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Materials

The Zinc nitrate hexahydrate [Zn(NOs),-6H,0, 99.0%] were obtained from Aladdin Reagent

(Shanghai) Co., LTD. The iron nitrate nonahydrate [Fe(NO3);-9H,0, 98.5%], cobalt nitrate

hexahydrate [Co(NO3), 6H,0, 98.5%], nickel nitrate hexahydrate [Ni(NO;),-6H,0, 98.5%]

and manganese tetrahydrate nitrate [Mn(NOs),-4H,0, 98.0%] were purchased from the Tianjin

Damao Chemicals Co., Ltd. The organic ligand 3,3',5,5'-azobenzenetetracarboxylic acid

(H4ABTC, 99.0%) was obtained from Shanghai Chemsoon Chemical Co., Ltd. Anhydrous

sodium acetate (CH;COONa, 99.0%), ethanol (EtOH, 99.7%), dichloromethane (CH,Cl,,
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99.5%), N, N-dimethylformamide (DMF, 99.5%), methanol (MeOH, 99.5%), and glacial
acetic acid (CH3COOH, 99.5%) were obtained from the Tianjin Damao Chemicals Co., Ltd.
Ultrapure. Ultrahigh-purity-grade (>99.99%) N, and high-purity-grade (>99.95%) SO,, CO,

and CH, gases were used during the adsorption experiments.

Synthesis of preformed metal clusters

The Fe;(u3-O)(CH;COO); clusters were synthesized as literature reported with modifications!
3, Generally, dissolve iron nitrate nonahydrate (4.04 g, 0.01 mol) and sodium acetate (12.72 g,
0.155 mol) in 25 ml of deionized water, respectively. After that, the CH;COONa solution was
dropwise added into the iron (II) nitrate solution under stirring. Brown precipitate could be
obtained after stirring the mixed solution overnight. The product was filtrated and washed with
EtOH, and then, dried at 343 K for 6 h under vacuum. For Fe,M(3-O)(CH3COO)s (M = Ni,
Co, Zn, Mn), the preparation process was the same as Fe;(p3-O)(CH3COO)4 except that the
M(I) (M = Co, Ni, Zn, Mn) nitrate (0.05 mol) was mixed with the iron(IIl) nitrate before
dissolution.

Synthesis of PCN-250 series materials

PCN-250 and bimetal PCN-250(Fe,M, M = Ni, Co, Zn, Mn) were synthesized as previously
reported with minor modifications3. In a typical procedure, Fes(us-O)(CH3COO)¢ clusters
(15 mg), HYABTC (10 mg), DMF (2 mL), and CH3;COOH (1.4 mL) were added into a 23 ml
Pyrex vial. The mixed solution was then heated in an oven for 12 h at 413 K. After slowly
cooled to room temperature, the obtained brown crystal was filtrated and washed with DMF.
The synthesis of bimetal PCN-250 (Fe;M, M = Co, Ni, Zn, Mn) was the same as the original

PCN-250 material, except that corresponding Fe,M(p;-O)(CH;COO)¢ (Fe;M, M = Ni, Co, Zn,
2



Mn) clusters were selected. Moreover, in the preparation of PCN-250(Fe,Mn), the amount of

CH;COOH added was reduced to 1.1 mL.

Large-scale synthesis of PCN-250 series MOF

PCN-250(Fe,M), M=Fe, Co, Ni, Mn, Zn were synthesized according to the reported literature,
with some adjustments!. Fe;(u3-O)(CH;COO), clusters (1 g), HABTC (1 g), DMF (200 mL),
and CH3;COOH (140 mL) were added into a 500 mL Pyrex vial. The mixed solution was then
heated in an oven for 12 h at 413 K. After slowly cooled to room temperature, the obtained
brown crystal was filtrated and washed with DMF. The synthesis of bimetal PCN-250 (Fe,M,
M = Co, Ni, Zn, Mn) was the same as the original PCN-250 material, except that corresponding
Fe,M(u3-O)(CH3COO0)4 (FeaM, M = Ni, Co, Zn, Mn) clusters were selected. Moreover, in the
preparation of PCN-250(Fe,Mn) and PCN-250(Fe,Zn), the amount of CH;COOH added was

reduced to 120 mL and 100 mL, respectively.

Characterization Methods

Powder X-ray diffraction (XRD) patterns were acquired on a Bruker D8 Advance X-ray
diffractometer at 40 kV and 40 mA with a scan speed of 0.02°/s in the 20 range of 5-50° using
Cu-Ka radiation. Thermogravimetric analysis (TGA) was conducted under N, atmosphere at a
heating rate of 10 °C/min from room temperature to 600 °C using a TGA-55 instrument.
Scanning electron microscope (SEM) images were obtained on a TESCAN MIRA4 instrument.
N, adsorption and desorption isotherms were measured at 77 K on ASAP 2460 Analyzer
(Micromeritics) equipped with commercial software for calculation and analysis. The surface

area was estimated by Brunauer-Emmett-Teller (BET) equation and the pore size distribution



was calculated based on the density functional theory (DFT) method.

Simulation methods

To reveal the intrinsic mechanism for the superior separation behavior, computational
modeling was conducted to investigate SO, and CO, adsorption in PCN-250 series materials.
Adsorption density simulations were performed in the Sorption module, in which one molecule
of each adsorbate was loaded (fixed loading) in 2 x 2 x 2 unit cell of the framework by means
of the Metropolis Monte Carlo (MC) method at 298 K. This MC method sample an ensemble
by generating a chain of configurations with the ensemble density. Exchange, conformers,
rotate, translate and regrow trials of the adsorbate with probability of 0.39, 0.20, 0.20, 0.20,
0.02 were considered in each MC step. QEq method was used to calculate the partial charges
of the adsorbate and adsorbent, in order to describe the electrostatic interactions with the Ewald
summation method under an accuracy of 1x10-# kcal/mol. Van der Waals interactions between
adsorbate and adsorbent were described by the universal force field, where the interactions
were truncated at 15.5 A. During the calculations, 1x10° steps were used for equilibration, and
1x10° steps were used for production. The charge density difference between the guest
molecules and framework was derived from density functional theory (DFT) calculations
taking the generalized gradient approximation (GGA) with a Perdew-Burke-Ernzerh (PBE) as
the exchange-correlation functional with the CASTEP package. The guest molecules were
isolated from the framework for the charge density difference calculation. The k-point was

3x3x3.



Calculation of equilibrium selectivity
The SO,, CO,, CH; and N, adsorption isotherms were fitted by the dual site Langmuir-
Freundlich (DSLF) model. The DSLF equation can be expressed as the follows:

€1 )

bip b,p
q=q———— + gp——— (1)

1+ blpc1 1+ bzpc2
where q (mmol/g) is the equilibrium adsorbed amount for an adsorbent, q; and g, (mmol/g) are
the saturated adsorption capacities of site 1 and site 2, b; and b, are the affinity coefficients for
sites 1 and 2, p (kPa) is the equilibrium pressure of the bulk gas, and ¢, and ¢, are the deviations
from an ideal homogeneous surface. Both the pure component isotherms are well fitted by the
model and the R? values are larger than 0.995 (see Table S1). The adsorption selectivities S

were determined by IAST calculations. IAST equation is given below:

CI1/CI2
p1/p2

(2)

where ¢g; and ¢, are the adsorbed amounts of the adsorbed phase for component 1 and 2,
respectively and p; and p, refer to the pressures in the gas phase for component 1 and 2,

respectively.

Calculation of isosteric heat of adsorption. To evaluate the adsorption interactions between
gas molecules and the MOF framework, as an important thermodynamic parameter, the
isosteric heat of adsorption (Qg) was calculated by fitting SO,, CO,, CH4 and N, sorption

isotherms measured at 288, 298, and 308 K using the Virial equation.
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where P is the pressure (bar); N is the amount adsorbed (mmol/g); T is the temperature (K); a;
and b; are Virial coefficients; m and n determine the number of coefficients required to
accurately describe the isotherms. Then, the values of the Virial coefficients a, to a,, are
employed to obtain the isosteric heat of adsorption from the following equation as a function

of SO,, CO,, CH,4 and N, sorption amounts, respectively.

Q,, =- RZ aN'  (2)
i=0

where R is the gas constant [8.314 J/(K-mol)].
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Fig. S1 PXRD curves of PCN-250 series materials
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Fig. S6 The isosteric heat of SO,, CO,, CH, and N, of five materials.
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Fig. S10 Charge density difference of SO,-adsorbed PCN-250 series materials. The electron

density increases in the red region and decreases in the blue region.

Table S1. Pore textural parameters of PCN-250 series materials.

Material BET Surface areas (m?/g) pore volume (cm?3/g)
PCN-250 (Fe) 1495 0.48
PCN-250 (Fe,Co) 1583 0.51
PCN-250 (Fe,Ni) 1621 0.52
PCN-250 (Fe,Mn) 1483 0.47
PCN-250 (Fe,Zn) 1560 0.50

Table S2. Adsorption capacities of SO, and CO, on PCN-250 series materials and their
capacity difference at 298 K and 100 kPa.
PCN- PCN-250 PCN-250 PCN-250 PCN-250

250 (Fe) (Fe,Co) (Fe,Ni) (Fe,Mn) (Fe,Zn)
n(SO,) (mmol/g) 11.21 11.92 12.44 11.14 12.11
n(CO,)(mmol/g) 3.47 4.20 4.84 3.70 3.63
n(S0,)-n(CO,)
(mmol/g)

7.74 7.72 7.6 7.44 8.48
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Table S3. C,Hg and C,H4 fitting parameters of the Dual Site Langmuir-Freundlich model at
298 K of PCN-250 series materials.

qQi b, C| Q@ by ) R2
238 0.0000115 1.442 10.06 0.1935 1.124
SO, 0.9988
PCN- 3

250 CO, 5.77 0.0048 0.8276  9.339  0.001951 1.131  0.9999
(Fe) CHs; 5402 0.001728 1.03  0.0291 0.000301 0.8626 0.9999
N, 0.7402 0.002413 1.131  2.741 0.0003515 0.7487  0.9999
SO,  5.899 0.2226 1.638 11.19 0.1177  0.4402  0.9999

PN CO, 1097  0.001405 1.145 5511 0.007013 0.9922  0.9999
(F:go) CHs 5.545  0.001019 1.101  0.2866  0.01111  0.9235 0.9999
N, 0.5148 0.002433 1.168 0.2398 0.005441 1.087  0.9999

SO,  9.655 0.2142 0.607 4331 0.03105 2.173  0.9999

PN CO, 14.63 0.0001733 1.453 6.833  0.01357 0.8889 0.9999
(erjl(jli) CHy; 2.584 0.0349 0.2813  7.506 0.0004891 1.203  0.9999
N> 2.015 0.0003257 1.227 1.302 0.002062 0.8485 0.9999

SO, 8979 0.2226 0.5976 4.097  0.03174 2203 0.9999

PN CO, 6405 0.002952 0.95 12.39 0.002101  1.033  0.9999
20 CH, 6.09 0.0009101 1.099 0.3756 0.01044 09128  0.9999
(Fe:Mw) N, 0.9807 0.001455 1.036 0.8739 0.00146 1.035  0.9998
SO, 10.4 0.2436 0.6572  3.692  0.02347 2.391 0.9999

PN CO, 8.726 0.001096  1.254 5.789 0.006193 0.8651  0.9999
(F:;)n) CH, 7.772 0.0004577 1.16  0.639 0.009016 0.9333  0.9999

N,  2.195 0.00139 1.032  0.1141 0.0001603 0.8728  0.9996
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Table S4. Fitting parameters of the virial equation and the correlation coefficients.

ay aj a as ay bo b] R?
-2.35E-
SO, -4451.88 -0.0789  9.15E-05 07 1.78E-10 835396  0.00252  0.9990
PCN- -4.98E-
CO, -2887.59 -0.26379 5.97E-04 1.99E-06 8.71931 0.00146  0.9998
250 09
(Fe) CH; -1890.78 -6.2116 0.34315  -0.00684 9.66E-05 7.96669  0.00753  0.9991
-4.98E-
N, -2887.59  -0.26379 5.97E-04 1.99E-06 09 8.71931 0.00146  0.9998
-2.74E- -1.96E-
SO, -5763.59 1.53815 04 07 1.25E-10 13.15723 -0.00396  0.9999
PCN-
-5.97E-
250 CO, -3617.839 1.84872 -0.00138 07 1.18E-09 10.99595 -0.00656 0.9999

(Fe,Co) CH; -2305.75 3.4099 1.08614  -0.04257 7.63E-04 9.68059  -0.07926 0.9989

N,  -323445 5278926  7.15309 -0.58973  0.01987  13.95964 -0.48297  0.9957
-4.53E- -4.66E-

SO, -5914.76 191113 04 08 4.64E-11 13.43236 -0.00508 0.9990
PCN-
-7.10E- -5.36E-
250 CO, -3561.60 0.09322 0.0016 06 1.32E-08 10.62477 04 0.9940

(FesNi) CH; -1920.30 -59.4937  3.35425 -0.09201 0.00139  8.41475  0.01581  0.9079
N, -173435 -45.6261 6.73451 -0.45254 0.01619  8.60903 -0.04436 0.9991
-5.34E- -8.05E-

SO -5860.40 1.71088 1.05E-10 13.27391 -0.00371  0.9988
PCN- 2 04 08
250 -1.35E-
CO, -2921.08 0.67034 -0.00106 4.34E-09 8.87314  -0.00235 0.9998
(Fe;Mn 06
) CH; -2285.92 -5.6696 0.87018 -0.04114 8.37E-04 9.56874  -0.03833 0.9980
N, -2404.62 -20.2806 4.17029  -0.27104  0.00807 10.90747 -0.11895 0.9984
-3.40E-
SO, -7388.70 1.83262 -0.00134 8.97E-07 0 17.70812 -0.00148 0.9913
PCN-
-1.02E-
250 CO, -2904.16 0.73193 -0.00119 06 3.81E-09 8.86684 -0.00269 0.9989

(FexZn) CH; -2540.06 7.67859  0.56857  -0.02737 5.02E-04 10.34157 -0.07308 0.9992
N,  -2461.25 0.49594  4.50835 -0.2705  0.00721  11.23868 -0.21779  0.9927
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Table S5. Summary of the adsorption capacities of SO, with different partial pressures of SO,,

IAST selectivities of SO,/CO,, SO,/CH4, and SO,/N, on various materials.

SO, uptake Selectivity Selectivity Selectivity
(mmol g) for for for
Materials Sper SOy/CO,at  SOyCHjat  SO)/Nyat  Ref.
(m2 g 0.1
10/90 10/90 10/90
bar bar mixture mixture mixture
PCN-250 (Fe) 1495 7.93 11.21 37 356 >1.0X104
PCN-250 (Fe,Co) 1583 8.06 11.92 39 667 >1.0X104
PCN-250 (Fe,Ni) 1619 8.64 12.45 27 208 >1.0X10*  This work
PCN-250 (Fe,Mn) 1483 7.7 11.14 39 351 >1.0X104
PCN-250 (Fe,Zn) 1560 821 12.11 50 339 >1.0X 104
Cu-ATC 600 6.9 8.0 114 750 >2.0X106 4
HBU-20 1551 4.2 6.71 443 280 - 3
DMOF 1956 7.21  13.09 35 - -
DMOF-M 1557 6.4 12.15 38 - - ]
DMOF-DM 1343 5.7 10.40 40 - -
DMOF-TM 900 6.43 9.68 169 - -
SIFSIX-1-Cu 1178 8.74  11.01 70.7 3145.7 1241.4
SIFSIX-2-Cu-i 503 6.01 6.9 87.1 3103.2 1017.1
SIFSIX-2-Cu 1881 - 6.5 - - - 7
SIFSIX-3-Zn 250 1.89  2.10 - 701.8 371.6
SIFSIX-3-Ni 368 255 274 - 506.7 276.0
ELM-12 706 1.95 273 30 871 4064 8
CPL-1 335 1 2 8.1 ?
MOF-808-His 1054 520 10.36 90.5 - - 10
MFM-601 3644 5.0 12.3 32 255 50 1
MFM-170 2408 6.50 17.5 35 - - 12
MFM-300(Al)® 7.03% 7.7°b 13
MFM-300(In) 1071 720  8.28 50 275 2700 14
MFM-300(Sc) 1360 7.79 9.4 30 - - 15

14



SO, uptake Selectivity Selectivity Selectivity

- (mmol g) for for for
MFM-202a 2220 3.0 10.2 - - - 16
MFM-305 779 - 6.99 160 - - ;
MFM-305-CH;, 256 - 5.16 145 - -
MFM-520 313 - 3.38 1252 - 200002 18
NH,-MIL-125(T1) 1560 7.9b 10.8° 42b - -
MIL-160 1170 5.5b 7.2b 124b - - 19
MOF-177 1b 250
Ni(bde)(ted)q s 1783 454 997 ; ; ; 20
ECUT-77 760 5.6 8.0 - - - 21
ECUT-100 688 33 4.95 - - - 2
ECUT-111 1493 6.4 11.56  25.2(1/99) - - 23
MIL-101(Cr)-4F 2176 46 184 ; ; ] 2
Ni-gallate 455 3.79 4.49 25 >1.0X 104 >1.0X 104
Co-gallate 494 4.51 5.28 143 >1.0X 104 >1.0X104 25
Mg-gallate 576 519 5.8l 321 >1.0X 104 >1.0X 104
CAU-10 630 3.9 4.47 - - 26
NU-200 1260 8.5 11.7 77 - - 2
Fe-soc-MOF 1470 7.3 11.7 30 580 - 28
NKU-100 698 5 6.71 9402 - >5000 29
CPL-1-NH, 180 1.7 2.29 485 - - 30
Mn(INA), 257 2.5 34 62.3 - - 31
Zr-NU-907 1090 2.0 4.9 - - -
CesZr-NU-907 730 2.2 4.6 - - - 32
Th-NU-907 610 3.4 5.7 - - -
Zr-bptc 960 6.2 7.8 600° - >5000°¢
MFM-422 3296 - 13.6 - - - 33
Ui0-66-Cu'! 1068 3.0 8.2 54¢ - -
MFM-190(F) 2538 6.9 18.3 5.2¢ - - 34

a. Volume ratio of SO,:X mixture is 50:50; b. At a temperature of 293 K.; c. Volume ratio of

SO,:X mixture is 1:99
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