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1.1 Materials

All chemicals and reagents were obtained from commercial sources. Ethanol
(99.5%), N,N-Dimethylacetamide (DMA, AR), HNOj; (65%), and Indium(III) chloride
tetrahydrate (InCl;-4H,0, 99.9%) were obtained from Aladdin. Biphenyl-3,3',5,5'-
tetracarboxylic acid (Hsbptc, 98%) and 4,4'-diamino-[1,1'-biphenyl]-3,3',5,5'-
tetracarboxylic acid (Hsbptc-NH,, 98%) were purchased from Yanshen Technology
Co., Ltd. N; (99.999%), CH4 (99.99%), C,Hg (99.99%), and C3Hg (99.99%) were used
for single-component adsorption.
1.2 Preparation of InOF-12 and NUC-301

InOF-12 was prepared according to a method previously reported in the literature.!

NUC-301: A mixture of InCl; (33 mg), Hsbptc-NH, (36 mg), DMA (3 mL),
ethanol (3 mL), and HNOj; (240 pL) was placed in a 20 mL glass vial and sonicated for
30 minutes to ensure complete dissolution. The vial was then heated statically at 85 °C
in an oven for 5 days. After cooling to room temperature, the resulting product was
collected by filtration, washed three times with a mixture of DMA and ethanol, and
dried under ambient conditions before final collection. The microcrystalline powder of
NUC-301 were obtained in 39% yield based on Hsbptc-NH,. Elemental analysis (%):
Calcd for CisHgInN20s, C 40.8, H 1.71, N 5.95; Found, C 40.61, H 1.93, N 5.18.

1.3 Characterization and equilibrium adsorption experiments
Powder X-ray diffraction (PXRD) characterization of NUC-301 was carried out

with a Bruker D8 Advance diffractometer (Cu Ka radiation). The thermal stability of



the samples was assessed via thermogravimetric analysis (TGA), using a NETZSCH
STA 449F5 thermal analyzer under a nitrogen (N2) atmosphere. The temperature was
ramped from ambient conditions to 1073 K at a heating rate of 10 K/min. Elemental
analysis (C, H, N) was performed using an Elemental Unicube analyzer. Fourier
transform infrared (FT-IR) spectra were recorded on a Thermo Fisher Scientific Nicolet
1520 spectrometer. Meanwhile, 77 K N2 adsorption-desorption isotherms were acquired
with a BSD-660 instrument. Before gas sorption analysis, the prepared samples were
first subjected to low-boiling-point solvent exchange for 3 days, with the solvent
replaced every 12 hours. After the completion of solvent exchange, the samples were
treated at 353 K for 12 hours under high-vacuum conditions. The static pure component
adsorption isotherms of NUC-301 for CH,, C2Hs, and CsHs were measured at a BSD-
660 at 288 and 298 K, respectively.

1.4 Isosteric heat of adsorption

The adsorption heat (Qy) is defined as follows:

0 = RTZ(@lan
st aT ]

R is a constant, T indicates the temperature (K), P represents the pressure (kPa) and q
is the adsorption amount (mmol/g). These values were calculated using the Clausius-
Clapeyron equation based on the single-component adsorption data collected from 0-1

bar at 288 and 298 K, respectively.

1.5 Ideal adsorbed solution theory (IAST) calculations
The single-component adsorption isotherms of CH4, C;Hg and CsHg on NUC-301

obtained at 298 K were fitted using the dual-site Langmuir-Freundlich model.



q 1s the adsorbed capacity per mass of adsorbent (mol/kg), ga sa and b4 are the saturation
uptake capacities and the constant at site A, respectively and P is the total pressure of
the gas at the equilibrium (kPa).

The adsorption selectivity defined as follows:

_qA/qB
yA/yB

ads

where g4 and gg represent the component molar loading within the MOFs and y and
ypare the corresponding mole fraction used in the feed gas mixture.
1.6 Rietveld refinement for NUC-301

The initial structural model for Rietveld refinement was referenced from the
published InOF-12 crystallographic data. The refinement results of NUC-301 were
obtained by the Rietveld method implemented in TOPAS software (Table S1, CCDC
2489857).

1.7 Grand canonical Monte Carlo simulations

The GCMC calculations were performed using the Sorption module in BIOVIA
Materials Studio (version 8.0) under three-dimensional periodic boundary conditions.?
The COMPASS force field was employed to describe interatomic interactions. The
Ewald method was used to calculate the electrostatic energy, and the van der Waals
energy was calculated within a cutoff distance of 12 A. Each simulation consisted of 2
x 107 equilibration moves followed by 2 x 107 production moves to ensure convergence.
Monte Carlo moves included molecular translations and rotations (for non-spherical
molecules), as well as insertion and deletion of guest molecules. For gas molecules, LJ
parameters for CHy, C,Hg and C3Hg were taken from the united-atom TraPPE force

field,? as summarized in Table S5. GCMC simulations were then performed to study



the adsorption behaviors of CH4, C,Hg and CsHg at 298 K and 1 bar. The primary
adsorption sites were identified using the Adsorption Locator module by locating
energetically favorable positions of guest molecules within the frameworks. The
isosteric heats of adsorption (Qy) were calculated at 298 K using the fluctuation method

implemented in the Sorption module.*

1.8 Transient breakthrough simulations

Transient breakthrough simulations were carried out for 85/10/5 CH4/C,H¢/C5sHg
mixtures at 298 K and 100 kPa using the methodology described in earlier
publications.> In these simulations, intra-crystalline diffusion influences are ignored.

The simulations were performed for a breakthrough tube with the following parameters:

Inside diameter of breakthrough tube = 4 mm

Length of packed bed = 120 mm

The flow rates at the inlet, O, =2 mL min’!

The sample mass of MOF in the packed bed m_, =0.76 g.

The MOF framework density, p = 812 kg m™.

The mixture adsorption equilibrium were determined using the Ideal Adsorbed
Solution Theory (IAST) of Myers and Prausnitz.°

The breakthrough data are presented in terms of the dimensionless concentrations

at the exit of the fixed bed, ¢,/c,, as function of the modified time parameter

0

(¢= time, min ) B
(2 MOF packed in tube) ~ m,,
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Fig. S1. (a) N, adsorption-desorption isotherms of NUC-301 at 77 K. (b) The pore

distribution of NUC-301.
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Fig. S2. TGA curves of NUC-301.
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Fig. S3. The FT-IR spectra of activated NUC-301 samples.
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Fig. S4. The single-adsorption isotherms of NUC-301 for CH,4, C,Hg and C;Hg at 288

K.
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Fig. S5 Cyclic (a) CH4, (b) C,Hs, and (c) CsHg adsorption measurements on NUC-

301at 298 K and 1 bar.
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Fig. S6. PXRD patterns recorded for InOF-12.
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Fig. S7. The single-adsorption isotherms of InOF-12 for CH,4, C;H¢ and C5Hg at 288

K.
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Fig. S8. The single-adsorption isotherms of InOF-12 for CH,4, C;H¢ and C5Hg at 298

K.
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Fig. S9. The adsorption heats of InOF-12 for CH,, C;Hg and C;Hg.
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Fig. S10. The adsorption selectivity of CsHg/CHy(1/1) and C,H¢/CH4 (1/1) for InOF-

12 at 298 K.
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Fig. S11 A comparison of the C,H¢/CH,4 adsorption selectivity and C,Hg uptake for

previously reported adsorbents.
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Fig. S12 A comparison of the C;Hg/CH,4 adsorption selectivity and CsHg uptake for

previously reported adsorbents.
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Fig. S13 The main adsorption sites of InOF-12 for (a) CHy, (b) C,Hg, and (c) C3Hg

were identified using GCMC simulations.
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Fig. S14 CH,, C,H¢ and C;Hg adsorption isotherms at 298 K in NUC-301 with dual-

site Langmuir-Freundlich model fits.
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Fig. S15 CH,, C,Hg and C3Hg adsorption isotherms at 298 K in InOF-12 with dual-site

Langmuir-Freundlich model fits.



Table S1. Main parameters of processing refinement.

compound NUC-301
sp. gr. P42/mmc
a (A) 9.9607
b (A) 9.9607
c(A) 18.0472
a(®) 90.0000
B (°) 90.0000
v (©) 90.0000
V (A3) 1790.56
no. of reflection 207
20-interval 5°-65°
Ry, (%) 6.36
R, (%) 4.88
Rexp (Y0) 5.46
2 1.17

Table S2 Physicochemical properties of CHy4, C,Hg and C3Hg!!

) Kinetic diameter Boiling point  Polarizability
Structure  Molecular size (A3)
A) (K) (x102%/cm?)
CH,4 ‘6, 3.70 x 3.70 x 3.70 3.8 111.6 26
C,He L&:% 3.81 x 4.08 x 4.82 4.44 184.6 443
62.9

C3H; LHEQ‘L 4.20 x 4.60 x 6.80 49 230.9



Table S3 Summary of C.He/CsHs adsorption capacities and IAST selectivities (for
C2He¢/CHa4 (1/1) and CsHs/CHa (1/1) mixtures) of reported MOFs at 298 K and 1 bar

Adsorbents C,Hg C;Hg C,H¢/CH4 C3;Hg/CH4 Reforence
(cm?/g) (cm?/g) selectivity  selectivity
Co-pyz 69.1 71.6 25 111 [12]
CTGU-15 47.7 271 5.2 170.7 [13]
JLU-Liu6 49 57 20.4 274.6 [14]
UTSA-35a 54.4 66.5 20 80 [15]
JLU-Liu22 73.9 92.9 14.4 271.5 [16]
MFM-202 94.3 151.4 10 87 [17]
Ni(TMBDC)(DABC 124 130 29 115 [18]
O)os

NKM-101 65.5 74.9 20.1 223.1 [19]
InOF-1 92.7 95.2 17 91 [20]
Cu-IPA 57.6 69.4 40 765 [21]
ZUL-C2 63.1 56.4 91 632 [22]
BSF-1 352 43.5 23 353 [23]
Co-MOF 65.5 65.8 83.8 715.6 [24]
NAC-700 170 258.9 65.7 501.9 [25]
FJI-C4 66.3 71.5 39.7 293.4 [26]
FJI-C1 83.3 141.7 22 471 [27]
BSF-2 27.3 39.6 53 2609 [28]
MIL-142A 85.5 130.3 14.5 1300 [29]
NIIC-20-Et 53.4 125.4 20.7 1110 [30]

InOF-12 27.8 31 18.8 226.5 This work



NUC-301 39.6

523

This work

Table S4 A comparison of adsorption performances of NUC-301 and InOF-12

(conditions: 298 K, 1 bar; 1:1 v/v for selectivity; near-zero coverage for isosteric heat).

NUC-301 InOF-12
CH,4 (cm?/g) 9.5 6.5
C,Hg (cm¥/g) 39.6 27.8
C;Hg (em¥/g) 52.3 31
C,Hy/CHy selectivity 22 18.8
C;Hg/CHy selectivity 612 226.5
Experimental Qst of CH
xperimental Ost o 4 13.1 10.4
(kJ/mol)
Experimental Ost of C,Hg 26.3 241
(kJ/mol)
Experimental Ost of CsH
xperimental Ost of C;Hg 13.8 30.1
(kJ/mol)
Calculated Qst of CH
alculated Ost of CH 16.7 13.7
(kJ/mol)
Calculated Qst of C,H
alculated Ost of CHs 29.5 28.3
(kJ/mol)
Calculated Qst of C;H
alculated Ost of C3Hs 36.7 335

(kJ/mol)




Table S5 Charges and Lennard-Jones parameters of CH4, C,H¢ and CsHg molecules.

Atom type o (A) g (K) Charge (e)
CH,4 3.73 148 0
CH;_C,Hg 3.75 98 0
CH;_CsHg 3.75 98 0
CH,_ CsHg 3.95 46 0

Table S6 Dual-Langmuir-Freundlich fitting parameters for CH4, C;Hg and C5Hg in

NUC-301 at 298 K.

Site A Site B R2
bA bB
A sat VA qB sat B
cm? gl bar-! dimensionless cm? gl bar! dimensionless
CH, 29.19 0.28 1.35 422 2.69 1.03 0.9999
C,H, 27.27 0.63 0.86 32.56 8.18 1.05 0.9999
C;H; 20.81 4.12 0.92 35.64 235.12 1.17 0.9999



Table S7 Dual-Langmuir-Freundlich fitting parameters for CH4, C;Hg and C5Hg in

InOF-12 at 298 K.

Site A Site B R2
bA bB
qA,sat VA qB,sat B
cm? gl bar-! dimensionless cm? gl bar-! dimensionless
CH, 23.42 0.31 1.29 2.14 2.88 0.96 0.9999
C,Hg 32.42 4.66 0.97 358.1 0.003 1.89 0.9999
C;Hg 20.37 106.63 1.01 14.49 291 091 0.9999
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