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Gas Sorption Measurements. After the bulk of the solvent was decanted, the freshly prepared 

sample of MROF-12 (~0.15 g) was soaked in ~10 mL acetone for 1 h, and then the solvent was 

decanted. Following the procedure of acetone soaking and decanting for ten times, the solvent-

exchange samples were activated by vacuum at 60 oC for 24 hours till the pressure of 5 μmHg. N2, 

CO2, methane, ethylene, ethane and acetylene adsorption isotherms were measured on Micromeritics 

ASAP 2020 HD88 surface are analyzer for the MROF-12a. The sorption measurement was 

maintained at 77 K with liquid nitrogen and at 273 K with an ice-water bath (slush), respectively.

Virial Equation Analysis. The virial equation can be written1 as follows:

                (1)2
0 1 2ln( / )n p A A n A n    

where n is the amount adsorbed (mol g-1) at pressure p (Pa). At a low surface coverage, the A2 and 

higher terms can be neglected and the equation becomes

                         (2)0 1ln( / )n p A A n 

A linear graph of ln(n/p) versus n was obtained at low surface coverage and this is consistent with 

neglecting the higher terms in eqn (2). A0 is related to the adsorbate-adsorbent interactions, Whereas 

A1 describes the adsorbate-adsorbate interactions. The virial parameters are given in Table S4, 

Supporting Information.

Enthalpies of Adsorption. Zero surface coverage. The isosteric enthalpies of adsorption at zero 

surface coverage (Qst, n=0) are a fundamental measure of adsorbate-adsorbent interactions and these 

values were calculated from the A0 values obtained by extrapolation of the virial graph to zero surface 

coverage.

van't Hoff isochore. The isosteric enthalpies of adsorption as a function of surface coverage were 

calculated from the isotherms using the van't Hoff isochore, which is given by the equation

                      (3)ln( ) H Sp
RT R
 

  

A graph of ln P versus 1/T at a constant amount adsorbed (n) allows the isosteric enthalpy and entropy 

of adsorption to be determined. The pressure values for a specific amount adsorbed were calculated 

from the adsorption isotherms by: (1) assuming a linear relationship between the adjacent isotherm 

points starting from the first isotherm point; and (2) using the virial equation at low surface coverage. 

The agreements between the two methods for MROF-12a are shown in Figure S14.
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Prediction of the Gas Adsorption Selectivity by IAST. The ideal adsorption solution theory 

(IAST)2 was used to predict the binary mixture adsorption from the experimental pure gas isotherms. 

To perform the integrations required by IAST, single-component isotherms should be fitted by the 

correct model. In practice, several methods are available; for this set of data we found that the single-

site Langmuir-Freundlich equation was successful in fitting the results.

         (4)

1/
max

1/1

n

n

bpN N
bp

 


where P is the pressure of the bulk gas in equilibrium with the adsorbed phase (kPa), N is the amount 

adsorbed per mass of adsorbent (mmol g-1), Nmax is the saturation capacities of site 1 (mmol g-1), b is 

the affinity coefficients of site 1 (1/kPa) and n represents the deviations from an ideal homogeneous 

surface. The fitted parameters were then used to predict multi-component adsorption with IAST. The 

adsorption selectivities based on IAST for mixed C2H2/CH4, C2H4/CH4, and C2H6/CH4 are defined 

by the following equation:

SA/B = (xA/yA)/(xB/yB)        (5)

where xi and yi are the mole fractions of component i (i = A, B) in the adsorbed and bulk phases, 

respectively.
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Scheme S1. Illustration of a lab-scale fix-bed reactor.

Scheme S2. Synthesis of 4-amine-3,5-dimethyl-1H-pyrazole and H2NDI.
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Synthesis of 4-amine-3,5-dimethyl-1H-pyrazole. 

This was prepared as described previously.3 The acetylacetone (20 g, 0.2 mol) was added to the 

solution of concentrated HCl (18 mL, 0.6 mol) and deionized water (100 mL, 5.55 mol), then stir in 

the ice water bath (8 oC). Sodium nitrite solution (14 g, 0.2 mol) was drop into the above solution, 

standing for 20 min. Opening electric stirring, 85% hydrazine hydrate (12 g, 0.2 mol) was added to 

reaction which will form a large number of blue recipitate. Continue adding ethanol (100 mL, 2.6 

mol) till the blue precipitate were dissolved completely, then adjusted the pH to neutral. Hydrazine 

hydrate (13.5 g, 0.22 mol) was added dropwise to the above solution, maintaining the temperature at 

80 oC for 5 h until the solution of reaction turned golden yellow. Finally, the solvent was evaporated 

and the desired product was washed with cold ethanol for three times, then collected by filtration and 

dried in 60 oC to afford white powders. (Yield 50.6% based on acetylacetone).

Synthesis of H2NDI. 

H2NDI were prepared as described previously with some modification.1 A dry 100 mL Schlenk 

flask was charged with 1,4,5,8-naphthalenetetra carboxylic dianhydride (0.86 g, 3.2 mmol), 3,5-

dimethylpyrazole (0.75 g, 6.8 mmol), and anhydrous DMF (50 mL) under a nitrogen atmosphere. 

The reaction mixture was heated at 150 oC with rapid stirring for 12 hours. The flask was cooled to 

room temperature and the dark brown DMF solution was poured into stirring diethyl ether (150 mL). 

The precipitated yellow solid was separated by filtration and recrystallized from DMF/diethyl 

ether/H2O (10 mL: 15 mL: 5mL). The product was filtered and dried in vacuo at 70 oC to afford 1.2 

g (Yield 82% based on 1,4,5,8-naphthalenetetracarboxylicdianhydride) of light yellow crystals.
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Figure S1. (a) The coordination environments of the Cu2+ atoms (Symmetry codes: 1 = -1+y-x, -1-x, 
1+z; 2 = -y, +x-y, +z; 3 = -y, 1+x-y, 1+z). (b) The [Cu12(µ2-OH)12(Pz)12] metalloring SBU with a outer 
diameter of 18.412 Å.

Figure S2. Self-interlock of Cages I viewed from the c-axis.
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Figure S3. The comparison of the topological analysis for MROF-12 and MROF-14. The stacking 

mode of 3D structure for them are different, considering the 12-connected clusters in them as 

hexagonal antiprism ([Cu12(µ2-OH)12(Pz)12] SBU) and hexagonal prism ([In6(thb)6]6+ metalloring 

SBU) respectively, which mainly due to the torsional difference between the 12-connected polyhedral 

prisms (green ellipse) in the two cluster nodes.
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Figure S4. Schematic representation of the 12-connected topology along c and b axis for MROF-
12.

Figure S5. The comparison of the [Cu12(µ2-OH)12(Pz)12] metalloring clusters (a), the connection of 
metalloring clusters (b) and 3D frameworks (c) for MROF-12 and 
H2Na4[Cu12(OH)6(pz)6(BTC)6]·23H2O5.
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Figure S6. IR spectrum of MROF-12 and H2NDI.

Figure S7. Powder X-ray diffraction (PXRD) patterns for MROF-12.
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Figure S8. TGA curves for MROF-12.

Figure S9. The pore-size distribution for Experimental and Simulated (simulated using the Zeo++ 
software package6).
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Figure S10. C2H2, CO2, C2H4, C2H6, CH4, N2 sorption isotherms of MROF-12a at 296 K (a) and 273 
K (b).

0.00005 0.00010 0.00015 0.00020 0.00025 0.00030

-18.79
-18.78
-18.77
-18.76
-18.75
-18.74
-18.73
-18.72
-18.71
-18.70

 ln(n/p)
 Linear Fit of Sheet1 ln(n/p)

ln
(n

/p
) (

ln
(m

ol
/g

/P
a)

)

n (mol/g)

Equation y = a + b*x

Adj. R-Square 0.99495
Value Standard Error

ln(n/p) Intercept -18.6777 0.00229

ln(n/p) Slope -386.88061 12.32185

0.00006 0.00012 0.00018 0.00024 0.00030
-18.44

-18.42

-18.40

-18.38

-18.36

-18.34  ln(n/p)
 Linear Fit of Sheet1 ln(n/p)

ln
(n

/p
) (

ln
(m

ol
/g

/P
a)

)

n (mol/g)

Equation y = a + b*x

Adj. R-Square 0.99809
Value Standard Error

ln(n/p) Intercept -18.31539 0.00167

ln(n/p) Slope -426.15406 9.31315

Figure S11. The virial graphs for adsorption of CH4 on MROF-12a at 296 K (left) and 273 K 
(right).
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Figure S12. The virial graphs for adsorption of C2H6 on MROF-12a at 296 K (left) and 273 K 
(right).

0.0000 0.0003 0.0006 0.0009 0.0012 0.0015

-16.8

-16.6

-16.4

-16.2

-16.0

-15.8  ln(n/p)
 Linear Fit of Sheet1 ln(n/p)

ln
(n

/p
) (

ln
(m

ol
/g

/P
a)

)

n (mol/g)

Equation y = a + b*x

Adj. R-Square 0.99709
Value Standard Error

ln(n/p) Intercept -15.70303 0.01518
ln(n/p) Slope -753.93409 16.61315

0.0003 0.0006 0.0009 0.0012 0.0015
-16.4

-16.2

-16.0

-15.8

-15.6

-15.4  ln(n/p)
 Linear Fit of Sheet1 ln(n/p)

ln
(n

/p
) (

ln
(m

ol
/g

/P
a)

)

n (mol/g)

Equation y = a + b*x

Adj. R-Square 0.99612
Value Standard Error

ln(n/p) Intercept -15.1467 0.02248

ln(n/p) Slope -789.42187 24.62397

Figure S13. The virial graphs for adsorption of C2H4 on MROF-12a at 296 K (left) and 273 K 
(right).
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Figure S14. The virial graphs for adsorption of C2H2 on MROF-12a at 296 K (left) and 273 K 
(right).
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Figure S15. Comparison of the enthalpies for gas adsorption of CH4, C2H6, C2H4, and C2H2 on 
MROF-12a from two methods: virial equation (solid) and linear extrapolation (open).
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Figure S16. The graphs of the Single-site Langmuir-Freundlich equations fit for adsorption of CH4, 
C2H2, C2H4 and C2H6 on MROF-12a at 273 K.

Figure S17. Comparison of the adsorption selectivity for equimolar C2H2/CH4, C2H6/CH4 and 
C2H4/CH4 mixtures by IAST at 296 K (a) and 273 K (b) in MROF-12a.
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Figure S18. The χm
-1 versus T plot of MROF-12.

Figure S19. Column breakthrough experiment for a CO2/CH4 = 50/50 gas mixture was carried out 
on MROF-12a at 296 K and 1 bar.

The dynamic column breakthrough experiment is conducted by flowing the CO2/CH4 (50:50, 
v/v) mixture over a packed bed of the MROF-12a solid with a flow rate of 4.1 mL min−1. From the 
breakthrough curve, it is can be known that the separation of the CO2/CH4 mixture can be efficiently 
achieved and CO2 was not detected until a breakthrough time of 552 s. The dynamic CO2 adsorption 
capacity for MROF-12a is 0.52 mmol g-1, based on which, the separation factor was 1.50, and 
suggesting MROF-12a is promising for the separation of CO2/CH4 mixture.
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Figure S20. C2H2/CH4 distillation system: Column configuration and specification for simulation 
by ASPEN PLUS.7

A distillation system was simulated using the process simulation platform, Aspen Plus, for the 
purpose of energy efficiency. A C2H2/CH4 gas mixture in equimolar ratio was fed at room temperature 
and 1 atm with the feed ratio of 100 kg/h. To locate the steady states, the effective liquid holdup and 
boil-up ratio are chosen as the continuation parameters. It is of interest to note that there is a sudden 
increase in CH4 purity (99.99%) in vapor distillate was withdrawn at a rate of 8.5 kg/h which assures 
by the constant liquid holdup from the reboiler temperature of -156 oC. Based on these experimental 
parameters, the energy consumption for CH4 is 89792.8 kJ/h or 169.0 kJ/mol.

However, the C2H2 purity (99.9%) increased in bottoms and obtained at a rate of 5.828 kg/h 
when the reboiler temperature rises to -97 oC. At this point, the energy consumption for C2H2 is 
24696.1 kJ/h or 110.2 kJ/mol.



S19

Table S1. The diameter, stability, BET/Langmuir surface area and application for MROF-12 and the reported MROFs.

Compounds ligands Cluster type
Diameter 

(Å)a

Heat 
Stability 

VXRD/TG 
(oC)

Chemical 
Stability 

(pH)

BET/Langmuir 
(m2 g-1)

Application Ref.

MROF-12 H2NDI Cu12(OH)12(pz)12 12.202 400/481 2~13 460.7/571.9
Separation of 
C2H2/CH4 and 

antiferromagnetism

This 
work

Be12(OH)12(BTB)4 H3BTB Be12(OH)12 8.994 -/510 - 4030/4400 Hydrogen storage 8

MOF-520 H3BTB Al8(OH)8(HCOO)4 8.670 -/502 - 2310/-
Coordinative 

alignment of molecules
9

CAU-1 NH2-H2BDC Al8(OH)4(OCH3)8 8.114 310/360 - -/1700
High porosity and 
thermal stability

10

MIL-125 H2BDC Ti8(O)8(OH)4 8.247 360/350 - 1550/-
Reversible 

photochromic behavior
11

MROF-1 H2thb, H2pbdc In6(thb)6 20.990 160/300 - 80.8/129.0 Proton conductivity 5
H2Na4[Cu12(OH)6(pz)6(BTC)6] H3BTC Cu12(OH)6(pz)6 12.185 250/220 - 813/- Ion-exchange 4

CAU-3-BDC H2BDC Al12(OCH3)24 10.770 -/200 - 1250/1520
CAU-3-BDC-NH2 NH2-H2BDC Al12(OCH3)24 10.449 -/180 - 1550/1920

CAU-3-NDC H2NDC Al12(OCH3)24 10.882 -/180 - 2320/2750
Sorption properties 12

MIL-125-NH2 NH2-BDC Ti8(O)8(OH)4 8.269 - - 775/-
Photo-catalytic 

properties
13

On the whole, the difference not only present in the structures of the three MOFs (MROF-12, MROF-1 and 
H2Na4[Cu12(OH)6(pz)6(BTC)6]·23H2O), but also in the performance for them. The stability of MROF-12 is generally higher than that of the other 
two MOFs. In addition, unlike MROF-1 and H2Na4[Cu12(OH)6(pz)6(BTC)6]·23H2O, multifunctional MROF-12 adopts the unique functionalities 
of the metalloring clusters which endow its material with antiferromagnetism, and simultaneously inherits the porous properties of MOFs and can 
be used to the separation of C2H2/CH4 mixture gases.
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Table S2. Crystallographic Data and Structural Refinement Summary.

MROF-12

CCDC 1835951

empirical formula C48H36Cu4N12O12

formula weight 1227.05

Temperature 100 K

Radiation CuKα (λ = 1.54184 Å)

crystal system trigonal

space group P3

Dimensions 3D

a(Å) 26.0992(4)

b (Å) 26.0992(4)

c (Å) 9.2584(2)

α 90o

β 90o

γ 120o

Volume (Å3) 5461.6(2)

Z 3

Density (calcd) 1.119 g/cm3

Absorption 1.755 mm-1

Goodness-of-fit on F2 1.047

F(000) 1860.0

R1, wR2 [I>2σ(I)](a) 0.0421, 0.0758

R1, wR2 (all data)(a) 0.0618, 0.0795
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(a) ;
𝑅1 = ∑||𝐹𝑂| ‒ |𝐹𝐶||/∑|𝐹𝑂|  𝑤𝑅2 = [∑𝑤(|𝐹𝑂|2 ‒ |𝐹𝐶|2)2/∑𝑤(𝐹𝑂

2)2]
1

2
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Table S3. Selected bond lengths [Å] for MROF-12.

Atom-Atom bond lengths [Å] Atom-Atom bond lengths [Å]

Cu1-N1 1.954(6) Cu3-N4 1.955(6)

Cu1-O1 1.950(7) Cu3-N5 1.961(6)

Cu1-N91 1.968(6) Cu3-O2 1.974(6)

Cu1-O42 1.947(7) Cu3-O3 1.964(7)

Cu2-N3 1.961(6) Cu4-N6 1.970(6)

Cu2-N2 1.967(6) Cu4-N103 1.979(6)

Cu2-O2 1.954(7) Cu4-O4 1.962(7)

Cu2-O1 1.970(7) Cu4-O3 1.961(7)

1 -1+y-x, -1-x, 1+z;2 -y, +x-y, +z; 3 -y, 1+x-y, 1+z.

Table S4. Selected bond angles [°] for MROF-12.

Atom-Atom-Atom Angle/˚ Atom-Atom-Atom Angle/˚ Atom-Atom-Atom Angle/˚

N1-Cu1-N91 100.3(2) N2-Cu2-O1 84.8(3) N5-Cu3-O3 86.1(3)

O1-Cu1-N1 85.6(3) O2-Cu2-N3 85.2(3) O3-Cu3-O2 88.9(3)

O1-Cu1-N91 171.4(3) O2-Cu2-N2 171.9(3) N6-Cu4-N103 99.4(2)

O42-Cu1-N1 170.8(3) O2-Cu2-O1 91.0(3) O4-Cu4-N6 171.5(3)

O42-Cu1-O1 89.0(3) N4-Cu3-N5 100.2(2) O4-Cu4-N103 85.1(3)

O42-Cu1-N91 85.9(3) N4-Cu3-O2 85.7(3) O3-Cu4-N6 85.4(3)

N3-Cu2-N2 99.9(2) N4-Cu3-O3 171.0(3) O3-Cu4-N103 171.6(3)

N3-Cu2-O1 171.6(3) N5-Cu3-O2 171.2(3) O3-Cu4-O4 91.1(3)

1 -1+y-x, -1-x, 1+z; 2 -y, +x-y, +z; 3 -y, 1+x-y, 1+z. 
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Table S5. The representative 3D MOFs that form by 12-connected cluster and linear linker.

Compounds Nodes
Topology / 

Schläfli symbol
Ref.

MROF-12 [Cu12(µ2-OH)12(Pz)12] -/460·66
This 
work

MROF-1 [In6(thb)6(CO2)12]6- -/460·66 9

Ce-UiO-66-BPyDC [Ce6(μ3-O)4(μ3-OH)4(CO2)12] fcu/- 14

RE-fcu-MOF (RE = Y, Tb) [RE6(μ3-OH)8(CO2)12] fcu/- 15

UiO-66 [Zr6O4(OH)4(CO2)12] fcu/- 16

CAU-1 {Al8(OH)4(OCH3)8}12+ -/- 6

CAU-3 [Al2(OCH3)4(CO2)2] fcu/- 10

[Zn5(μ3-
OH)2(bdc)2(bimf)2]·4H2O

[Zn5(μ3-OH)2(CO2)7(C3N2)4] fcu/- 17

RE-BDC/NDC (RE = Y, Tb, 
Er)

[RE3(μ3-OH)(COO)6] hcp/324·433·59 18

[Cu12Br2(CN)6/2(SCH3)6][Cu(S
CH3)2]

[Cu12(SCH3)6]6+ pseudo-pcu/- 19

[Co12(L)6(μ3-PO4)4(μ3-F)4(μ-
H2O)6][NO3]2

[Co12(μ-RCO2)12(μ3-PO4)4(μ3-
F)4(μ-H2O)6]4-

fcu/- 20
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Table S6. Virial graph analyses data for MROF-12a and its C2/C1 separation selectivities (C2 = C2H2, 
C2H4, C2H6; C1 = CH4).

Material adsorbate T/K
A0/

ln(mol g-1 
Pa-1)

A1/
g mol-1 R2 KH/

mol g-1 Pa-1

Si/
CH4

a

ΔH/kJ 
mol-1

296 -15.522 -597.716 0.998 1.815×10-7 23.4
C2H2 273 -14.892 -618.408 0.996 3.408×10-7 30.7

17.8

296 -15.703 -753.934 0.997 1.515×10-7 19.6
C2H4 273 -15.147 -789.422 0.996 2.641×10-7 23.8

15.4

296 -15.088 -1198.389 0.987 2.801×10-7 36.2
C2H6 273 -14.460 -1229.855 0.986 5.249×10-7 47.2

17.4

296 -18.678 -386.881 0.994 7.731×10-9 1.0

MROF-12a

CH4 273 -18.315 -426.154 0.996 1.111×10-8 1.0
10.3

aThe Henry’s law selectivity for gas component i over CH4 at the speculated temperature is calculated 
based on the equation Sij= KH(i)/KH(j).

Table S7. Comparison of several representative porous materials for the practical separation of 
C2H2/CH4.

Qst (kJ/mol)

Materials Gas mixtures
Temperatur

e (K)

Total 
flow (mL 

min-1)

Separation 
factor

C2H2 
adsorption 
capacity 
(mmol/g)

C2H2 CH4

Ref.

MROF-12a
C2H2/CH4/He 

(5/5/90)
298 6.5 6.82 0.29 17.8 10.3

This 
work

s-PMO-2
C2H2/CH4/He 

(5/5/90)
298 4 5.2 0.13 25.0 12.3 21

ZJNU-59
C2H2/CH4 

(50/50)
298 5 26.2 4.2 31.8 - 22

ZJNU-54
C2H2/CH4 

(50/50)
298 5 39.5 6.57 35.4 16.8 23

SNNU-95
C2H2/CH4 

(50/50)
273 6 - 2.69 47.2 - 24

NKMOF-1-Ni
C2H2/CH4 

(50/50)
298 1.6 6.6 - 60.3 31.7 25

Industrial 
technologies

C2H2/CH4 
(50/50)

296 - - - 110.2 169.0
Figure 
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