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Supplementary Notes 

IAST calculations 

The IAST 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. The experimental pure component isotherm data for C2H2, C2H6 

and C2H4 in Al-PyDC measured at 296 K were fitted with single-site Langmuir-Freundlich 

equation. 

q	=	qsat
bpv

1+bpv                                                             (1) 

with T-dependent parameters b 

b	=	b0 exp ( E
RT

)                                                           (2) 

Here, p is the pressure of the bulk gas in equilibrium with the adsorbed phase (kPa), q is the 

amount adsorbed per mass of adsorbent (mmol g−1), qsat is the saturation capacities of site 1 

(mmol g−1), b is the affinity coefficients of site 1 (kPa−1) and v represents the deviations from 

an ideal homogeneous surface. The fitted parameter values are presented in Supplementary 

Table 2. 

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

selectivity of preferential adsorption of component 1 over component 2 in a mixture containing 

1 and 2, can be formally defined as: 

Sads = q1 q2⁄

p1 p2⁄                                                               (3) 

In equation (3), q1 and q2 are the molar loadings of the adsorbed phase in equilibrium with 

the bulk gas phase with partial pressures p1 and p2. IAST calculations of the adsorption 

selectivity for 1/99 (v/v) C2H2/C2H4 and 50/50 (v/v) C2H6/C2H4 mixtures in Al-PyDC at 296 K 

are shown in Fig. 3c. 

Isosteric heat of adsorption 

A virial-type expression of comprising the temperature-independent parameters ai and bj was 

employed to calculate the enthalpies of adsorption for C2H2, C2H4 and C2H6 on Al-PyDC. In 

each case, the data were fitted with equation: 

lnP = lnN + 1/T∑ aiNim
i	=	0 	+	 ∑ bjNjn

j	=	0                                          (4) 
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Here, P is the pressure expressed in Pa, N is the amount absorbed in mmol g−1, T is the 

temperature in K, ai and bj are virial coefficients, and m, n represent the number of coefficients 

required to adequately describe the isotherms (m and n were gradually increased till the 

contribution of extra added a and b coefficients was deemed to be statistically insignificant 

towards the overall fit. The average value of the squared deviations from the experimental 

values was minimized). The values of the virial coefficients a0 to am were then used to calculate 

the isosteric heat of adsorption utilizing the following expression: 

Qst = -R∑ aiNim
i = 0                                                          (5) 

Qst is the coverage-dependent isosteric heat of adsorption and R is the universal gas constant. 

The heat enthalpies of C2H2, C2H6 and C2H4 sorption for Al-PyDC in this manuscript are 

determined by using the sorption data measured in the pressure range from 0 to 1 bar (at 273 

K, 296 K and 313 K). 

 

Supplementary Discussion 

C2 adsorption at different temperatures 

Since the C2H2 and C2H6 binding affinity are stronger than C2H4 (Supplementary Fig. 12), it 

is normal that the C2H2 and C2H6 uptakes of Al-PyDC are higher than that of C2H4 at different 

temperatures. As shown in Fig. 3b and Supplementary Fig. 5, Al-PyDC indeed exhibits more 

obviously preferential adsorption of C2H2 (8.24 and 5.80 mmol g−1 at 1 bar) and C2H6 (4.20 

and 3.02 mmol g−1) over C2H4 (3.44 and 2.65 mmol g−1) at 296 K and 313 K. However, at 273 

K, the C2H4 and C2H6 uptakes (5.0 and 5.13 mmol g−1) are quite similar at 1 bar, accompanied 

with the preferential adsorption of C2H6 over C2H4 at low-pressure regions. To explain this 

abnormal behavior between C2H6 and C2H4 at 273 K, our gas-loaded crystal structures 

experimentally revealed that the main binding sites for C2H6 and C2H4 are the same but with 

different binding strength (Figs. 4e and 4f). The full occupancy of these main binding sites 

corresponds to the saturated adsorption amount of 5.08 mmol g−1. At 273 K, the quite similar 

C2H6 and C2H4 uptakes (5.0 and 5.13 mmol g−1) are consistent well with the saturated amount 

obtained from gas-loaded crystal structures. This indicates that the main binding sites are fully 

occupied for both C2H4 and C2H6 at 273 K. With the adsorption temperature increased to 296 
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K or 313 K, the adsorption occupancy of the main binding sites would be reduced for all C2 

gases; however, the stronger binding affinity of C2H6 results in a higher adsorption occupancy 

of the main binding sites than C2H4 (82% vs 68% at 296 K, and 59% vs 52% at 313 K). The 

same situation was also observed for C2H2 adsorption, in which C2H2 uptake at 273 K (10.34 

mmol g−1) matches with the full occupation of the main binding sites (10.1 mmol g−1) obtained 

by C2H2-loaded crystal structure. With the temperature increased to 296 and 313 K, the 

adsorption occupancy of the main binding sites was decreased to be 82% at 296 K and 58% at 

313 K. Such stronger binding affinity to result in higher adsorption occupancy of the main 

binding sites was also exemplified in other materials for reversed C2H4/C2H6 separation.1  

Therefore, the similar C2H6 and C2H4 uptakes at 273 K are mainly dominated by the full 

occupancy of the main binding sites for both gases. With the adsorption temperature increased 

to 296 K and 313 K, the stronger binding affinity of C2H6 enables a higher adsorption 

occupancy of the main binding sites than C2H4, thus resulting in the more obviously preferential 

adsorption of C2H6 over C2H4 at 296 K and 313 K than at 273 K. 
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Notation  

q   Component molar loading of species i, mol kg−1 

qsat   Saturation loading, mol kg−1 

b   Langmuir-Freundlich constant, kPa−v 

T   Absolute temperature, K 

ai   Virial coefficients, dimensionless 

bj   Virial coefficients, dimensionless 

Qst   Isosteric heat of adsorption, kJ mol−1 

 

Greek letters 

v   Freundlich exponent, dimensionless 
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Supplementary Tables 
Supplementary Table 1. Physical properties of C2H2, C2H4, and C2H6. 
 

Molecular 
formula 

Molecular dimension (Å) 
Kinetic diameter (Å) 

Polari × 10−25 
(cm−3) 

Boiling 
point (K) X Y Z 

C2H2 3.32 3.34 5.70 3.33 33.3−33.9 188.4 
C2H4 3.28 4.18 4.84 4.16 42.5 169.4 
C2H6 3.81 4.08 4.82 4.44 44.3−44.7 184.6 

 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Table 2. Single-site Langmuir-Freundlich parameter fits for C2H2, C2H4 and 
C2H6 in Al-PyDC. The fits are based on experimental isotherm data at 296 K. 
 

 qsat 
mol kg−1 

b 
kPa−v 

v 
dimensionless 

C2H2 14.09674 6.20419 6.37767 
C2H4 0.023 0.01372 0.0255 
C2H6 0.87198 1.00448 0.92349 
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Supplementary Table 3. Summary of adsorption and separation metrics of C2H2/C2H6-
selective materials reported in the literatures at 1 bar and room temperature. 
 

MOFs 
C2H2 uptakea 

(mmol g−1) 
C2H6 uptakea 
(mmol g−1) 

C2H2/C2H4 
selectivityb 

C2H6/C2H4 
selectivityc 

Ref. 

Al-PyDC 8.24 4.20 4.3 1.9 This work 
Zn(ad)(int) 2.90 2.32 1.61 2.4 2 

CuTiF6-TPPY 3.62 2.82 5.03 2.12e 3 
Zn(BDC)(H2BPZ) 4.46 3.60 1.6d 2.2 4 

UiO-67-(NH2)2 5.90 5.32 2.1 1.7 5 
NPU-1 5.09 4.50 1.4d 1.32 6 
NPU-2 4.02 4.43 1.25d 1.52 6 

TJT-100 4.46 3.75 1.8 1.2f 7 
Azole-Th-1 3.62 4.47 1.0 1.46 8 

NUM-9 2.36 2.47 1.47 1.62 9 
UPC-612 3.01 3.57 1.07e 1.41 10 
UPC-613 2.83 2.54 1.4e 1.47 10 
MOF-525 2.64 2.70 1.44e 1.25 10 

MOF-525(Co) 2.62 2.21 1.87e 1.1 10 
Ag-PCM-102 4.59 3.69 1.5 − 11 

a At 1 bar and room temperature. 
b IAST selectivity for 1/99 C2H2/C2H4 gas mixture.  
c IAST selectivity for 50/50 C2H6/C2H4 gas mixture. 
d Selectivity is for a 50/50 mixture. 
e Selectivity is for a 10/90 mixture. 
f Selectivity is for a 1/99 mixture. 
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Supplementary Table 4. Crystallographic data and structure refinement results of C2H2-
loaded Al-PyDC, C2H4-loaded Al-PyDC, C2H6-loaded Al-PyDC and Al-PyDC-hydrated. 
 

Unit cell parameters C2H2@Al-PyDC C2H4@Al-PyDC C2H6@Al-PyDC 
Al-PyDC-
hydrated 

Formula C20H16Al2N2O10 C16H16Al2N2O10 C16H20Al2N2O10 C24H49Al4N4O38 

Formula weight 498.31 450.27 454.30 1109.59 
Temperature/K 200(2) 200(2) 200(2) 170(2) 
Crystal system Tetragonal Tetragonal Tetragonal Tetragonal 
Space group I41/amd I41/amd I41/amd I41md 

a, b (Å) 21.2209(11) 21.198(3) 21.2349(11) 21.1895(3) 
c (Å) 10.6352(15) 10.675(4) 10.6874(11) 10.6283(3) 
α (°) 90 90 90 90 
β (°) 90 90 90 90 
γ (°) 90 90 90 90 

V (Å3) 4789.3(8) 4797(2) 4819.2(7) 4772.05(19) 
Z 8 8 8 4 

Dcalcd (g cm−3) 1.382 1.247 1.252 1.544 
μ (mm−1) 1.609 1.547 1.540 1.954 
F(000) 2048 1856 1888 2308 
GOF 1.115 1.044 1.066 1.060 
Rint 0.2574 0.3459 0.3499 0.1597 

R1, wR2
 [I>=2σ (I)] 0.1308, 0.3769 0.1644, 0.4952 0.1322, 0.3891 0.0545, 0.1462 

R1, wR2 [all data] 0.1944, 1.106 0.2788, 1.037 0.1791, 2.791 0.0721, 1.059 
Largest diff. peak and 

hole (e Å−3) 
0.578 and -0.656 1.077 and -0.423 1.012 and -0.607 0.939 and -0.702 

CCDC number 2242152 2242153 2242154 2242155 
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Supplementary Table 5. The interactions between the C2H2 molecule and host framework in 
Al-PyDC, determined by C2H2-loaded single-crystal X-ray diffraction studies. 
 

 D···A (Å)a H···A (Å)b 

C2H2 

Site I 

C−H···O 

3.24 2.47 
3.24 2.47 
3.44 3.13 
3.44 3.13 
3.36 3.30 
3.36 3.30 

O−H···C 
2.90 1.98 
2.90 1.98 

C−Hpyrrole···CC2H2 
3.26 2.40 
3.26 2.40 

Site II 

C−H···O 
3.36 2.41 
3.73 3.12 
3.91 3.35 

N−H···C 
3.01 2.32 
3.30 2.88 

C−H···π 4.10 3.18 

Cluster C−HC2H2···CC2H2 

4.09 3.78 
4.50 3.98 
4.50 4.40 
4.91 4.40 

a The distance between the donor atom and the acceptor atom. b The distance between the hydrogen atom 
and the acceptor atom. 
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Supplementary Table 6. The interactions between the C2H6 molecule and host framework in 
Al-PyDC, determined by C2H6-loaded single-crystal X-ray diffraction studies.. 
 

 D···A (Å)a H···A (Å)b 

C2H6 

C−H···O 

4.32 3.54 
4.32 3.54 
4.76 4.08 
4.76 4.08 
4.43 4.36 
4.43 4.36 
5.12 4.37 
5.12 4.37 
4.72 4.42 
4.72 4.42 
5.41 4.51 
5.41 4.51 
5.60 4.65 
5.60 4.65 

C−H···N 
4.16 3.80 
4.16 3.80 
4.74 4.18 

C−H···π 

4.07 3.33 
4.07 3.33 
4.35 3.71 
4.35 3.71 

a The distance between the donor atom and the acceptor atom. b The distance between the hydrogen atom 
and the acceptor atom. 
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Supplementary Table 7. The interactions between the C2H4 molecule and host framework in 
Al-PyDC, determined by C2H4-loaded single-crystal X-ray diffraction studies.. 
 

  D···A (Å)a H···A (Å)b 

C2H4 

C−H···O 

4.37 3.78 
4.37 3.78 
4.56 3.83 
4.56 3.83 
4.17 3.91 
4.17 3.91 
4.53 4.08 
4.53 4.08 

C−H···N 
4.04 3.21 
4.17 3.42 

C−H···π 
4.54 4.26 
4.54 4.26 

a The distance between the donor atom and the acceptor atom. b The distance between the hydrogen atom 
and the acceptor atom. 
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Supplementary Table 8. Comparison of stability and synthetic conditions of Al-PyDC with 
reported C2H2/C2H6-selective MOFs and other representative stable MOFs. 
 

 

MOFs 

Stability Synthetic conditions 

Ref.  
Water pH=1 pH=12 

Temp 
(oC) 

Time 
(h) 

Solvent 

C
2H

2/C
2H

6-
se

le
ct

iv
e 

M
O

Fs
 

Al-PyDC √ √ √ 85 9 H2O This work 

Zn(ad)(int) √ −a − 120 72 DMF 3 

Zn(BDC)(H2BPZ) − − − 120 576 DMF 4 

UiO-67-(NH2)2 √ − √ 120 48 DMF 5 

NPU-1 − − − 100 240 DMA 6 

TJT-100 √ − √ 150 72 DMF/H2O 7 

Azole-Th-1 √ √ √ 110 72 DMF 8 

NUM-9 − − − 100 72 DMA/EtOH/H2O 9 

UPC-612 √ √ √ 120 48 DMF 10 

MOF-525 − − − 120 48 DMF 10 

St
ab

le
 M

O
Fs

 

MIL-53(Al) √ − √ 220 72 H2O 12 

UiO-66 √ √ √ 120 24 DMF 13 

ZIF-8 √ − √ 140 24 DMF 14 

MIL-101(Cr) √ √ √ 220 8 H2O 15 

PCN-250 √ √ √ 140 12 DMF 16 

BUT-12 √ √ − 120 48 DMF 17 

a Stability in the corresponding conditions was not reported in literatures. 
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Supplementary Figures 

 
Supplementary Fig. 1 SEM images. SEM images of Al-PyDC powder obtained from 
conventional reflux method, and single crystal obtained from the crystal synthesis method. 
 
 
 

 
Supplementary Fig. 2 PXRD patterns. The calculated PXRD pattern from the model 
structure of Al-PyDC and PXRD patterns of as-synthesized Al-PyDC, activated Al-PyDC. 
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Supplementary Fig. 3 Fit curves. Al-PyDC BET specific surface area fitting. 
 
 
 
 

 
 

Supplementary Fig. 4 C2 adsorption. Adsorption isotherms of C2H2 (red), C2H6 (blue) and 
C2H4 (black) for Al-PyDC at 273 K.  
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Supplementary Fig. 5 C2 adsorption. Adsorption isotherms of C2H2 (red), C2H6 (blue) and 
C2H4 (black) for Al-PyDC at a 296 K and b 313 K. 

 

  
Supplementary Fig. 6 Comparison of adsorption capacity. Comparison of C2H2 uptake for 
Al-PyDC (the averaged value was obtained from five independent tests, and the error bar is the 
standard deviation) with the indicated benchmark MOFs at ambient conditions. 
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Supplementary Fig. 7 Kinetics profiles. a Adsorption kinetics profiles of C2H2 (red), C2H6 
(blue) and C2H4 (black) for activated Al-PyDC at 296 K and 1 bar. b Desorption kinetics 
profiles of C2H2 (red), C2H6 (blue) and C2H4 (black) for saturated Al-PyDC at 296 K and 10−5 
bar. qt/qe represents the gravimetric uptake/total equilibrium gravimetric uptake (at 1 bar), 
indicating the gas sorption rate of materials. 
 
 

 
Supplementary Fig. 8 TGA. TGA analysis curve of as-synthesized (black) and activated (red) 
Al-PyDC. The data were collected under 5 K min−1 of heating rate and 30 mL min−1 N2 flow. 
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Supplementary Fig. 9 Fit curves. Virial fitting of the C2H2 adsorption isotherms for Al-PyDC. 
 
 
 
 
 
 
 
 
 
 
 

 
Supplementary Fig. 10 Fit curves. Virial fitting of the C2H6 adsorption isotherms for Al-
PyDC. 
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Supplementary Fig. 11 Fit curves. Virial fitting of the C2H4 adsorption isotherms for Al-
PyDC. 
 
 
 
 
 

  
Supplementary Fig. 12 Qst. The Qst of C2H2, C2H6 and C2H4 for Al-PyDC. 
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Supplementary Fig. 13 Comparison of maximum Qst. The comparison of maximum Qst for 
C2H2 and C2H6. 
 

 

 

 

 
 

Supplementary Fig. 14 Binding sites. The C2H2 cluster in C2H2-loaded Al-PyDC determined 
by SCXRD analysis. The Al-PyDC framework is omitted for clarity. 
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Supplementary Fig. 15 C2H2 sorption. C2H2 sorption isotherms of Al-PyDC at 196 K. 
 
 
 
 
 
 

 
Supplementary Fig. 16 Binding sites. The SCXRD structures of a C2H6-loaded and b C2H4-
loaded Al-PyDC, viewed along the c axis. 
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Supplementary Fig. 17 Breakthrough curves. Experimental column breakthrough curves for 
C2H2/C2H6/C2H4 (1/9/90) mixture with a total flow of a 5 mL min−1 and b 10 mL min−1 in an 
absorber bed packed with Al-PyDC at 296 K and 1 bar.  
 
 
 
 
 
 

 

Supplementary Fig. 18 Recyclability. The repeated adsorption-desorption cycles of Al-
PyDC for C2H2 and C2H6 sorption at 296 K between the pressure of 1 bar and 0.001 bar. 
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Supplementary Fig. 19 Recyclability. The five repeated separation cycles of breakthrough 
experiments on Al-PyDC for the 1/49.5/49.5 C2H2/C2H6/C2H4 mixture. 

 
 
 
 

 
 

  

Supplementary Fig. 20 Recyclability. The twenty repeated adsorption-desorption cycles of 
breakthrough experiments on Al-PyDC for the 1/9/90 C2H2/C2H6/C2H4 mixture. 
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Supplementary Fig. 21 Recyclability. a PXRD patterns of Al-PyDC samples after multiple 
adsorption and breakthrough tests. b N2 adsorption isotherms at 77 K of Al-PyDC after multiple 
adsorption and breakthrough tests. 
 
 
 
 
 
 
 
 

  
 
Supplementary Fig. 22 Stability and recyclability. a Experimental breakthrough curves of 
Al-PyDC for 1/9/90 C2H2/C2H6/C2H4 mixture with 1000 ppm H2S. b The cycling tests of Al-
PyDC for 1/9/90 C2H2/C2H6/C2H4 mixture with 1000 ppm H2S. 
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Supplementary Fig. 23 Chemical stability. a N2 and b C2H6 adsorption isotherms of Al-

PyDC samples after treatment with different conditions at 77 K and 296 K, respectively. 
 

 

 
Supplementary Fig. 24 Optical microscope images. Optical microscope images of Al-PyDC 
crystal after treatment under different conditions. 
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Supplementary Fig. 25 Thermal stability. Variable-temperature PXRD patterns for Al-
PyDC. 
 
 
 
 
 
 

 
 
Supplementary Fig. 26 Stability. a PXRD patterns of Al-PyDC samples after multiple 
breakthrough tests for 1/9/90 C2H2/C2H6/C2H4 mixture with 1000 ppm H2S. b N2 adsorption 
isotherms at 77 K of Al-PyDC after multiple breakthrough tests for 1/9/90 C2H2/C2H6/C2H4 
mixture with 1000 ppm H2S. 
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Supplementary Fig. 27 Synthesis unit. a The large scale synthesis vessel consists of a heating 
unit, a condensing unit, a material-feeding funnel and a 30 L double glazed reactor, where the 
temperature of the reactor is controlled by heating the silicone oil between the glass interlayers. 
b The 20L filtration funnel with circulation pump. 
 
 
 
 
 

 
Supplementary Fig. 28 SEM images. (left) The SEM images of large-scale sample 
synthesized at low temperature (85 oC), and (right) the powder sample synthesized at 120 oC 
according to the literature18. 
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Supplementary Fig. 29 Scalability. Comparison of a-c C2 gas adsorption at 296 K, d N2 
adsorption at 77 K, e IAST selectivity and f breakthrough experiment curves of kg-scale Al-
PyDC sample synthesized at low temperature of 85 oC with those obtained from single crystal 
sample. 
 

 
Supplementary Fig. 30 Economic feasibility. Comparison of the price of organic ligands for 
best-performing MOF materials. The prices were inquired by Bidepharm (China) or other 
companies. Note that: the values of ligand price are used only for the qualitative comparison 
purpose. 
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Supplementary Fig. 31 ORTEP. ORTEP drawing of the C2H2@Al-PyDC, produced by the 
checkCIF report of the International Union of Crystallography. CCDC deposit number 
2242152. 
 
 

 
Supplementary Fig. 32 ORTEP. ORTEP drawing of the C2H4@Al-PyDC, produced by the 
checkCIF report of the International Union of Crystallography. CCDC deposit number 
2242153. 
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Supplementary Fig. 33 ORTEP. ORTEP drawing of the C2H6@Al-PyDC, produced by the 
checkCIF report of the International Union of Crystallography. CCDC deposit number 
2242154. 
 
 

. 

Supplementary Fig. 34 ORTEP. ORTEP drawing of the Al-PyDC-hydrated, produced by the 
checkCIF report of the International Union of Crystallography. CCDC deposit number 
2242155. 
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Disclaimer: Certain commercial suppliers are identified in this paper to foster understanding. 

Such identification does not imply recommendation or endorsement by the National Institute 

of Standards and Technology, nor does it imply that the materials or equipment identified are 

necessarily the best available for the purpose. 
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