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Molecular structure
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Molecular
Molecular ~ _dimension(A) ., . yiameter (A) Polarix 1025 (cm®) Boiling point (K)
formula

X Y VA
C,H, 3.32 334 5.70 3.33 33.3-39.3 188.4
C,H, 3.28 4.18 4.84 4.16 42.5 169.4
CoH, 381 408 482 4.44 44.3-44.7 184.6
co, 3.2 33 54 3.33 29.11 194.7

Scheme S1. Structures and physical properties of C,H,, C,H4, C,Hg and CO,.

X-ray crystallography

A Bruker Smart Apex II CCD detector was used to collect the single crystal data at 296(2)
K using Mo Ka radiation (A = 0.71073 A). The structure was solved by direct methods and
refined by full-matrix least-squares refinement based on F2 with the SHELXTL program.The
non-hydrogen atoms were refined anisotropically with the hydrogen atoms added at their
geometrically ideal positions and refined isotropically. As the disordered solvent DMF
molecules in the structure cannot be located, the SQUEEZE routine of Platon program was
applied in refining. The formula of complex was got by the single crystal analysis together
with elemental microanalyses and TGA data. Relevant crystallographic results are listed in

Table S1. Selected bond lengths and angles are provided in Table S2.

N, sorption isotherm

Before gas sorption experiments, All the as-synthesized samples were immersed in CH;0H
for 72 hours, during which the solvent was decanted and freshly replenished four times a day.
All the samples were activated under vacuum at 463 K for 6 hours. In addition, after removal
of guest molecules leads to a color change from light blue to dark green for 1a (Figure S7).
Gas sorption measurements were then conducted using a Micrometrics ASAP 2020M gas

adsorption analyzer.
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Fitting adsorption heat of pure component isotherms

InP=InN +1/TY aN'+Y bN' 0, =-R>.aN'
i=0 i=0 i=0
The above virial expression was used to fit the combined isotherm data for 1a at 273.15
and 298 K, where P is the pressure, N is the adsorbed amount, T is the temperature, ai and bi
are virial coefficients, and m and N are the number of coefficients used to describe the

isotherms. Qy is the coverage-dependent enthalpy of adsorption and R is the universal gas

constant.

Gas selectivity prediction via IAST
The experimental isotherm data for pure C,, CHy were fitted using a dual Langmuir-

Freundlich (L-F) model:

cl c2
a;*by*P a, * b, * P

b, P 116, 5P?
Where q and p are adsorbed amounts and the pressure of component i, respectively.
The adsorption selectivities for binary mixtures of C,/CHy, defined by

X%y,

Sij = —5——
Xi"Vi

Were respectively calculated using the Ideal Adsorption Solution Theory (IAST). Where x; is

the mole fraction of component i in the adsorbed phase and y; is the mole fraction of

component i in the bulk.

Breakthrough experiments

The breakthrough experiment was performed on the Quantachrome dynaSorb BT
equipments at 298 K and 1 bar with an equal volume of mixed gas (gas A: gas B: Ar=5%: 5% :
90% or gas A: gas B: gas C: Ar = 5%: 5%: 5%: 85%, Ar as the carrier gas, flow rate = 8
mL/min). The activated 1a (0.7 g) was filled into a packed column of ¢ 4.2x80 mm, and then
the packed column was washed with Ar at a rate of 8 mL min! at 70 °C for 60 minutes to
further activate the samples. Between two breakthrough experiments, the adsorbent was
regenerated by Ar flow of 8 mL min-! for 35 min at 80 °C to guarantee a complete removal of

the adsorbed gases.
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Fig. S1 Coordination environment of Ni** ion in 1. Symmetry codes: #1 1-x, y, z; #2 x, -1+y,

z; #3 1-x, 1-y, -0.5+z; #4 x, 1-y, -0.5+z; #5 1-x, -y, -0.5+z.
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Fig. S4 PXRD of 1 from simulated by single-crystal structure, as-synthesized, desolvated 1a

and samples immersed in the different aqueous solutions.
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Fig. S5 TGA curves of as-synthesized and desolvated samples of 1.
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Fig. S6 FTIR spectra of the as-synthesized and desolvated of 1.
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Fig. S8 a) Sorption isotherms of N, at 77 K for 1a, and b) porous distribution plots obtained
by the adsorption isotherm of N, at 77 K using the Horvath-Kawazoe model.
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Fig. S10 Fitted C,H, isotherms of 1a measured at 273.15 and 298 K, and their corresponding

isosteric heats of adsorption (Qx).
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Fig. S11 Fitted C,H, isotherms of 1a measured at 273.15 and 298 K, and their corresponding

isosteric heats of adsorption (Qy).
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Fig. S12 Fitted C,Hg isotherms of 1a measured at 273.15 and 298 K, and their corresponding

isosteric heats of adsorption (Qx).
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Fig. S13 Fitted CO, isotherms of 1a measured at 273.15 and 298 K, and their corresponding

isosteric heats of adsorption (Qx).
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Fig. S14 Fitted CH,4 isotherms of 1a measured at 273.15 and 298 K, and their corresponding

isosteric heats of adsorption (Qx).
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Fig. S15 Adsorption isotherms of 1a with fitted by dual L-F model at 273 K.
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Fig. S16 Adsorption isotherms of 1a fitted by dual L-F model at 298 K.
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Fig. S17 Adsorption selectivity at 273 K calculated by IAST.
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Fig. S18 Breakthrough time intervals (At) between C,H, and C,H, (C,H,:C,Hy = 1:1) for 1a.
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Table S1. Crystallographic data for 1.

Chemical formula C4H{1FN4NiO; 5
Formula weight 336.98

T (K) 296(2) K
Crystal system Orthorhombic
Space group Pmc2,

a(A) 11.343(3)

b(A) 12.587(3)

c(A) 13.755(3)

a (°) 90

B () 90

7 (©) 90

V(A3) 1963.9(8)

VA 4

Dearea[g-em™] 1.140

w(mm) 1.001

Reflns collected/unique/R;,; 10368/3970/0.0771
Goof 0.997

Ry, wR,P [1> 20] R, = 0.0546, wR, = 0.1148
R]a, Wsz (all data) R] = 00887, WR2 =0.1312

Ry = Z:(|Fo|_|1::c|)/z:|Fo|' bRZ = [ZW(FOZ - FCZ)Z/ZW(Foz)Z]I/Z'
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Table S2. Selected bond lengths [A] and angles [°] for 1.

Ni(1)-FQ)#1 2.027(11)  F(1)-Ni(1)-N(5}#3  90.9(4)
Ni(1)-F(1) 2.035(10) OQ)#2-Ni(1)-N(5)#3  89.4(3)
Ni(1)-0(2)#2 2.042(14) NG)-Ni(D-NSH3  178.0(8)
Ni(1)-N(5) 2.109(5)  FQ#1-Ni(1)-N@2)  86.0(5)
Ni(1)-N(5)#3 2.109(5)  F(1)-Ni(1)-N(2) 89.5(5)
Ni(1)-N(2) 2.121(15)  OQ)#2-Ni(1)-N2)  174.0(7)
Ni(2)-F(2) 1.975(10)  N(5)-Ni(1)-N(2) 90.5(3)
Ni(2)-0(1) 201190  NEGMB-NiI(D-NQ2)  90.53)
Ni(2)-F(1)#4 2.043(9)  F(2)-Ni(2)-0(1) 171.1(4)
Ni(2)-N(6)#3 2.114(5)  FQ2)-Ni2)}-F()#4  91.18(19)
Ni(2)-N(6) 2.114(5)  O(1)-NiQ2)-F()#4  97.8(4)
Ni(2)-N(3)#5 2.146(16) F(2)-Ni2)-N(6)#3  90.9(4)
F(1)-Ni(2)#2 2.043(9)  O(1)-Ni2)-N(©)#3  89.0(3)
F(2)-Ni(1)#5 2.027(11)  F(1)#4-Ni(2)-N(6)#3  90.6(3)
O(2)-Ni(1)#4 2.042(14) F(2)-Ni(2)-N(6) 90.9(4)
NQG3)-Ni(2)#1 2.146(16)  O(1)-Ni(2)-N(6) 89.0(3)

FQM#I-Ni(1)-F(1)  175.5(5) F(D#4-Ni(2-N(©6)  90.6(3)
FQM#I-Ni(1)-0Q)#2 88.1(5)  N(6)#3-Ni(2-N(6)  177.8(4)
F(1)-Ni(1)-0Q)#2  96.4(5)  FQ)-Ni2-NGW¥5  81.9(5)
FQ#I-Ni(1)-N(5)  89.2(4)  O(1)-Ni(2}-NQ3)#5  89.1(5)
F(1)-Ni(1)-N(5) 90.9(4)  F(1)#4-Ni(2)}-NQ3)#5 173.1(5)
OQ)#2-Ni(1)-N(5)  89.4(3)  N(6)#3-Ni(2)-N(3)#5 89.6(4)

FQ#1-Ni(1)-N(5)#3  89.2(4)  N(6)-Ni2)-NGW¥5  89.6(4)

aSymmetry transformations used to generate equivalent atoms: #1 -x+1, -y+1, z-1/2; #2 x,

y+1, z; #3 -x+1,y, z; #4 x, y-1, z; #5 -x+1, -y+1, z-1/2.
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Table S3. A comparison of high-performance C,H, uptake and QO for MOFs at 298 K.

D, G 14 D, initial Qg
MOFs Ref.
(gem?) | (em?g!) | (emPem?) | (gem?) | (kJ molt)
la 1.140 124.8 142 0.17 36.7 This work
FJI-H8 0.876 224 196 0.23 32 1
[Co,(DHTP)] 1.169 197 230 0.27 50.1 2
HKUST-1 0.879 201 177 0.21 304 3
SIFSIX-Cu-TPA 0.995 185 184 0.21 39.1 4
FJU-90 0.816 183 149 0.17 25.2 5
Cu-CPAH 1.317 132 174 0.20 354 6
SNNU-27-Ni 0.763 159.0 121 0.14 23.1 7
SNNU-26-Co 0.832 155.6 129 0.15 26.6 7
ZINU-69 0.930 171.7 159 0.18 31.2 8
SNNU-61 1.163 142.1 165 0.19 38.2 9
SNNU-65-Cu-Ca 0.682 141.6 96 0.11 31.7 10
NCU-100 1.535 102 156 0.18 60.5 11
PCN-33 1.327 122 162 0.19 27.3 12
[Co(btzip)(H,btzip)] 1.184 121 143 0.17 37.3 13
[Coy(L)2(BDC-Br)(H,0)] 1.401 121.4 170 0.19 / 14
Tm,(OH-bde)(pt3-OH), 1.191 118 140 0.16 17.8 15
MOF-505 0.927 148 137 0.16 24.7 3
NPU-1 0.957 114.2 109 0.13 27.88 16
NPU-2 0.830 90.2 86 0.1 20.98 16
NPU-3 0.732 57.7 42 0.05 19.93 16
ZJNU-34(NH,) 0.7064 194 137 0.16 34.2 17
ZINU-37(F) 0.7013 171.5 120.3 0.14 33.6 17
[Cuo.5(tztp)o 5] 1.205 112 135 0.16 38.3 18
MECS-5a 1.369 86 118 0.14 26.09 19
ZJU-74a 1.353 86 115 0.13 45 20
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[Ni(dpip)] 0.807 83.6 67 0.08 417 21
SNNU-45 0.844 134 113 0.13 39.9 22
FJU-6-TATB 0.928 110 102 0.12 29 23
UTSA-74a 1.34 145.0 194 0.22 31 24
Sc-EBTC 0.872 88 77 0.09 22.6 25
NbU-1 1.225 60 74 0.09 38.3 26
SNNU-28-Co 0.742 582 43 0.05 315 7
JLU-MOF66 1.348 55 74 0.09 35.6 27
BSF-1 1.046 52.6 55 0.06 31 28
ZIF-8 0.924 25 23 0.03 13.3 3
MOF-5 0.590 26 15 0.02 16.1 3

Table S4. Gas adsorption results of 1a.

Sger  Pore . Oqt at Zero
A t tak. -3
la  (mYg) sizes  dsorptionuptake(cm em”) Coverage (kJ mol )

CH, CHs CH¢ CHs CO, CH, CHs CHg CHs CO,

700 7A
273 K 171 101 115 35 140
298 K 142 &9 100 20 98 36.7 319 23.1 17.8 256
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Table S5. Summary of C,H, and CO, uptakes and C,H,-CO, and CO,-CH, selectivity for

different MOFs at 298 K under 100 kPa.

C,H,/CO, Uptakes C,H,-CO, CO,-CH,4
MOFs Ref.
(mmol g!) selectivity selectivity
1a 5.57/3.84 2.2/34¢ | 15.2/14.6° | This work
[Cuy s(tztp)o s] 5.0/3.40 2.7 6.5 18
FJU-6-TATB 491b/2.58" 3.1 NA 23
Zn-MOF-74 5.52/5.38 2 NA 24
BSF-1 2.35/1.77 3.3 7.5 28
[Cd(dtztp)os(HCOO)] 3.57/2.87 2 14.8 29
PCM-48 1.14/NA 430 6.1 30
MIL-53(Al) NA/1.32 NA 7 31
[Zn)5(tde)s(Eg0,)s(dabco)s] 1.95/1.80 3.3/4.4¢ 2.9/3.3¢ 32
[Zn12(tdc)g(PrO,)¢(dabeo); ] 2.33/2.03 1.1/1.1¢ 3.8/4.5¢ 32
[Zn12(tde)s(BuO,)g(dabco);] 2.22/1.76 1.4/2.0¢ 3.1/3.9¢ 32
NTU-56 1.59¢ /1.14¢ 1/2.3¢ NA 33
SNNU- 5-In 6.9¢/3.24¢ 2.6 3.9¢ 34
SNNU-13 3.17/1.94 3.513.1¢ | 7.6/21.6¢ 35
NbU-10 3.51¢/2.63¢ 6.5/6.6¢ NA 36

*a: measured at 303 K; b: measured at 296 K; c: measured at 273 K; NA = not available
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Table S6. Summary of C,H,/CH,4 selectivity for different MOFs at 273 and 298 K under 100

kPa.
Temperatur IAST selectivity
MOFs (& C2H2-CH4 C2H4-CH4 CQHG-CH4 Ref.
X)
273 44.8 10.0 16.9 .
la 298 25.9 75 151 | [hiswork
SNNU-5-In 273 10.0 7.4 NA 34
273 114.9 40.2 NA
-1
SNNU-13 298 48.5 20 NA 33
273 14.1 10.6 14.1
HCP-B 298 9.6 6.0 8.1 37
273 36.9 30.0 11.1
NOTT-101 298 222 18.6 14.1 38
Cugs(tztp)o.s 298 23.0 11.3 16.1 18
273 18.6 17.6 20.6
ZnSDB
nS 298 16.9 15.9 232 39
273 28.4 19.9 NA
Sc-ABTC 298 14.7 11.7 NA 2
ZINU-63 298 13.1 7 10.6 40
273 NA 17.3 9.8
LIFM-WZ- 41
Wz-3 298 NA 26.8 10.7
273 45.7 42.7 NA
SNNU-64 298 35.8 243 NA 42
273 3.6 3.9 5.6
[Zn1z(tdc)é(Pr02)6(dabco)3] 298 30 55 47 32

NA = not available.
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Table S7. Summary of C,H,-C,H, and C,H,-C,Hg selectivity for different materials at 273
and 298 K under 100 kPa.

IAST selectivity
Materials Gas selectivity Ref.
273 K 298 K
C,H,-C,Hy 7.7 4.0
la This work
C,H,-C,Hg 3.9 2.1
CoHy-CHg 4.2 NA
Na-ZM 43
C2H2-C2H4 1 NA
YAU-7 C,H,-C,Hy 1.30 1.5 44
MgMOF-74 C2H2-C2H4 NA 2.18
CoMOF-74 C2H2-C2H4 NA 1.70
19
NOTT-300 C,H,-C,Hy NA 2.17
UTSA-60a C2H2-C2H4 NA ~5.5
UTSA-67a C2H2—C2H4 NA 5 45
NbU-1 C,H,-C,H, 12.1 5.9 26
Zl’lz(AtZ)zOX C2H2-C2H4 NA 1.74 46
HUST-5 C,H,-C,Hy 1.8 NA 47
SNNU-95 C,H,-C,Hy NA 1.7 48
BSF-1 C,H,-C,Hy NA 2.3 28
PAF-110 C,H,-C,Hy NA 3.9 49
CTF-PO71 C,H,-C,Hy NA 1.8 50
M'MOF-3a C2H2-C2H4 NA 1.62 51
Fez(dOde) C2H2-C2H4 NA 1.87 52

*a: measured at 296 K; NA = not available
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Table S8. Comparison of stability for some top-performing C,H, separation MOFs.

MOFs Water | pH=2 | pH=12 | nermal Ref.
stability
la v v v 290 °C This work
Ui0-66 4 4 4 500 °C 53
ZIF-8 4 v 4 450°C 54
bio-MOF-1 v a a 180 °C 55
FeNi-M'MOF v a a 200 °C 56
JCM-1 v x x 300 °C 57
UTSA-300 x x x 200 °C 58
ATC-Cu 4 a a 270 °C 59
HOF-3 x x x 350 °C 60
NKMOF-1-Ni v 4 4 240 °C 61
MUF-16 v a a 330 °C 62
Timy(OH-bde)y(13-OH)»(H,0), v a a 400 °C 15
PCP-NH;-ipa v a a 280 °C 63
Azole-Th-1 4 v 4 200 °C 64
UPC-612 v v v 300 °C 65
Ca(squarate) v a a 400 °C 66
UTSA-74 x x x 200 °C 24
SNNU-27-Fe 4 4 4 320 °C 7
ZJU-74 4 4 4 300 °C 20
INU-1 v x v 450 °C 67

2 The stability in the corresponding conditions was not reported in the literatures.

Molecular Simulation

Grand canonical Monte Carlo (GCMC) simulations were performed for the gas adsorption
in the framework by the Sorption module of Material Studio (Accelrys. Materials Studio
Getting Started, release 5.0). The framework was considered to be rigid, and the optimized
gas and epoxide molecules were used. The atom charges and bond lengths for the gas
molecules are as follows:
CO,, C =0.576000¢, O = -0.288000¢, C-O = 1.168 A.
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C,H,, C=-0.238847 ¢, H = 0.238847 ¢, C-C = 1.198 A, C-H = 1.065 A.
C,H4, C=-0.295071 ¢, H=0.147536 ¢, C-C = 1.334 A, C-H =1.090 A.
C,Hg, C =-0.458757 ¢, H=10.152919 ¢, C-C = 1.528 A, C-H = 1.099 A.

The partial atom charges of the framework were derived from QEq method and QEq
neutral 1.0 parameter (Table S9). One unit cell was used during the simulations. The
interaction energies between the gas molecules and framework were computed through the
Coulomb and Lennard-Jones 6-12 (LJ) potentials. All parameters for the atoms were modeled
with the universal force field (UFF) embedded in the MS modeling package. A cutoff
distance of 12.5 A was used for LJ interactions, and the Coulombic interactions were
calculated by using Ewald summation. For each run, the 5 x 10® maximum loading steps, 5 x

109 production steps were employed.

Table S9. The atomic partial charges (e) in the framework.

Nil 1.13529 | N6 | -0.251918 | C7 | -0.155383 | C16 | 0.0346167 | H12 | 0.0930945
Ni2 1.13395 | O1 | -0.550478 | C8 | 0.518427 | C17 | -0.158774 | H13 | 0.133209
F1 | -0.564701 | O2 | -0.534282 | C9 | 0.0158995 | C18 | 0.00154532 | H14 | 0.135115
F2 | -0.565625 | C1 | 0.274925 | C10 | -0.155723 | H3 0.132791 | H15 | 0.0912609
N1 | -0.281485 | C2 | 0.0326761 | C11 | 0.0351438 | H4 | 0.146805 | H17 | 0.0976686
N2 | -0.0888034 | C3 | -0.153385 | C12 | -0.153645 | H6 | 0.142385 | H18 | 0.133851
N3 | -0.0752667 | C4 | -0.162513 | C13 | 0.0259178 | H7 0.129243
N4 | -0.301747 | C5 | 0.0139411 | C14 | 0.0534890 | H9 0.134649
N5 | -0.255173 | C6 | -0.158681 | C15 | -0.139020 | H10 | 0.0947561
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