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1. Crystal structure of LIFM-WZ-4

Table S1. Crystal data and structure refinement for LIFM-WZ-4

Identification code LIFM-WZ-4
Empirical formula C48H28CoN20
Formula weight 943.83
Temperature 150.00(10)
Wavelength 1.54178Å
Crystal system Monoclinic
Space group P21/n
a, Å 12.9310(11)
b, Å 13.4843(10)
c, Å 15.6502(11)
α, ˚ 90
β, ˚ 101.310(8)
γ, ˚ 90
V, Å3 2675.9(4)
Z 2
Calculated density 1.171
Crystal size, mm 0.19×0.18×0.17
Absorption coefficient 2.929
F(000) 966.0
Theta range for data collection 8.128 to 127.37
Limiting indices -10≤h≤11, -13≤ k≤15, 

-22≤l≤24
Reflections collected 4321
Independent reflections

4321 [R(int) = 0.0652] 

Completeness to theta = 65.99 98.2%
Refinement method Full-matrix least-squares on F^2
Data/restraints/parameters 4321/1/313
Quality-of-fit indicator 1.024
Final R indices [I>2σ(I)]

R1 = 0.0935, WR2 = 0.1947            

R indices (all data)
R1 = 0.1358, W R2 = 0.2079

Largest diff. peak and hole
0.51/-0.31 e.Å-3
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Table S2. Selected bond distances (Å) for LIFM-WZ-4
Co1- N51 1.885(6) C3 C4 1.439(9)
Co1- N52 1.885(6) C4 C5 1.377(10)
Co1- N2 1.964(5) C5 C6 1.380(9)
Co1- N23 1.964(5) C5 C11 1.501(9)
Co1- N13 1.977(5) C6 C7 1.443(10)
Co1- N1 1.977(5) C7 C8 1.319(10)
N1- C1 1.371(9) C8 C9 1.427(10)
N1- C4 1.372(8) C9 C10 1.385(9)
N2- C6 1.366(8) C10 C13 1.365(9)
N2- C9 1.381(9) C10 C18 1.510(11)
N3- C17 1.320(9) C11 C16 1.342(11)
N3- N4 1.361(9) C11 C12 1.364(9)
N4 N5 1.296(9) C12 C13 1.380(9)
N5 N6 1.325(6) C13 C14 1.363(10)
N5 Co14 1.885(6) C14 C15 1.336(9)
N6 C17 1.298(9) C14 C17 1.460(9)
N7 C24 1.263(12) C15 C16 1.394(10)
N7 N8 1.348(13) C18 C23 1.366(11)
N8 N9 1.320(14) C18 C19 1.397(12)
N9 N10 1.349(11) C19 C20 1.403(13)
N10 C24 1.351(11) C20 C21 1.349(12)
C1 C103 1.365(9) C21 C22 1.366(12)
C1 C2 1.428(9) C21 C24 1.472(12)
C2 C3 1.310(10) C22 C23 1.403(12)

Symmetry transformations used to generate equivalent atoms:
11/2+X,3/2-Y,1/2+Z; 21/2-X,-1/2+Y,1/2-Z; 3-X,1-Y,1-Z; 41/2-X,1/2+Y,1/2-Z

Table S3. Selected bond angles (deg) for LIFM-WZ-4
N51 Co1 N52 180.0(3)  C4 C5 C11 118.6(6)
N51 Co1 N2 91.2(2)  C6 C5 C11 118.9(7)
N52 Co1 N2 88.8(2)  N2 C6 C5 125.9(7)
N51 Co1 N23 88.8(2)  N2 C6 C7 110.4(6)
N52 Co1 N23 91.2(2)  C5 C6 C7 123.7(6)
N2 Co1 N23 180.00(16)  C8 C7 C6 106.9(7)
N51 Co1 N13 88.4(2)  C7 C8 C9 107.9(8)
N52 Co1 N13 91.6(2)  N2 C9 C10 125.5(6)
N2 Co1 N13 90.9(2)  N2 C9 C8 110.0(6)
N23 Co1 N13 89.1(2)  C10 C9 C8 124.4(7)
N51 Co1 N1 91.6(2)  C13 C10 C9 124.9(7)
N52 Co1 N1 88.4(2)  C13 C10 C18 117.9(6)
N2 Co1 N1 89.1(2)  C9 C10 C18 117.2(6)
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N23 Co1 N1 90.9(2)  C16 C11 C12 115.8(7)
N13 Co1 N1 180.0  C16 C11 C5 124.4(7)
C1 N1 C4 105.4(5)  C12 C11 C5 119.8(7)
C1 N1 Co1 127.1(4)  C11 C12 C13 121.8(8)
C4 N1 Co1 127.4(5)  C14 C13 C12 121.4(7)
C6 N2 C9 104.8(6)  C15 C14 C13 117.4(7)
C6 N2 Co1 128.5(5)  C15 C14 C17 123.5(7)
C9 N2 Co1 126.4(4)  C13 C14 C17 119.1(6)
C17 N3 N4 104.9(7)  C14 C15 C16 120.7(8)
N5 N4 N3 109.5(6)  C11 C16 C15 123.1(8)
N4 N5 N6 106.8(6)  N6 C17 N3 109.4(6)
N4 N5 Co14 124.2(4)  N6 C17 C14 126.1(7)
N6 N5 Co14 128.6(5)  N3 C17 C14 124.1(7)
C17 N6 N5 108.9(6)  C23 C18 C19 116.9(9)
C24 N7 N8 106.8(10)  C23 C18 C10 121.2(8)
N9 N8 N7 109.2(10)  C19 C18 C10 121.9(8)
N8 N9 N10 107.1(10)  C18 C19 C20 120.8(10)
C24 N10 N9 105.4(9)  C21 C20 C19 120.1(10)
C103 C1 N1 125.1(6)  C22 C21 C20 121.0(9)
C103 C1 C2 125.2(7)  C22 C21 C24 121.2(10)
N1 C1 C2 109.6(6)  C20 C21 C24 117.8(10)
C3 C2 C1 108.1(7)  C21 C22 C23 118.5(9)
C2 C3 C4 107.4(6)  C18 C23 C22 122.7(9)
N1 C4 C5 126.6(6)  N7 C24 N10 111.5(9)
N1 C4 C3 109.5(6)  N7 C24 C21 126.1(11)
C5 C4 C3 123.9(6)  N10 C24 C21 122.4(11)
C4 C5 C6 122.2(6)      

1-1/2+X,3/2-Y,1/2+Z; 21/2-X,-1/2+Y,1/2-Z; 3-X,1-Y,1-Z; 41/2-X,1/2+Y,1/2-Z
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Figure S1. Crystal structure of LIFM-WZ-4. a, b and c) 3D nets formed via C–H…N, N-H…N 
and C-H…π stacking interactions; d) Enlargement moiety of figure c) to show more clearly the 
weak interactions: intermolecular N-H…N (2.006 Å for N10-H10…N4), C-H…N (2.497 Å and 
2.600 Å for C13-H13…N7 and C20-H2…N3) interactions (yellow line) and C-H…π (2.827 Å for 
C16-H16…Cg1, Cg1 = N7, N8, N9, N10 and C24) interactions (green line). 
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2. IR, TGA and PXRD

Figure S2. The Infrared spectra. a-e) LIFM-WZ-4, LIFM-WZ-4@MB, LIFM-WZ-4@CV, 
LIFM-WZ-4@BR, LIFM-WZ-4@RB, respectively. 

Figure S3. The TGA curve for LIFM-WZ-4 
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Figure S4. PXRD patterns of LIFM-WZ-4. a) Samples after soaking in aqueous solutions of 
different solvents, and b) samples after soaking in aqueous solutions of different pH values and 
acids for 72 h. c) Variable temperature PXRD from RT to 210 oC, and d) PXRD for samples 
after activation and gas sorption, and after dyes (MB+, CV+, BR+ and RB+) adsorption and 
release tests. 
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3. Gases sorption isotherms (CO2, CO, N2, CH4, C2H6, C2H4, C3H6 and C3H8)

Figure S5. a) The N2 sorption isotherm of LIFM-WZ-4 at 77 K, and b) pore size distribution 
analyzed with SF method.
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Figure S6. CO2 sorption isotherms at different temperatures.
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Figure S7. CO2 isosteric heat.

Figure S8. N2 sorption isotherms of LIFM-WZ-4 at 298 and 273 K.

Figure S9. CO sorption isotherms of LIFM-WZ-4 at 298 and 273 K.
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Figure S10. Selective uptake of CO2 over CH4, N2 and CO at 273 K.

Figure S11. CH4, C2H6 and C3H8 sorption isotherms of LIFM-WZ-4 at 298 and 273 K. 
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Figure S12. C2H4 and C3H6 sorption isotherms of LIFM-WZ-4 at 298 and 273 K.

4. Calculation of adsorption isosteric heats

The isosteric heats of CO2, CH4, C2H6, C3H8, C2H4 and C3H6 for LIFM-WZ-4 were 
calculated with adsorption data measured at 298 and 273K by the virial fitting method. A virial-
type expression (eq. 1) which is composed of parameters ai and bi is used. In eq. 1, P is the 
pressure in torr, N is the adsorbed amount in mmol·g-1, T is the temperature in Kelvin, ai and bi 
are the virial coefficients which are independent of temperature, and m and n are the numbers 
of coefficients required to adequately describe the isotherms. The values of the virial 
coefficients a0 through am were then applied to calculate the isosteric heat of adsorption (eq 2). 
In eq. 2, Qst is the coverage-dependent isosteric heat of adsorption and R is the universal gas 
constant. 
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Figure S13. Virial fitting (lines) of the CO2 adsorption isotherms (points) of LIFM-WZ-4 
measured at 273, 285 and 298 K.

Figure S14. Virial fitting (lines) of the CH4 adsorption isotherms (points) of LIFM-WZ-4 
measured at 273 and 298 K.

Figure S15. Virial fitting (lines) of the C2H6 adsorption isotherms (points) of LIFM-WZ-4 
measured at 273 and 298 K.



 13 / 35

Figure S16. Virial fitting (lines) of the C3H8 adsorption isotherms (points) of LIFM-WZ-4 
measured at 273 and 298 K.

Figure S17. Virial fitting (lines) of the C2H4 adsorption isotherms (points) of LIFM-WZ-4
measured at 273 and 298 K.

 
Figure S18. Virial fitting (lines) of the C3H6 adsorption isotherms (points) of LIFM-WZ-4
measured at 273 and 298 K.
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5. IAST Selectivity

The experimental isotherm data for pure CO2, CxHy (measured at 273 K and 298 K) were 
fitted using a Langmuir Freundlich (LF) model:

Where q and p is the adsorbed amount and pressure of component i, respectively. The 
adsorption selectivities for binary mixtures of CO2/N2, CO2/CH4, CxHy/CH4 defined by

were calculated using the Ideal Adsorption Solution Theory (IAST) of Myers and Prausnitz. 
Where xi is the mole fraction of component i in the adsorbed phase and yi is the mole fraction 
of component i in the bulk.
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Figure S19. N2, CO2, CO, CH4, C2H4, C2H6, C3H8 and C3H6 adsorption isotherms of LIFM-
WZ-4 at 273 and 298 K fitted by LF model.

Figure S20. Selectivities of CO2/CH4, CO2/CO and CO2/N2 (15:85) at 298 and 273 K calculated 
from IAST method.
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Figure S21. Selectivities of C3/C2, C3/CH4 and C2/CH4 (50:50/10:90) at 298 and 273 K 
calculated from IAST method.

Table S4 IAST selectivities of various binary- gas mixtures (1 bar).

Mixtures                  T(K)

IAST selectivity 

(10:90)/(50:50)

C3H8/C2H6

298

273

 8.5/7.1

7. 6/5.9

C3H8/C2H4

298

273

12.4/9.2

10.9/7.5

C3H8/CH4

298

273

211.8/169.7

99.0/35.2

C3H6/C2H6

298

273

8.7/7. 7

6.0/5.2

C3H6/C2H4

298

273

12.7/9.9

8.6/6.6

C3H6/CH4

298

273

210.8/184.3

84.7/33.2

C2H6/CH4

298

273

25.6/22.3

25.3/14.5

C2H4/CH4

298

273

15.9/14.7

16.7/11.1
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6. Organic dyes with different sizes and charges

Table S5. Organic dyes with different sizes and charges

DY: dimethyl yellow; SD-I: Sudan-I; AO-: Acid orange; MO-: methyl orange; MB+: methylene 
blue; CV+: crystal violet; BR+: basic red; RB+: rhodamine B; ONP-: ortho-nitrophenolate; PNP-: 
para-nitrophenolate.



 22 / 35

7. Dye adsorption test results

Figure S22. Temporal evolution of UV-Vis absorption spectra of 20 mL aqueous solution 
containing a) MO-, b) AO-, c) SD-1 and d) DY (20 mg L-1) with LIFM-WZ-4 (2 mg) as 
adsorbent. Inserted graph shows the color of dye solution before and after adsorption. 

Figure S23. a, b) Temporal evolution of UV-Vis absorption spectra of 20 mL aqueous solution 
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containing ONP- and PNP- (40 mg L-1 for ONP- and PNP-) with LIFM-WZ-4 (2 mg) as 
adsorbent, respectively. c, d) binary-component dyes adsorption with 2 mg LIFM-WZ-4 (40 
mg L-1 aqueous solution for ONP- and PNP- and 20 mg L-1 aqueous solution for MB+ with the 
volume ratio in binary-solution is 20 ml:20 ml). Inserted graph shows the color of dye solution 
before and after adsorption.

Figure S24. UV-Vis absorption spectra of binary-component dyes adsorption with 2 mg LIFM-
WZ-4. a) MB+/CV+, c) MB+/DY, d) MB+/AO-, and b) removal efficiency of MB+/CV+. Inserted 
graphs reveal the color of two-component dyes solution before and after 20-min adsorption. 
Condition: 10 mg L-1 aqueous solution for each dye, and the binary-component volume ratio is 
20 ml: 20 ml.

Figure S25. The removal efficiency of LIFM-WZ-4 with time for single dye, a) MB+, b) CV+, 
c) BR+, and d) RB+ (removal efficiency = (c0-ct)/c0  100%, c0 represents the original 
concentration and ct represents the instantaneous concentration at moment t).
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Figure S26. Eight runs of recycling adsorption experiments of MB+ by LIFM-WZ-4 (5 mg 
powders in 20 ml aqueous solution with the MB+ concentration of 20 mg·L-1).



 25 / 35

Figure S27. Temporal evolution of UV-Vis absorption spectra of MB+, CV+, BR+, and RB+ in 
80 ml aqueous solution (MB+, CV+ and BR+ for 20 mg/L, RB+ for 10 mg/L) containing 1 mg 
LIFM-WZ-4, respectively. The photographs show the colors of solution before and after 9 h of 
organic dye absorption.

Table S6. The organic dye adsorption capacity of 1 mg LIFM-WZ-4 after 9 h (three parallel 
tests for each dye).

𝐷𝑦𝑒𝑠 Test 1 Test 2 Test 3 Average
MB+ 1500.4 1496.8 1478.8 1492.0
CV+ 653.2 670.1 657.8 660.4
BR+ 394.5 358.6 328.7 360.6
RB+ 61.0 62.9 61.6 61.8
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Table S7. Adsorption capacity of MB+ by various types of adsorbents.

No. Type Adsorbent
Adsorption 

capacity (mg g-1)
Ref.

1 Hybrid material Fe3O4@MnO2 core–shell 

nanocomposite
9.71 1

2 Hybrid material MMWCNT 11.86 2

3 Hybrid material Oak sawdust 29.94 3

4 Hybrid material GO/Fe3O4 nanohybrids 32 4

5 Hybrid material GO 43.5 5

6 Hybrid material MgO nanoparticles 93 6

7 Hybrid material MCGO 95.16 5

8 Hybrid material HKUST-1/GO 183.5 7

9 Hybrid material pPDA-GOH 235.8 8

10 Hybrid material Go-based hydrogels 334.45 9

11 Hybrid material GO sponge 396.83 10

12 Hybrid material MgSi/RGO 433 11

13 Hybrid material Co/NPC-800 500 12

14 Hybrid material GO-DETA hydrogel 884.96 9

15 Polymer PVA/PAA/GO-

COOH@PDA composite membrane
26.92 13

16 Polymer D@GO-COOH@(PEI/PAA) 43.86 13

17 Polymer PVDF/PDA membranes 172.3 14

18 Polymer PDA-graphene aerogel 300 15

19 Polymer PVI-TFS 476 16

20 Polymer LC-network 980 17

21 Polymer PVA/PAA@PDA-15 

membrane
1147 18

22 Polymer PDA/PEI@PVA/PEI 1290 19

23 Neutral MOF MOF-3 30 20
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24 Neutral MOF MOF-1 105 20

25 Neutral MOF MOF-235 252 21

26 Anionic MOF Sr-BTTC 270 22

27 Neutral MOF MOF-2 318 20

28 Anionic MOF [Zn2(btb)2(bbis)](Me2NH2)2 348 23

29 Anionic MOF [((CH3)2NH2)Cd(MIPA)] 395.17 24

30 Neutral MOF MIL-100(Cr) 645 25

31 Anionic MOF In-MOF 724.6 26

32 Neutral MOF MIL-100(Fe) 736 25

33 Anionic MOF amino-MIL-101(Al) 762 27

34 Neutral MOF NH2-MIL-125(Ti) 862 28

35 Neutral MOF ZJU-24-0.89 902 29

36 Anionic MOF LIFM-WZ-3 983 30

37 Anionic MOF FJI-C2 1323 31

38 Neutral MOFs LIFM-WZ-4 1492.0 This work
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8. Kinetic and thermodynamic feature research

Figure S28. UV-Vis spectrum of kinetic experiment, and 1 mg of LIFM-WZ-4 immersed in 80 
ml MB+ aqueous solution (20 mg L-1).

a)

b)
Figure S29. (a) Linear simulation of pseudo-first order reaction. (b) Linear simulation of 
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pseudo-second order reaction.

Figure S30. UV-Vis spectrum of isothermal model experiment. Initial concentrations of MB+ 
solution are 10, 20, 30, 40, 50 mg L-1 respectively.

a)
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b)

Figure S31. (a) Freundlich isothermal model of MB+ adsorption by LIFM-WZ-4. (b) 
Langmuir isothermal model of MB+ adsorption by LIFM-WZ-4.

Table S8. Fitted data for Langmuir isotherm model and Freundlich isotherm model
Isotherm model LIFM-WZ-4

 (mg g-1)𝑞𝑚𝑎𝑥
1459.4279

L·mg−1)𝑏 ( 0.03640

Langmuir

R2 0.9949
𝑘𝑓 162.8886

𝑛 1.6914

Freundlich

R2 0.9955
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Figure S32. UV-Vis spectra of thermodynamic experiments. (a-e) Adsorption experiments 
were conducted under 298, 303, 308, 313 and 323 K, respectively. (f-j) Pseudo-second order 
fitting of MB+ adsorption by LIFM-WZ-4 under different temperature.
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a)

b)
Figure S33. (a) Variation of adsorption amount of MB+ with increasing temperature of the 

solution, and (b) the plot of  versus 1/T to determine the thermodynamic parameters.𝑙𝑛𝐾'𝑐

Table S9. Thermodynamic parameters calculated based on von’t Hoff equation.
𝑇
(K)

∆𝐺0

(kJ mol-1)
∆𝐻0

(kJ mol-1)
∆𝑆0

(J mol-1 K-1)
𝑞𝑒 𝑙𝑛𝐾'𝑐

298 -1.7302 1602.7747 0.69835

303 -3.4673 1916.1860 1.37639

308 -5.2767 2128.8418 2.06063

313 -8.0082

136.1916 461.2491

2294.2778 3.07736
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