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ABSTRACT: Covalent organic frameworks (COF) are promis-

ing porous materials for energy-efficient gas separation. However, 

understanding of the interaction between the host framework and 

the guest gas molecules, which is crucial for the development of 

the COF adsorbents, remains insufficient. Here, we look into the 

host-guest interactions between C2H2/CO2 molecules and a propyl 

sodium sulfonate group functionalized COF. Gas sorption studies 

indicate that the synthesized COF, termed Py-Na COF, exhibits 

C2H2/CO2 discriminative adsorption at ambient temperature. The 

underlying discriminative mechanism is studied by in situ 23Na 

solid-state NMR combined with molecular dynamics (MD) and 

density functional theory (DFT) calculations. The interactions 

between the C2H2/CO2 molecules and the host sodium ion play an 

essential role in C2H2/CO2 discrimination in Py-Na COF. 

Covalent organic frameworks (COFs) are an emerging class of 

porous crystalline materials with high designability, functionality, 

and robustness1-5, and have been utilized to separate gases such as 

carbon dioxide (CO2)/nitrogen (N2)6-7, CO2/methane (CH4)8-9, 

acetylene (C2H2)/ethylene (C2H4)10. Appropriate interactions be-

tween the adsorbents and the host molecules are the keys to en-

hancing the performance of separation. So far, various strategies 

of modifying COFs, including pore dimension/topology design11-

13 and pore surface decoration,6,14-17 have been reported. To make 

the COFs next-generation adsorbent materials alleviating energy 

consumption of gas storage and separation, it is desirable to real-

ize efficient discriminative adsorption of C2H2 over CO2.18 It is, 

however, challenging, since their dimensions (3.32 × 3.34 × 5.7 

Å3 for C2H2, 3.18 × 3.33 × 5.36 Å3 for CO2) and physical proper-

ties (boiling points of 189.3 and 194.7 K for C2H2 and CO2, re-

spectively) are almost identical,19 and in addition, they are both 

apolar.20   

Accordingly, any physisorption-based separation strategy needs 

to exploit the difference in the quadrupole moments of the C2H2 

and CO2 molecules. Since the quadrupole moment of C2H2 is of 

opposite sign and has a greater absolute value compared to that of 

CO2, introducing appropriate electrostatic interactions into the 

porous framework potentially leads to efficient discrimination of 

the C2H2 and CO2 molecules. So far, integrating hydrogen sul-

fonic groups has proven to be effective for improving the uptake 

of CO2 by metal organic frameworks.21-22 However, the hydrogen 

sulfonic groups cooperated in the porous frameworks also attract 

C2H2, offering no help to separate C2H2/CO2.23 By replacing the 

proton of the sulfonate group in the porous materials with sodium 

or silver ions, C2H2/C2H4 selectivity has successfully been en-

hanced, owing to the additional cation-π electrostatic interac-

tion.24-25  

Here, we present a COF functionalized with the sodium sul-

fonic group which exhibits discriminative adsorption towards 

C2H2 over CO2 at ambient temperature. The COF, referred to as 

Py-Na COF, is composed of 4,4′,4′′,4′′′-(pyrene-1,3,6,8-tetrayl) 

tetraaniline (PyTTA) and 2,5-di(oxypropane-1-sodium sulfonate) 

terephthalaldehyde (DSTA) unit with imine linkage (Fig. 1(a)). In 

the following, we show molecular dynamics (MD) calculations of 

Py-Na COF loaded with C2H2 or CO2 revealing the interactive 

sites and configurations. To evaluate the effects of binding of the 

C2H2 and CO2 molecules with the Py-Na COF, we then calculate 
23Na NMR parameters of the sodium sulfonate group by density 

functional theory (DFT) and experimentally examine them by in-

situ gas-loaded 23Na high-resolution solid-state NMR (SSNMR) 

spectroscopy utilizing a homebuilt hermetic rotor and a gas load-

ing system (Fig. S1).  

We synthesized Py-Na COF using DSTA and PyTTA via hy-

drothermal condensation in n-butanol solvent with 6 M acetic acid 

as catalyst (see Section 1.2 of Supporting Information for details). 

The structure of Py-Na COF was characterized by Fourier trans-

form infrared (FT-IR) spectroscopy, powder X-ray diffraction 

(PXRD), scanning electron microscopy (SEM), and SSNMR. The 

formation of the imine linkage was confirmed by the appearance 

of the band of C=N stretching vibration at 1613 cm–1 in the FT-IR 

spectrum (Fig S3) and the imine peak at 152 ppm in the 13C cross 

polarization-magic angle spinning (CP-MAS) spectrum (Fig S4). 

The S=O peak at 1040 cm–1 in the FT-IR spectrum and three dis-

tinct alkyl carbon peaks between 20-70 ppm in the 13C spectrum 

indicate successful anchoring of the propyl sulfonate side chains. 

The SEM image of Py-Na COF (Fig. S5) revealed the stacked 

configuration of rod-shaped crystallites. Thermogravimetric anal-

ysis indicated that Py-Na COF possesses high thermal stability up 

to 250 °C (Fig. S6). The crystal structure was found to be intact 

without significant change in the PXRD pattern for one year (Fig. 

S7). 

The crystal structure of Py-Na COF in space group C2/m was 

modeled with the unit cell parameter optimized by Pawley re-

finement of the experimental PXRD pattern (Fig. 1(b)). The simu-

lated PXRD pattern of the AA stacking model with the optimized 

unit cell matched the experimental results (Fig. S8, S9). The unit 

cell parameters (a = 33.25 Å, b = 34.40 Å, c = 3.95 Å and α = γ = 



 

 

Figure 1. (a) Schematic representation of the synthesis of Py-Na COF. (b) Experimental (red circle), Pawley refined (black), simulated 

eclipsed AA stacking (blue) of powder X-ray diffraction patterns for Py-Na COF. The bottom gray line is the difference between the ex-

perimental and the refined patterns. (c) Side and (d) Top view of the reconstructed crystal structure of Py-Na COF. (gray: C, white: H, 

blue: N, red: O, yellow: S, purple: Na).  

 

90°, β = 80°) were obtained with reliability factors Rp and Rwp of 

6.43 % and 8.56 %. The discrepancy between 2θ range 10°-13° of 

the simulated pattern and the experimental PXRD pattern is as-

cribed to the interlayer shift of Py-Na COF induced by the side 

chains, which is similar to that induced by the solvation effect 

reported for a derivative of Py-Na COF with the same skeleton.26 

From the reconstructed eclipsed AA stacking crystal structure of 

Py-Na COF shown in Fig. 1(c)(d), the size of the pore aperture 

was estimated to be ca. 0.5 nm. 

The porosity of Py-Na COF was characterized by N2 adsorption 

isotherm at 77 K. The N2 uptake was lower than 20 cm3 at pres-

sures P/P0 < 0.8, and rapidly increased with the pressure for P/P0 

higher than 0.9 up to near the saturation level (Fig. S10). We as-

cribe the low uptake at the low pressure to the inefficient diffusion 

of the N2 molecules in ultramicropores with a pore diameter less 

than 0.7 nm and the sharp rise to the condensation of the N2 mole-

cules in inter-particle voids.27 Thus, the aperture size estimated 

from the isotherm and that from the reconstructed structure are 

consistent with each other. 

Figure 2 shows C2H2 and CO2 adsorption isotherms measured 

at 195 K, 273 K, and 298 K. At 195 K, Py-Na COF exhibited 

similar C2H2 and CO2 adsorption isotherms, so that the capacities 

of C2H2 and CO2 are nearly the same. At 273 K, the greater capac-

ity of C2H2 over CO2 for Py-Na COF at the whole pressure range 

suggested the host-guest interaction affected adsorption behavior 

at near ambient temperature.  

When the temperature increased to 298 K, Py-Na COF showed 

the C2H2 capacity of 38 cm3g–1 at 1 bar, which is approximately 

double that for CO2 (20 cm3g–1) under the same condition. The 

selectivity, calculated at room temperature by the equimolar 

C2H2/CO2 adsorption of Py-Na COF using the ideal adsorbed 

solution theory (IAST), was over 7 in the 0-100 kPa range (Fig. 

S13) (see Section 3 of Supporting Information for details). 
 

Figure 2. C2H2 and CO2 adsorption for Py-Na COF at (a) 195 K 

and 273 K (b) 298 K. 



 

To identify the interaction site, evaluate the effect of the guest 

on the host, and thereby shed light on the origin of the C2H2/CO2 

discriminative adsorption behavior of Py-Na COF, we carried out 

MD and DFT calculations. (see Section 4 of Supporting Infor-

mation for details). 

We calculated the potential fields for the C2H2 and CO2 mole-

cules inside the pore of Py-Na COF by the grand canonical Monte 

Carlo (GCMC) method using the optimized structures of Py-Na 

COF supercell and the C2H2/CO2 molecules.28 The calculated 

potential fields (Fig. S14) show that, for C2H2, the preferential 

adsorption region is relatively close to the sodium sulfonate 

groups with an interactive strength of up to −40 kJ mol-1, whereas 

the preferential regions for CO2 are more dispersed with the 

weaker interaction (~ −35 kJ mol-1) compared to the former. 

Figure 3(a) shows the configuration of one C2H2 molecule ad-

sorbed in Py-Na COF that gave the lowest energy calculated by 

the GCMC method. The binding of the C2H2 molecule to Py-Na 

COF is such that one of the carbon atoms of the C2H2 molecule 

tends to approach the sodium ion. Conversely, the CO2 molecule 

was found to settle in a different site relatively distant from the 

sodium ion, as shown in Fig. 3(b).  

Simulated isotherms of C2H2/CO2 for the Py-Na COF supercell 

by the GCMC method resulted in similar uptakes of C2H2 and 

CO2 at 195 K and approximately double uptake of C2H2 over CO2 

at 1 bar, 298 K (Fig. S15, S16), showing the same trend as the 

experimental adsorption results except for overestimated amounts. 

In addition, the calculated isosteric heats (Qst) for C2H2 and CO2 

adsorption (−47.3 kJ·mol−1for C2H2 and −32.5 kJ·mol−1 for CO2) 

were consistent with the Qst values obtained from the experi-

mental isotherms for Py-Na COF at 273 K and 298 K (−49.0 

kJ·mol−1 C2H2 and −41.2 kJ·mol−1 for CO2). The greater absolute 

value of Qst for C2H2 adsorption suggests that Py-Na COF has the 

higher C2H2 affinity.  

To reflect more realistic situations, we took the flexibility and 

disorder of the side chains into account by annealing the supercell 

structure of Py-Na COF at 298 K. As a consequence, the side 

chains twisted and the head of the sulfonate sodium group ran-

domly pointed to all directions (Fig. 3(c)). The adsorption iso-

therm simulated for this annealed supercell still displayed the 

same discriminative adsorption behavior of C2H2 over CO2 with 

reduced uptakes compared to the ideal cell (Fig. S15). This result 

suggests that the disorder reduces pore space and thereby restrains 

adsorption. Nevertheless, the discriminative ability is not signifi-

cantly affected by the complexity of the structure, since the inter-

active sites can still discriminate the guest molecules in a syner-

getic and complex way as long as they are accessible. 

DFT calculations of the NMR parameters based on this opti-

mized supercell structure are hindered by the high computational 

cost. Accordingly, we made a simplified model composed of a 

single fragment of Py-Na COF and the guest molecules in a cell 

(40 × 40 × 20 Å3), and then obtained the several lowest energy 

configurations of the fragment that interacted with the guest mol-

ecules by the GCMC method (Fig. S17, S18). We found that for 

all of these lowest energy configurations, the C2H2 or CO2 mole-

cule was bound to the sodium sulfonate group of the fragment. 

The calculated spatial location of C2H2 in the cell displayed more 

concentrated distribution around the sulfonate group compared to 

CO2 (Fig. S19). Figure. S20 shows electrostatic potential maps 

obtained from the optimized structure and configurations. 

To evaluate the effect of the guest binding to the local envi-

ronment of the sodium ion, we numerically calculated the chemi-

cal shielding and the quadrupolar parameters of the 23Na nucleus 

by the CASTEP module (Table. S1) and analyzed the isotropic 

terms for further comparison with SSNMR experiments. We 

found that when the C2H2 molecule was bound to the Na+ site, the 

average value of isotropic chemical shielding (𝜎iso) of Na+ was 

lower by approximately 20 ppm than that obtained with the guest-

free condition. Conversely, the CO2 molecule has a similar but 

much smaller effect on the 23Na shielding than the C2H2 molecule 

does. This result suggests that both C2H2 and CO2 interact with 

Na+, while the effect of the former on the sodium ion is greater.  

To verify if the interactive site, configuration, and the effect of 

binding obtained by the MD and DFT calculations are reasonable, 

we carried out gas-loaded in-situ high-resolution SSNMR meas-

urements. A hermetic rotor packed with Py-Na COF was put into 

the gas loading setup connected to a vacuum pump and gas cylin-

ders (Fig. S1). The sample was evacuated under heat, loaded with 

gases to 2 bar at room temperature, and then subjected to SSNMR 

line, proving successful accommodation of C2H2 in Py-Na COF 

(Fig. S21). The airtightness of the hermetic rotor was verified by 

monitoring the peak intensity of C2H2 using an arrayed 1H MAS 

NMR experiment over hours (Fig. S22). 

 

Figure 3. Simulated binding configuration of (a) C2H2 (b) CO2 in 

Py-Na COF. (Na--C: 3.3 Å, Na--O: 3.5 Å) (c) Annealed supercell 

structure of Py-Na COF at 298 K. 



 

 

Figure 4. 2D 23Na split-t1 3QMAS spectra of Py-Na COF in (a) C2H2 (b) vacuum (c) CO2 (d) air. CS (blue) and QIS (red) are the chemical 

shift and quadrupolar induced shift axes (unit: ppm). 

 

In 13C CP-MAS NMR spectra of Py-Na COF under air, CO2, 

and C2H2 conditions (Fig. S23), no discernible change in the peak 

components or positions for the carbon framework was found, 

which means all the guest molecules have no obvious interaction 

with the carbon skeleton. Since CP-MAS does not give rise to 

signals from highly mobile species like free gases, the 13C signal 

of C2H2 at 72 ppm in the 13C CP-MAS spectrum of the C2H2 

loaded sample (Fig. S21) indicates that the motion of C2H2 is 

restricted. It follows that there exists an interaction between C2H2 

and the host at some binding sites other than the carbon skeleton. 

In 23Na MAS NMR of Py-Na COF, we noticed appreciable 

changes in the position of the single broad featureless peak under 

different conditions (Fig. S24). 23Na is a spin-3/2 quadrupolar 

nucleus, and its resonance is perturbed by both the chemical 

shielding and the quadrupolar shift induced by the electric field 

gradient at the nucleus. Thus, the peak position, i.e., the center of 

mass 𝛿2 of the resonance line, reflects the effects of both the aver-

aged isotropic contributions 𝛿CS̅̅ ̅̅ ̅ of the chemical shift and that 𝛿Q̅̅̅̅  

of the quadrupolar interaction.  

To extract the contribution of the chemical shift for comparison 

with the chemical shielding obtained by the DFT calculation, we 

then carried out two-dimensional (2D) 23Na split-t1 3QMAS ex-

periments (Fig. 4),29 in which the contributions of the chemical 

shift 𝛿CSand the quadrupolar interaction 𝛿Q can be obtained sepa-

rately and the anisotropy is removed along the indirect dimension 

(𝛿iso), so that the broadening in Fig. 4 along 𝛿iso indicates distri-

butions of 𝛿CS and 𝛿Q. The blue and red lines in Fig. 4 are the 

chemical shift (CS) and the quadrupolar induced shift (QIS) axes 

plotted according to the Massiot convention,30 along which the 

effect of the distribution of 𝛿CS  and 𝛿Q  appears separately. The 

position of the 23Na peak of the C2H2-loaded sample shifted in 

both the 𝛿iso and 𝛿2 axes compared to the evacuated sample (Fig. 

4(a)(b)). Contrastively, no appreciable shift of 23Na resonance 

was observed in both axes for the CO2-loaded sample (Fig. 4(c)). 

The isotropic contributions 𝛿CS̅̅ ̅̅ ̅ and 𝛿Q̅̅̅̅  were obtained from the 

peak position 𝛿iso and 𝛿2, and summarized in Table S2 (see Sec-

tion 5.1 of Supporting Information for details). The isotropic 

chemical shift 𝛿iso
CS  and the shielding parameter 𝜎iso are related by 

𝛿iso
CS = 𝛿CS̅̅ ̅̅ ̅ =  𝜎ref – 𝜎iso, where 𝜎ref is the shielding parameter of 

the reference compound. The experimentally obtained downfield 

shift of 𝛿iso
CS  of the 23Na resonance induced by the binding of the 

C2H2 molecule is consistent with the decrease in 𝜎iso obtained by 

the DFT numerical calculation, and therefore supports the struc-

ture and configuration of C2H2-loaded Py-Na COF that led to the 

lowest calculated energy as shown in Fig. 3, S17, S18.  

All the 2D spectra did not exhibit discrete peaks of distinct so-

dium sites but a broad resonance line in the 𝛿iso axis. The broad-

ening in the 𝛿iso axis arose solely from the distribution of 𝛿CS and 
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𝛿Q, where the distribution of 𝛿Q along the QIS axis dominantly 

contributed to the broadening. Such distribution, which is typical 

for glassy materials, indicates the presence of disorder of the so-

dium ions in Py-Na COF.31  

For the air-exposed Py-Na COF sample, the 23Na resonance 

measured by 3QMAS also shifted (Fig. 4(d)). Presumably, the 

H2O molecule in the air coordinates to Na+ to form a hydrate ion. 

The changes in the chemical shielding and the quadrupolar pa-

rameters of 23Na are the consequences of the changes in the elec-

tronic environment around Na+ introduced by the guest molecules. 

Thus, we confirm that the sodium ion is indeed the interactive site 

for these guest molecules. The larger 23Na chemical shift for the 

C2H2-loaded sample than that for the CO2-loaded sample suggests 

the stronger interaction between C2H2 and Na+. We also found the 

loading of the gases did not significantly change the quadrupolar 

parameters in both the calculations and the experiments (Table 

S1). This indicates the binding of the gas molecule to Na+ is not 

as strong as the coordination bonds. 

It should be noted, however, that the shift of 𝛿iso
CS  was an order 

of magnitude smaller than that obtained by the calculation. The 

dominant factor causing the discrepancy is the difference in the 

quantity between the real adsorption process and the DFT calcula-

tion. The saturation uptake of C2H2 and CO2 for Py-Na COF at 

298 K is 0.6 C2H2 molecule per Na+ and 0.3 CO2 molecule per 

Na+, which are both less than that in the 1:1 model used for the 

DFT numerical calculation. In addition, the significantly smaller 

experimental shift implies that the individual interactive site dy-

namically undergoes the adsorption and desorption processes, so 

that the shift appears to be the averaged one between the guest-

bound and the vacuum conditions. 

The electrostatic potential map obtained from the optimized 

structure and configuration (Fig. S20(a)) indicates that the nega-

tively charged region of the C2H2 molecule around the triple bond 

is attracted to the sodium cation. In the case of CO2, it is one of 

the edges of the molecule that is negatively charged and thereby is 

attracted to the sodium cation (Fig. S20(b)). It follows that the 

molecule can also bind to the sodium sulfonate group, but only 

with a relatively longer distance compared to the case of C2H2. 

These configurations also explain the reason why the hydrogen 

sulfonic group in the porous framework failed and the sodium 

sulfonate group succeeded in discriminating C2H2 and CO2.21 The 

additional, energetically favorable quadrupolar cation-π interac-

tion would develop between the alkali metal ions and the gas 

molecules that include π electrons. For Py-Na COF, the cation-π 

interaction between the sodium ion and the C2H2 molecules leads 

to both the shifts of the 23Na NMR peak and the discriminative 

adsorption of C2H2 over CO2.  

In summary, Py-Na COF synthesized in this work showed dis-

criminative adsorption of C2H2 over CO2 at room temperature. 

The in-situ 23Na 3QMAS NMR measurements and the calcula-

tions suggested that the sodium sulfonate group is the interactive 

site for both C2H2 and CO2, with the greater affinity to the former 

due to the additional quadrupolar cation-π interaction. This work 

not only enriches the family of COF-based sorbents for challeng-

ing gas separation, but also paves the way for mechanistic studies 

of gas discrimination utilizing the SSNMR techniques. 

 

Materials and instruments, characterizations, Qst and IAST selec-

tivity calculation, MD and DFT calculation details, solid-state 

NMR spectra, unit cell parameters are included in the supporting 

information. 
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