raw
materials for a range of chemical products and materials.
Industrially produced ethylene invariably contains a small
amount of acetylene, to the level of about 1%."* This small
amount of acetylene has a great influence on the production
and processing of ethylene.>* For example, acetylene can
undergo transformation to solid metal acetylides that have
undesirable properties and are also explosive in nature. On the
other hand, there is demand for high purity C,H, in a variety
of industrial applications. However, due to that they have
comparable molecular size and similar physicochemical
properties, the separation of acetylene and ethylene is a
challenging task.>®

The conventional approaches for removing acetylene from
the acetylene/ethylene mixture include selective semihydro-
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enhance the gas separation performance upon COF materials.

genation and absorption using chemical solvents such as
dimethyl formamide. Nevertheless, both these approaches
have drawbacks such as the need for precious metal catalysts
and toxic solutions; furthermore the current technologies for
C,H, removal involve high energy-consumption processes.” On
the other hand, due to their comparable molecular size and
similar physicochemical properties, selective adsorption with
traditional porous materials such as porous carbons and zeo-
lites is usually of low selectivity.>® Recently, due to their
diversity in structure and easy-to-access modification in the
pore and pore wall, a new porous platform of metal-organic
frameworks (MOFs), built on a metal node and an organic
linker, has been viewed to be a promising candidate for mixed
gas separation, especially for the gases with similar size.'°
Along with the appreciation in the relationship between the
selective adsorption and the MOF structure and topology,
several novel effective approaches for C,H,/C,H, separation
have been developed. For example, the open metal site in the
pore of MOFs is suggested to give strong affinity for the C,H,
molecule, thus leading to selective adsorption of C,H, over
C,H,.>' However, such a strong coordination interaction
between C,H, and the open metal site makes the desorption
of C,H, from the MOF materials a highly energy-intensive
process. Moreover, the open metal site of MOFs is often extre-
mely sensitive to the presence of water in the feed streams that
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cause degradation. To address this issue, in some cases con-
structing free-standing organic units in the pore wall of MOFs
was suggested and this relatively weak hydrogen bond inter-
action or the van der Waals interaction indeed enables selec-
tive identification of C,H, over C,H,.?> In some other cases,
the suitable pore size is highly important for C,H,/C,H, separ-
ation.>® We recently also disclosed a photosensitive MOF that
enables photoswitching C,H,/C,H, separation performance.>*

In contrast to MOFs, their porous counterparts, covalent
organic frameworks (COFs), are built on covalent bonds and
strong n-n interactions, thus leading to several desirable pro-
perties such as high thermostability and chemical
thermostability.>>° Consequently, COFs offer the potential of
use in adsorptive separations. For example, COFs with free-
standing thiol or amidoxime groups were confirmed to exhibit
selective and high-capacity Hg or U adsorption, respectively.*!
Owing to the strong Lewis acid-base interactions, COF-10
afforded the ultrahigh uptake capacity of NH;.**> Recently, the
possibility of enantioselective separation with COFs anchored
by optically pure 1,1'-bi-2-naphthol (BINOL) units has been
demonstrated.*® PAF-110 is the first COF adsorbent developed
for C,H,/C,H, separation.>® However, with PAF-110, the C,H,/
C,H, selectivity is only 3.9 at 298 K and 1 bar, which is signifi-
cantly below the values that are desirable in practice. In this
regard, constructing COFs with high acetylene selectivity,
especially through a general and simple method, is highly
desirable and challenging.

In this work, we found that a SO;H-anchored COF,
COF-ECUT-1, enables high C,H,/C,H, selectivity up to 6.33 at
298 K and 1 bar. The selectivity can be further enhanced up to
9.41 by doping low-content Na' ions via direct cation
exchange.

Results and discussion

COF-ECUT-1 was synthesized through a Schiff-base conden-
sation reaction of 2,4,6-triformylphloroglucinol and 2,5-diami-
nobenzenesulfonic acid in n-butanol and 1,2-dichlorobenzene
with aqueous acetic acid at 120 °C for 72 hours. The counter-
part of Na@COF-ECUT-1 was obtained by immersing
COF-ECUT-1 in sodium carbonate solution via direct cation-
exchange. Their morphology was examined by scanning elec-
tron microscopy (SEM, Fig. 1), suggesting a thread configur-
ation. Thermogravimetric analysis (TG) showed that the
loading of sodium in the COF leads to enhanced thermostabil-
ity (Fig. S31). In the IR spectrum (infrared spectrum) the suc-
cessful synthesis of p-ketoenamine-linked structures in
COF-ECUT-1 and Na@COF-ECUT-1 is confirmed by the C-N
band at 1272 ecm ".>**7° The bands observed at 1120 and
1076 cm™ ", along with a shoulder at 622 and 536 cm™, can be
attributed to the O=S=0 symmetric and asymmetric stretch-
ing bands; these indicate the existence of sulfonic acid.
Interestingly in the IR spectra of Na@COF-ECUT-1, the charac-
teristic stretching band of the OH group on sulfonate at
1480 c¢cm™' almost disappeared, mainly due to the ion
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Fig. 1 SEM images of COF-ECUT-1 (A) and Na@COF-ECUT-1 (B). The
highlights are the elemental distribution mapping.

exchange between H' and Na" (Fig. S41). Moreover, the main-
tenance of the SO;~ or SO;H unit in the resulted COF
materials of COF-ECUT-1 and Na@COF-ECUT-1 and the
success of Na' incorporation are intuitively reflected by the
elemental distribution mapping through the energy dispersive
spectrometry (EDS) test (Fig. 1). The content of the Na element
in the Na@COF-ECUT-1 samples was determined to be
4.0 wt% by ICP-OES (inductively coupled plasma emission
spectrometer). The COF is further confirmed by the **C CP/
MAS NMR spectrum, where the assignment of carbon atoms
completely matches with the p-ketoenamine-linked structure
(Fig. S57).

The structure of COF-ECUT-1 was determined by comparing
the powder X-ray diffraction (PXRD) with the simulated
results from the calculation performed by Materials Studio
(Fig. 2 and Fig. S6t). Based on the calculation results, it is
suggested that COF-ECUT-1 crystallizes in the hexagonal P6
space group with a = b = 22.4990 A and ¢ = 6.8000 A and the

Fig. 2 View of the structure of COF-ECUT-1. The color code is C/grey,
O/red, H/green, N/blue, and S/yellow.

This journal is © the Partner Organisations 2019
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packing mode shows an eclipsed structure stabilized by n-n
interactions, rather than a staggered structure. However, the
arrangement of SO;H™ units among adjacent layers shows the
opposite (Fig. S7t). The PXRD patterns of Na@COF-ECUT-1
match well with those of the pristine samples of COF-ECUT-1,
indicative of the retention of the COF structure after cation
exchange (Fig. S61).

In order to assess the porosity of COF-ECUT-1 and
Na@COF-ECUT-1, N, sorption isotherms were collected at
77 K. Both of these showed a microporous isotherm with a
BET surface area of 306 m® g~ ' and 149 m® g”' and an aperture
about 1.2 nm and 0.8 nm, respectively (Fig. S87). This decrease
in both the BET area and the aperture is due to the replacement
of hydrogen ions from the SO;H group with Na" ions.

The polar and acidic SO3H groups with both H-donor
potential and H-acceptor potential in COF-ECUT-1 and Na'
incorporation within the COF encouraged us to explore the
storage and separation of C,H, and C,H,. Firstly, the gas
adsorption of C,H, and C,H, upon COF-ECUT-1 and
Na@COF-ECUT-1 was investigated. At 298 K and 100 kPa,
COF-ECUT-1 affords a moderate acetylene adsorption capacity
of 55.39 cm® g~' (Fig. 3), which is higher than that observed
for PAF-110.>* The C,H, adsorption capacity upon
COF-ECUT-1 is just 28.63 cm® g™, far below than the C,H,
adsorption capacity of 55.39 cm® g™, indicative of potential
for C,H,/C,H, separation (Fig. 4). Ideally, a porous adsorbent
should have a combination of high selectivity with high uptake
capacity. Most commonly, high selectivities do not go hand-in-
hand with high uptake capacities. There is a need to develop a
methodology to achieve high uptake capacities, without sacrifi-
cing the benefits of high selectivities. In contrast to the
pristine COF samples, the counterpart of Na@COF-ECUT-1
displays a significant enhancement by 1.6-fold in C,H, adsorp-
tion capacity (89.70 cm® g') (Fig. 3). However, the C,H,
adsorption capacity increases to 49.26 cm® g, giving a com-
parable 1.7-fold enhancement (Fig. 3). Accordingly, such a
large increase in the adsorption capacity from 55.39 cm® g™* to
89.70 cm® g~ nearly does not affect the adsorption difference
(1.8-fold for Na@COF-ECUT-1 and 1.9-fold for COF-ECUT-1,

—#— C,H,, for COF-ECUT-1
1 === C,H, for Na@COF-ECUT-1
== C,,H, for COF-ECUT-1

= C,H, for Na@COF-ECUT-1

U ptake(cmslg)

0 20 40 60 80 100
Pressure/kPa

Fig. 3 The C,H, and C,H,4 uptake at 298 K for samples of COF-ECUT-1
and Na@COF-ECUT-1.
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Fig. 4 Large enhancement in adsorption capacity but without obvious
changes in the adsorption difference. The used data are the experi-
mental data at 298 K and 100 kPa.

Fig. 4). Thus, the incorporation of Na' into the COF should be
an effective method to largely enhance the C,H, adsorption
capacity also without sacrificing selectivity.

To quantitatively evaluate the adsorption difference
observed in COF-ECUT-1 and Na@COF-ECUT-1, we employed
the well-known ideal adsorbed solution theory (IAST) to calcu-
late the adsorption selectivity for a C,H,/C,H, binary mixture
(1/99, v/v).**? As shown in Fig. 5, COF-ECUT-1 shows a
C,H,/C,H, selectivity of 6.33 at 100 kPa and 298 K. This value
is higher than that observed for PAF-110 (3.9)** that represents
the first reported adsorbent for C,H,/C,H, separation in the
field of COFs and the porous organic polymer of CTF-PO71
(1.8).%° To the best of our knowledge, the obtained results
appear to be a record for C,H,/C,H, separation upon COFs.
Such high C,H,/C,H, selectivity is also comparable with some
benchmark MOFs such as NbU-1.?° Most importantly, the Na™-
doped phase of Na@COF-ECUT-1 afforded large enhancement
in C,H,/C,H, selectivity up to 9.41 at 100 kPa and 298 K,
which is high enough for use in industrial practice for C,H,/
C,H, separation. It is noteworthy that the Na' content is very
low down to 4.0 wt%, which is far below the metal content
within any MOFs.?® Therefore, the Na™-doped approach should
be a powerful tool to enhance C,H,/C,H, separation.

10-\

o Na@COF-ECUT-1
Q
5 8 1.5-fold enhancement
(2]
—
T T T T T
0 20 40 60 80 100

Pressure/kPa

Fig. 5 The C,H,/C,H; selectivity calculated by IAST, based on
COF-ECUT-1 and Na@COF-ECUT-1.
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The isosteric heat of adsorption (Qy) is also another impor-
tant property for any porous separation material, which not
only reflects the binding strength and also the difficulty of
regeneration. Generally speaking, MOFs with open metal sites
show strong affinity and thus high Q, but with greater
difficulty in regeneration and thus higher energy cost.'*?
Thereby, a porous adsorbent with high selectivity but low Qg is
highly desirable. As shown in Fig. S9 and S$10,f both
COF-ECUT-1 and Na@COF-ECUT-1 show lower Qg values less
than 20 kJ mol™". This benefits it as a porous adsorbent for
C,H,/C,H, separation. Enhancing affinity by the incorporation
of Na' can be reflected on the largely increased Q value from
7.68 k] mol™" for C,H, upon COF-ECUT-1 to 19.21 kJ mol ™" for
C,H, upon Na@COF-ECUT-1 at zero coverage.®”

To further estimate their C,H,/C,H, separation potential,
we performed the transient breakthrough simulations for a
C,H,/C,H, mixture (1/99, v/v) upon COF-ECUT-1 and
Na@COF-ECUT-1 materials with a total pressure of 100 kPa
and a temperature of 298 K.*® For the breakthrough simu-
lations, the following parameter values were used: length of
the packed bed, L = 0.3 m, void age of the packed bed, ¢ = 0.4,
and superficial gas velocity at the inlet, u = 0.04 m s~'. The
simulated result is shown in Fig. 6. For COF-ECUT-1, the
C,H,/C,H, binary mixture is effectively separated and shows a
long interval with Az = 160, whereas Na@COF-ECUT-1 enables
a longer interval with Ar = 496, suggesting a three-fold
enhancement in the potential of C,H,/C,H, separation (Fig. 6).

As discussed above, the adsorption and next separation per-
formance of porous adsorbents with open metal sites can be
largely affected by moisture. We thus carried out the C,H, gas
adsorption of the activated samples of Na@COF-ECUT-1 after
leaving it in air for 24 h. Even under these conditions the C,H,
adsorption isotherm is fully recovered (Fig. S11f), strongly
suggesting the negligible effect of moisture on the C,H,
adsorption performance.

To further investigate the mechanism of why both
COF-ECUT-1 and Na@COF-ECUT-1 enable good C,H,/C,H,

-At=160]
o1 .04
S
2 s CHy for COF-ECUT-1
= CyHy for COF-ECUT-1
o ——— CyH, for Na@COF-ECYT-1
.‘% 0.6 = CHy for Na@COF-ECYT-1
€
o
€04
§ O
3
13
o
§ 024
2
g At=496
8 00

200 400 600 800 1000
Dimensionless time, r=ru/elL

Fig. 6 Transient breakthrough simulations for the separation of
the C,H,/CO, mixture (1/99, v/v) using materials COF-ECUT-1 and
Na@COF-ECUT-1 at 298 K.
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separation performance, we carried out DFT calculation.
Table S1t shows the adsorption energy and binding energy for
COF-ECUT-1 and Na@COF-ECUT-1 with loading C,H, or C,H,
molecules. It is clear that the C,H, adsorption was preferred
over C,H, adsorption in both of them, in line with the experi-
ment results that both of them afford selective adsorption of
C,H, over C,H,. Moreover, the incorporation of Na' into the
COF enhancing the binding energy with both C,H, and C,H,
molecules was observed, agreeing with the experimental
results that are relative to COF-ECUT-1, and the Na™-anchored
counterpart of Na@COF-ECUT-1 shows 1.6-fold or 1.7-fold
improvement in the C,H, or C,H, adsorption capacity, respect-
ively. For Na@COF-ECUT-1, the loading C,H, molecule gives a
higher binding energy than the C,H, molecule, strongly sup-
porting the experimental results of enhanced C,H,/C,H,
selectivity up to 9.41.

In the C,H,- and C,H,-loaded optimal structures (Fig. 7),
the structural evidence for the selective adsorption of C,H,
over C,H, was also revealed. For COF-ECUT-1, both C,H, and
C,H, molecules are adsorbed around the SO;H group with a
hydrogen bond. The C,H, molecule as a H-donor affords two
strong hydrogen bonds with two SO;H oxygen groups with a
C---O distance of 2.798 (6) A (Fig. 7a), whereas the C,H, mole-
cule as both the H-donor and H-acceptor just affords three
weak hydrogen bonds with two SO;H oxygen or OH units with
a C---O distance of 3.755 (6) A or 3.340(6) A (Fig. 7b). Thereby,
preferential or selective C,H, adsorption over C,H, adsorption
can be reasonably realized. On the other hand, for
Na@COF-ECUT-1, the driving force for both C,H, and C,H,
molecules on COFs turns out to be coordination interactions
between Na' and loaded guest molecules via Na-r interactions.

Fig. 7 View of the C,H,- and C,Hj-loaded optimal structures in
COF-ECUT-1 (a and b) and Na@COF-ECUT-1 (c and d).
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Thereby, large enhancement in both C,H, and C,H, adsorp-
tion capacities was observed in the experimental results.
Viewed from the bond length of Na-r interactions (2.777 (8) A
and 2.937 (8) A for C,H, (Fig. 7c); 2.829 (8) A and 2.959 (8) A
for C,H, (Fig. 7d)), it is obvious that stronger Na-x interactions
is observed for C,H, over C,H,, finally leading to a largely
enhanced C,H,/C,H, selectivity up to 9.41.

Conclusions

In conclusion, we demonstrate in this work a simple and
general method by means of doping low-content Na' ions into
COFs to enhance C,H,/C,H, separation potential. The results
show that the incorporation of Na' into the COF can signifi-
cantly enhance C,H, uptake capacity but with almost no
decrease in selectivity; these advantages are further confirmed
by transient breakthrough simulations. The use of DFT calcu-
lations affords deeper insights into the relationship between
adsorption/separation performance and special structures such
as SO;H units in COF-ECUT-1 and Na' in Na@COF-ECUT-1.
This work outlines a promising approach for the use of COFs
as adsorbents, enabling us to design and prepare COFs with
excellent gas storage and separation performance.
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S1. Materials and Instrumentation.

1,2-dichlorobenzene (99%), n-butanol (99%), phloroglucinol (99%), p-phenylenediamine (99%) and
trifluoroacetic acid (99%) were purchased from Macklin (Shanghai) Inc. Hexamethylenetetramine
(99%) was purchased from Alfa Aesar (Beijing) Co., Ltd. All other reagents were obtained from
commercial suppliers and used as received unless otherwise noted.

Power X-ray diffraction (PXRD) patterns of samples were obtained at room temperature by a
Bruker D8 ADVANCE X-ray at 40 mA and 40 kV using Cu Ka (A = 1.5405 A) radiations form 2° to
30° (20 angle range), the simulated powder patterns were calculated by Mercury 1.4. The N,
adsorption-desorption isotherms were obtained at 77 K on a Belsorp-max adsorption apparatus using
ultrahigh-purity-grade (>99.999%) N,. Each sample was degassed at 110 °C for 12 h under ultrahigh
vacuum before measurement. Infrared spectra (IR) were performed in Thermo Scientific Nicolet iS5
FT-IR spectrometer with the 500-4000 cm-!'. Scanning electron microscope (SEM) and Energy
Dispersive Spectrometer (EDS) was carried out on a Hitachi S-4800 microscope. Thermal gravimetric
analysis (TGA) was performed by SDT Q600 TGA instrument from 30 to 800 °C in N, atmosphere
at a constant rate of 10 °C/min. 3C NMR spectra were recorded on Bruker Avance 600 MHz
spectrometer. The C,H, and C,H, single-component adsorption isotherms with 99.999% purity gas
were carried out at 298 and 273 K water bath on a Belsorp-max adsorption apparatus after degassed
at 110 °C for 12 h under ultrahigh vacuum. Elemental analysis used PerkinElmer 2400 Series 11
CHNS under ultrahigh-purity-grade (>99.999%) He at 975 °C.

S2. Detailed experiment

Synthesis of 2,4,6-triformylphloroglucinol: To hexamethylenetetramine (15.098 g, 108 mmol) and
phloroglucinol (6.014 g, 49 mmol) under N, was added 90 mL trifluoroacetic acid. The solution was
heated at 100 °C for ca. 2.5 h. Approximately 150 mL of 3 M HCI was added and the solution was
heated at 100 °C for 1 h. After cooling to room temperature, the solution was filtered through Celite,
extracted with ca. 350 mL dichloromethane, dried over magnesium sulfate, and filtered. Rotary
evaporation of the solution afforded 1.23 g (5.87 mmol ,11%) of an off-white powder. '"H NMR
indicated near 99% purity; a pure sample was obtained by sublimation. '"H NMR (400 MHz, CDCls,
25°C) 814.12 (s, 1H, OH), 10.15 (s, 1H, CHO) ppm. '3C NMR (100 MHz, CDCl;, 25 °C) § 192.01
(CHO), 173.57 (Ph-C2), 102.91 (Ph-C1) ppm. Calcd for C,51.44; H, 2.88; N, 0.00. Found: C 51.38;
H 2.80; N, 0.00.
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Fig. S1 A) '"H NMR (400 MHz, CDCl;, 25 °C) spectrum of 2,4,6-triformylphloroglucinol. B) 3C
NMR (100 MHz, CDCl3, 25 °C) spectrum of 2,4,6-triformylphloroglucinol.

Synthesis of 2,5-diaminobenzenesulfonic acid: To p-phenylenediamine (2.7 g, 25 mmol) was add
20% fuming sulfuric acid (33 g, 66 mmol). The solution was heated at 145 °C for ca. 7 h.
Approximately 4 mL deionized water was added, and the solution was heated at 135 °C for 3 h.
Cooling to 30 °C for static crystallization for 2 h. Approximately 2 mL deionized water was added
and adjusted pH 4 to 5 with 30% sodium hydroxide. Cooled to 10 °C and filtered to obtain a product
3.8 g (20 mmol, 80%) , HPLC purity is greater than 98%. '"H NMR (400 MHz, DMSO, 25 °C) $
7.38 (d, 1H, Ph-H1 ), 6.92 (dd, 1H, Ph-H3 ), 6.79 (d, 1H, Ph-H2), 4.55-9.10 (br., 4H, NH,) ppm. 3C
NMR (100 MHz, DMSO, 25 °C) & 139.50 (Ph-C4), 131.15 (Ph-C2), 123.41 (Ph-C1), 122.04 (Ph-C5),
120.56 (Ph-C6), 117.78 (Ph-C3) ppm. Calcd for C, 38.29; H, 4.28; N, 14.88; S, 17.04. Found: C
38.26; H4.29; N, 14.83; S, 17.02.
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Fig. S2 A) '"H NMR (400 MHz, DMSO, 25 °C) spectrum of 2,5-diaminobenzenesulfonic acid. B)
13C NMR (100 MHz, DMSO, 25 °C) spectrum of 2,5-diaminobenzenesulfonic acid.

Synthesis of COF-ECUT-1. A mixture of 2,4,6-triformylphloroglucinol (63 mg, 0.3 mmol) and 2,5-
diaminobenzenesulfonic acid (84.7 mg, 0.45 mmol) and a drop of n-butanol: 1,2-dichlorobenzene
(1:1 v/v) was taken in Pyrex tube. The mixture was sonicated for 20 min, followed by addition of 0.5
mL of 3 M aqueous acetic acid. After that, the tube was degassed by freeze—pump—thaw cycles for
three times, sealed under vacuum and heated at 120 °C for 3 days. The reaction mixture was cooled
s3



to room temperature and washed with deionized water, dimethylacetamide and acetone. The resulting
dark red powder was dried at 60 °C under vacuum for 12 hours.

Synthesis of Na@COF-ECUT-1. 100 mg COF-SOsH added in 20 mL glass bottles with 1 M sodium
carbonate solution for 30 hours. Then the resulted solid samples were washed with deionized water
and methanol, and further dried at 60 °C under vacuum for 12 hours.

DFT calculation method. The periodic density functional theory calculations were performed by
using the Vienna Ab initio Simulation Package (VASP) code.! The Perdew-Burke-Ernzerhof (GGA-
PBE) functional was utilized to calculate the exchange-correlation energy, and the project-augmented
wave generalized gradient approximation (PAW-GGA) pseudopotentials were adopted to describe
the electron-ion interaction.>> All the structures were optimized aiming to the global energy
minimum, fully relaxed until the residual force convergence value on each tom being less 0.05 eV/A.
The Brillouin zone was sampled by 3 x 3 x / Gamma k-point mesh and the wave functions were
expanded using a plane-wave basis set with kinetic energy cutoff of 500 eV. Spin-polarization was
calculations with the lowest energy magnetic configurations were identified. All of the above
structures were established by Materials Studio.

The binding energy was calculated follow:

Eb:E*g-E*-EgX n
Where the E, means binding energy, E«, represents the ground state energy after loading gas
molecules, the Ex is the energy of cleanly unabsorbed and the E, is the energy of pure gas at standard
conditions, n represents the number of the gas molecules are adsorbed in COF pores.*

Table S1. The binding energy (eV) of these COFs with loading of guest molecules.

C,H C,H
Ex E, C,H, E, CyH, ECZHZ E02H4 E Zb 2| Eg 2b 4
COF-SO;H ) ) ) 2293 | -31.96 | -0.60 | -0.41

1144.16 | 1282.34 | 1336.33
COF- - - _
SO;Na | 1144.45 | 1284.42 | 1338.30

-22.93 -31.96 | -2.39 | -2.09

S3. TGA curve
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Fig. S3 TG data of COF-ECUT-1 and Na@COF-ECUT-1 under N, atmosphere.

S4. FT-IR spectrum of COFs
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Fig. S4 IR spectrum of COF-ECUT-1 and Na@COF-ECUT-1.



S5. Solid state 13C NMR spectrum of COFs
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Fig. S5 13C CP/MAS NMR spectrum of COF-ECUT-1 and Na@COF-ECUT-1.

S6. XRD analysis
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Fig. S6 The simulated and measured PXRD patterns of COF-ECUT-1 and Na@COF-ECUT-1.
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S7. View of the COF-ECUT-1 structure
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Fig. S7 View of the COF-ECUT-1 structure with free-standing SO;H-units from different layers.

S8. Gas adsorption studies of COF's
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Fig. S8 Left: N, adsorption-desorption isotherms (77 K) of COF-ECUT-1 with the inset of the
distribution of pore size. Right: N, adsorption-desorption isotherms (77 K) of Na@COF-ECUT-1
with the inset of the distribution of pore size.
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S9. Isosteric heats of adsorption of COF-ECUT-1
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Fig. S9 Isosteric heats of adsorption for C,H, (black) and C,H, (red) of COF-ECUT-1.

S10. Isosteric heats of adsorption of Na@COF-ECUT-1
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Fig. S10 Isosteric heats of adsorption for C,H, (black) and C,H, (red) of Na@COF-ECUT-1.
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S11. Effect of moisture
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Fig. S11 A comparison of C,H, adsorption for the samples of Na@COF-ECUT-1 and the
counterpart after laying in air for 24 h.
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