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ABSTRACT: A series of covalent organic frameworks substituted

with azo groups (AzoCOFs) have been synthesized via imine
condensation. The obtained frameworks show crystallinity and
high stability. More importantly, the AzoCOFs exhibit exception-
ally high ideal adsorption solution theory (IAST) selectivity in
adsorption of C,H, (35—2891) over CH, at 273 K and 1 bar,
owing to the favorable interactions between azo groups and
acetylene molecules. The dependence of the gas adsorption
property on pore size and polarity of the frameworks was also
studied. The triethylene glycol substituted Tg-AzoCOF shows the
highest C,H,/CH, selectivity (IAST selectivity of 2891), which
represents the highest reported for all porous materials. The
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AzoCOFs also exhibit high IAST adsorption selectivity of C,H,/CH, (11-20), C,H¢/CH, (15—22), and CO,/CH, (12—37),
which is comparable with most porous materials, thus showing their great potential in gas separation applications.
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1. INTRODUCTION

C2 hydrocarbons, including acetylene, ethylene, and ethane,
are important raw materials in the industry." The separation of
C2 hydrocarbons from methane has been a key industrial
process, which can upgrade the quality of natural gas and
provide an alternative source of C2. However, the conventional
cryogenic distillation, which separates the C2/C1 molecules by
their different boiling points or vapor pressure, is very energy
consuming. In recent years, the gas separation using micro-
porous adsorbents has been extensively explored as an
alternative eflicient and cost-effective approach. Among porous
polymeric materials, covalent organic frameworks (COFs)”
have been developed as novel absorbents with a tremendous
potential in various gas separation and storage applications
within the past decade.” > COFs are crystalline, pure organic
porous materials with low density.” The covalent bonds make
the framework structure stable under most common
conditions. Moreover, COF structures can be predesigned
through the principles of reticular chemistry and dynamic
covalent chemistry,” rendering the great tunability of the size
and function of inside pores.* "' In general, COFs can be
prepared under conventional solvothermal conditions, which
makes COFs easy to be scaled-up and good candidates as
adsorbent materials for an industrial process. However, so far,
only a handful of pure organic polymers have been reported for
C2/C1 separation. MCOF-1 is the first reported COF used in
size-selective C2/C1 separation. It has a 3D framework
structure with boronic ester linkages, which are sensitive to

moisture.'> Recently, a series of Hexene-CTF polymers with
triazine linkage'® have also been used for C2/C1 separation,
where the separation mechanism is the z—n interaction
between the unsaturated C2 molecule and the triazine core
as well as the unsaturated aliphatic linker.

The azo group is a well-known functional group with high
polarity and repulsion interaction with nonpolar molecules.'*
It can act as a Lewis base center and strongly interact with
acidic molecules. Many porous polymers containing azo groups
in their backbones have been reported for gas separation.">~"”
However, the mobility of such azo groups when located in the
backbone is rather restricted and their interaction with guest
molecules is limited. To the best of our knowledge, although
acetylene has high acidity (~10* higher than saturated
hydrocarbons) and could have strong interactions with azo
groups, COFs with azo groups have not been investigated for
selective adsorption of acetylenes. Herein, we designed a series
of imine-linked COF structures with azo groups installed as
side chains inside the pores. Three different AzoCOFs, either
unsubstituted, or substituted with nonpolar alkyl chains or
polar triethylene glycol chains have been synthesized to tune
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the size and polarities of the pores and study the structure—
property relationship. All three AzoCOFs show excellent
adsorption selectivity of C2 unsaturated hydrocarbons
(particularly acetylene) and carbon dioxide over methane
due to their favorable interactions with azo groups. Among
them, Tg-AzoCOF with polar triethylene glycol (Tg) chains
exhibits an unprecedentedly high IAST selectivity of 2891 (1
bar) and Henry’s law selectivity of 26 toward acetylene
adsorption over methane at 273 K.

2. EXPERIMENTAL SECTION

2.1. Synthesis of Tg-AzoCOF. An ampule was charged with
diamine 1-Tg (15.8 mg, 0.03 mmol), trialdehyde 2 (4.2 mg, 0.02
mmol), n-butanol (0.25 mL), and an aqueous solution of acetic acid
(6 M, 0.05 mL). The ampule was frozen at 77 K in liquid nitrogen
and evacuated to the internal pressure of ~100 mTorr. Then, the
ampule was sealed with flame and heated at 150 °C for 3 days without
any stirring and disturbance. The orange powder was collected by
vacuum filtration; washed with THF, CH,Cl,, and acetone under
Soxhlet extraction for 24 h for each solvent; and dried under reduced
pressure. Tg-AzoCOF was obtained as an orange powder (17 mg,
92%). Anal. Calcd for Tg-AzoCOF (Cy,H;,O¢N,),: C, 70.46; H,
5.43; N, 8.88. Found: C, 67.31; H, 5.09; N, 8.42.

2.2. Synthesis of H-AzoCOF. The same procedure described for
the synthesis of Tg-AzoCOF was followed. H-AzoCOF (10 mg, 72%)
was obtained as an orange powder using 1-H (10.8 mg, 0.03 mmol),
trialdehyde 2 (4.2 mg, 0.02 mmol), n-butanol (0.25 mL), and acetic
acid (6 M, 0.05 mL). The physical data of H-AzoCOF is as follows:
Anal. Calcd for (C;sH;,ON,),: C, 76.91; H, 4.3; N, 11.96. Found: C,
67.84; H, 3.81; N, 6.84.

2.3. Synthesis of C;,-AzoCOF. The same procedure described
for the synthesis of Tg-AzoCOF was followed. C,-AzoCOF (15 mg,
79%) was obtained as an orange powder using 1-C,, (16 mg, 0.03
mmol), trialdehyde 2 (4.2 mg, 0.02 mmol), n-butanol (0.25 mL), and
acetic acid (6 M, 0.05 mL). The physical data of C,,-AzoCOF is as
follows: Anal. Calcd for (Cy3,H;,0¢N,),: C, 76.9; H, 6.45; N, 8.97.
Found: C, 75.66; H, 6.34; N, 8.84.

2.4. Ideal Adsorption Solution Theory (IAST) Selectivity
Calculation. All the isotherms were fitted by the dual-site
Langmuir—Freundlich equation shown below.
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where 7 is the amount absorbed (mmol/g), q is the saturation loading
for site 1 and 2 (mmol/g), b is the Langmuir parameter associated
with site 1 or 2 (kPa™'), n; and #, are the factors for the adsorption
associated with the site 1 or 2, and p is the pressure (kPa). The IAST
selectivity was calculated by the equations shown below.
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where x; is the molar fraction of the moiety i in the solution phase, y;
is the molar fraction of the moiety i in the gas phase, and s, , is the
selectivity of 1 over 2. R, T, and A are constants for the same
adsorbate at constant temperature.

2.5. Method of Isosteric Heats Calculation. The two isotherms
at different temperatures were fitted by the equation shown below.
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where p is the pressure (mmHg), N is the adsorption amount (mg/g),

T is the temperature (K), and a; and b; are the virial coefficients. The
isosteric heat was calculated by the equation shown below.
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where R is the universal gas constant.

(8)

3. RESULTS AND DISCUSSIONS
We synthesized three azo-containing COFs, H-AzoCOF, C,y-

AzoCOF, and Tg-AzoCOF, with different substituents. In a
typical procedure, a mixture of diamine 1 (1-Tg, 1-C,,, or 1-
H) and 1,3,5-triformylphloroglucinol 2 in n-butanol and acetic
acid was heated at 150 °C for 3 days without stirring (Figure
1a). An orange powder was formed, which was collected and
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Figure 1. (a) Synthesis of AzoCOFs; (b) Experimental PXRD
patterns of Tg-AzoCOF and the simulated patterns of the AA packing
mode; (c) Model of Tg-AzoCOF in the AA packing mode.

washed with THF, CH,Cl,, and acetone via Soxhlet extraction
(24 h for each solvent) to provide the product AzoCOFs (72—
92%). All AzoCOFs were characterized by solid-state NMR
spectroscopy, IR spectroscopy, powder X-ray diffraction
(PXRD), N, adsorption isotherms, and thermogravimetric
analysis (TGA).

The "*C cross-polarization magic-angle spinning (CP-MAS)
NMR spectra of all three AzoCOFs show resonance peaks
around 185—195 ppm and 107—108 ppm corresponding to the
carbonyl carbons and a-enamine carbons of fB-ketoenamine,
the peaks around 148—150 ppm corresponding to the enamine
carbon (=CNH), and the peaks around 160—170 ppm
corresponding to the carbons connected to the azo bonds
(Figures S1—S3). For Tg-AzoCOF, we observed the carbon
resonance peaks of triethyleneglycol chains around 55—80
ppm (Figure S1). The peaks corresponding to the decyl chain
carbons in C,;)-AzoCOF were observed around 68 ppm and
14—30 ppm (Figure S3). The Fourier transform infrared
(FTIR) spectra of all three AzoCOFs show the disappearance
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of the aldehyde peak at 1633—1634 cm™' and appearance of
the newly formed f-ketoenamine stretch at 1620—1621 cm™
(Figure S4—S6).

The crystallinity of all AzoCOFs was proved by PXRD
measurements. All AzoCOFs exhibit decent crystallinity,
showing an intense peak at 26 = 2.70° and two small peaks
at 260 = 4.70° and 5.50°, corresponding to the planes (100),
(110), and (200), respectively (Figure 1b and Figures S7 and
S8). Unit cell parameters of all AzoCOFs were refined by the
Pawley method to be a = f# = 90° y = 120°, a = b = 38.8 A,
and ¢ = 3.5 A. Crystal lattice packing of all AzoCOFs were
determined to be a fully eclipsed AA stacking mode with an
interlayer distance of 3.5 A (Figure 1c). The simulated PXRD
patterns match well with the experimental results. The
crystallinity of AzoCOFs was also confirmed by the TEM
images, which clearly show layered structures with d spacing of
0.32—0.38 nm (Figures S64—S66).

Although Tg-AzoCOF and C,,-AzoCOF are crystalline,
they are almost nonporous, showing a BET surface area of 28—
29 m*/g and a pore volume of <0.1 cm?/g, presumably due to
the long alkyl chains and Tg chains occupying the effective
pores. H-AzoCOF without long side chains shows a
considerably higher BET surface area of 245 mz/g (Table
S4) and a larger pore volume of 0.26 cm®/g. The pore size
distribution calculated using quenching solid density functional
theory (QSDFT) shows pores with the diameter around 2.4
nm in H-AzoCOF (Figure S16). TGA analyses show all
AzoCOFs are stable up to 350 °C (Figures S9—S11).

Next, N,, CO,, CH,, C,H,, C,H,, and C,Hy are chosen as
the probe molecules to examine the gas adsorption properties
of AzoCOFs. All measurements were conducted at 1 bar and
273 and 295 K (Figure 2, Figures S17—S19, and Table 1). At
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Figure 2. Gas adsorption isotherms of Tg-AzoCOF (a), C,y-AzoCOF
(b), and H-AzoCOF (c) at 273 K and the comparison graph (d).

273 K and 1 bar, the uptakes of Tg-AzoCOF toward N,, CH,,
CO,, C,H,, C,H,, and C,H, were 0.57, 2.0, 15, 12, 11, and 28
mL/g, respectively (Figure 2a). At the same temperature and
pressure, the uptakes of CH,, C,H,, and C,Hy in C,,-AzoCOF
are increased around 30%, reaching 2.6, 15, and 16 mL/g,
respectively (Figure 2b). However, the uptake of C,H, in C,y-
AzoCOF is decreased by 20% compared to the amount
adsorbed in Tg-AzoCOF (23 vs 28 mL/g). This difference in

acetylene uptake is probably due to the favorable interactions
of the Lewis basic triethylene glycol chain in Tg-AzoCOF with
more acidic acetylene molecules. H-AzoCOF, with a relatively
higher surface area than the other two AzoCOFs, has
considerably higher uptake for all gas molecules except
nitrogen.

At the same temperature and pressure, the uptakes of N,,
CH,, CO,, C,H,, C,H,, and C,H, in H-AzoCOF were 1.3,
5.1, 21, 20, 18, and 30 mL/g, respectively (Figure 2c). The gas
uptakes in C,;-AzoCOF and H-AzoCOF follow the similar
trend, showing the increasing uptake in the order of N, < CH,
< CO, = CH¢ = C,H, < C,H,. The differences in gas
adsorption properties of AzoCOFs were similar at 295 K and 1
bar (Table 1).

To obtain a deeper understanding on the adsorption
selectivity of AzoCOFs, we also examined Henry’s law
selectivity calculated based on the ratio of initial slopes (0—
0.1 bar) for each pair of gas molecules (Table 2). The slope of
the adsorption isotherms at a low pressure range, which is far
from the saturation point, is indicative of the affinity of gas
molecules to the absorbents when the diffusion rate is similar.
The initial adsorption slopes of acetylene, ethylene, and CO,
adsorption isotherms in Tg-AzoCOF are much higher than
those observed for C,;-AzoCOF, whereas the initial slopes of
the methane and ethane adsorption isotherms are higher in
C,0-AzoCOF than Tg-AzoCOF. Since the surface areas of Tg-
AzoCOF and C;-AzoCOF are similar, it suggests that Tg-
AzoCOF has a higher affinity towards unsaturated hydro-
carbons and more acidic molecules, while C,,-AzoCOF has a
higher affinity toward saturated hydrocarbons. H-AzoCOF,
which has almost nine times higher surface area, shows the
highest initial slopes for all the gas molecules likely due to their
fast diffusion. The Henry’s law selectivity of AzoCOFs was
then calculated. As shown in Table 2, Tg-AzoCOF shows the
highest Henry’s law selectivity of acetylene over methane at
both 273 K (26) and 295 K (22), suggesting the highest
binding affinity of Tg-AzoCOF for acetylene is due to its most
basic pore environment. The Tg-AzoCOF and C,,-AzoCOF
have almost the same Henry’s law selectivity for ethylene over
methane at 273 and 295 K. C;;-AzoCOF shows the highest
selectivity of ethane over methane likely because its pores have
saturated hydrocarbon chains with a similar structure to
ethane. H-AzoCOF shows the lowest selectivity of C2 and
CO, over methane at 273 K due to its mesoporous nature,
which has relatively weaker interactions with those gas
molecules.

Henry’s law selectivity only reflects the real mixture
selectivity at a very low pressure (0—0.1 bar) and low loadings
on the adsorbent materials. For practical applications, we deal
with gas mixtures under saturated adsorption conditions. Thus,
we used an ideal adsorption solution theory (IAST)
method””'® to calculate the selectivity for binary gas mixtures.
The IAST selectivity at 1 bar with equimolar gas mixtures are
listed in Table 2. It is interesting to note that Tg-AzoCOF has
an extremely high C,H,/CH, selectivity (2891)"” and good
selectivity for C,H, (18), C,H, (22) and CO, (37) over CH,
at 273 K and 1 bar. Such selectivity of C,H, over CH, is the
highest among all the reported materials, including both pure
organic polymers and metal organic polymers (Table 3).
Although the IAST selectivity of H-AzoCOF toward C,H,
over CH, is much lower than that of Tg-AzoCOF (123 vs
2891) at 273 K, it is still among the highest reported. The
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Table 1. Summary of Gas Uptake of AzoCOFs at Low Pressure”

273 K*
samples N, CO, CH, C,H, C,H,
Tg-AzoCOF 0.57 15 2.0 28 11
C0-AzoCOF 1.3 14 2.6 23 15
H-AzoCOF 1.3 21 S.1 30 18

al bar; unit of uptake: mL/g (volumes have already been converted to STP).

295 K*

C,H, N, Cco, CH, C,H, C,H, C,H
12 0.68 7.6 1.1 17 6.4 6.6
16 12 9.0 2.0 18 9.0 11
20 12 14 39 25 14 15

Table 2. Summary of the Ideal Adsorption Selectivity, Henry’s Law Selectivity, and IAST Selectivity™"”

C,H,/CH, selectivity

temperature samples Henry’s law IAST*
273 K Tg-AzoCOF 26 2891 (2426)"
C,0-AzoCOF 16 35
H-AzoCOF 9.5 123
295 K Tg-AzoCOF 22 23
C,p-AzoCOF 14 22
H-AzoCOF 12 17

aTotal pressure: 1 bar; molar ratio: 50:50. bThe selectivity obtained from the second run.

Table 3. Gas Selectivity of AzoCOFs Series in Comparison
to the Selected Other Porous Materials

C,H,/CH, selectivity C,H/CH, selectivity CO,/CH, selectivity

Henry’s law IAST“ Henry’s law IAST* Henry’s law IAST*
8.5 18 9.0 22 11 37
8.9 11 11 15 8.5 12
6.2 20 6.2 21 6.4 23
6.9 7.6 7.2 7.9 7.7 8.7
6.6 6.9 8.3 9.0 6.5 6.9
7.0 6.3 7.4 5.7 6.3 5.2

For all AzoCOFs at zero coverage, Q,, are summarized in
Table 4. For methane, C;y-AzoCOF has the highest isosteric

CH,) CH,/ CHy CO,/

porous materials CH, CH, CH, CH, reference
Tg-AzoCOF 2891 18 22 37 this work
C,9-AzoCOF 35 11 15 12 this work
H-AzoCOF 123 20 21 23 this work
Cu-TDPAT 154.3 124.7 16.4 22
Hexene- 24.5 14.8 9.6 13

CTF_500_10
UTSA_38a 6.5 49 5.7 3.6 23
UTSA 36a 16.1 14.7 24.7 24
HOF-BTB 12.5 10.9 17.7 25
[Mn(INA),]- 515 64 71 26

MeOH

Table 4. Summary of Q,; of AzoCOF Series at Zero
coverage”
samples CH, C,H, C,H, C,Hg CO,
Tg-AzoCOF 14.85 34.01 27.40 31.43 36.11
C,0-AzoCOF 22.86 32.64 28.07 22.71 34.59
H-AzoCOF 9.98 33.10 30.61 33.29 38.22

“Unit of Qy: kJ/mol.

heat (22.86 kJ/mol) and H-AzoCOF has the lowest (9.98 kJ/
mol). For acetylene, Tg-AzoCOF has the highest isosteric heat

selectivity of C,H,, C,H¢, and CO, over CH, are comparable
with other materials.

The gas adsorption selectivity of AzoCOFs largely drops at
295 K. At the elevated temperature, Tg-AzoCOF still shows a
higher selectivity toward unsaturated C2 and CO, over
methane when compared to C,y-AzoCOF and H-AzoCOF.
However, the difference in gas adsorption selectivity of the
three COFs is significantly reduced at 295 K. The IAST
selectivity of C,H,/CH, drops from 2891, 35, and 123 to 23,
22, and 17, respectively, for Tg-AzoCOF, C,,-AzoCOF, and
H-AzoCOF when the temperature is raised from 273 to 295 K.
At a low temperature, enthalpy is the key factor, whereas
entropy is a more important factor at a high temperature.
Thus, when enthalpy dominates at a low temperature, Tg-
AzoCOF with high affinities toward acetylene and CO, shows
dramatically higher C,H,/CH, and CO,/CH, selectivity than
C,0-AzoCOF and H-AzoCOF. When entropy becomes the
key factor at a higher temperature, the molecular interactions
between absorbates and absorbents play a less important role,
causing the difference between gas adsorption selectivity of
AzoCOFs less pronounced.

Next, we estimated the isosteric heats (Q,) of CH,, C,H,,
C,H,, C,Hg, and CO, adsorption to further understand the gas
adsorption affinities and the selective adsorption properties. Q,
were calculated from the adsorption isotherms at 273 and 295
K by using virial-type expressions; the Q.

(34.01 kJ/mol), which supports its remarkably high acetylene
adsorption selectivity. H-AzoCOF has the highest isosteric
heats for C,H, (30.61 kJ/mol), C,Hy (33.29 kJ/mol), and
CO, (38.22 kJ/mol), due to its highest surface area.

To further prove the critical role of azo groups, we also
synthesized the known H-COF without azo substituents as a
control COFE.*>*" The PXRD patterns of H-COF match well
with the literature reports.”’ The IAST calculation shows that
the selectivity of C,H,/CH, of H-COF is around 35 at 273 K,
far lower than that of H-AzoCOF (123), which has a
comparable high surface area but no extra alkyl or Tg chains
(Figures S57—S59). H-COF also shows a much lower Q,; of
C,H, adsorption (29.51 kJ/mol) compared to all three
AzoCOFs (Figures S60—S63). These results further support
the critical role of azo groups for selective C,H, sorption.
Although azobenzene moieties can undergo trans/cis photo-
isomerization, we did not observe any significant change (only
a 2.7% increase in the uptake) in the' CO, adsorption capacity
of H-AzoCOF after irradiating the sample with a mercury lamp
for 10 min, indicating that the conformational change of the
bulky azobenzene substituents, attached to the backbone of the
COF and immobilized in the pores, is likely very limited.

4. CONCLUSION

In summary, we have successfully synthesized a series of
AzoCOFs with azo groups incorporated as the side chains

through imine condensation. This represents the first example
of imine-linked crystalline COFs with azo groups pointing
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inside the pores as the substituents, which are applied toward
C2/C1 separation application. All the AzoCOFs show
excellent to good IAST selectivity for C,H, (up to 2891),
C,H, (up to 20), C,Hy (up to 22), and CO, (up to 37) over
methane at 273 K and 1 bar. The C,H,/CH, selectivity is the
highest reported so far, while other gas pair selectivity is
comparable with most of the porous materials. Our study
shows that the gas adsorption selectivity strongly depends on
both the surface area and polar environment inside the pores.
By examining three framework structures with the same
backbone but different substituents inside the pores, we
revealed that a small surface area, azo groups, and high polarity
chains all contribute to the observed gas adsorption selectivity.
Our study provides an interesting aspect of azo groups, which
potentially could play an important role in gas separation
applications. For practical applications, simple COFs with azo
groups that can be more easily scaled-up, cost effective, and
regenerable are desired.
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