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1. Experimental procedures

1.1. Materials and characterization

All commercially available reagents and solvents were used without further purification. High-purity He 

(99.999%), Ar (99.999%) CO2 (99.999%), N2 (99.999%), Xe (99.99%) and/or Kr (99.99%) were used 

directly or after mixing for isotherm and column breakthrough experiment.

1.2. Synthesis of 1

Synthesis for microcrystals of 1. 2.5 mmol 3-aminoisonicotinic acid was dissolved into a mixed solution 

of 40 mL DMA and 20 mL EtOH. An aqueous solution of 1 mmol Cu(NO3)2 in 5 mL water was added onto 

the mixed solution. The mixture was heated at 393 K for 36 h. The obtained green powder was filtered, 

washed with acetone, and was exchanged with methanol for 3 days.

Synthesis for single-crystals of 1. 0.2 mmol 3-aminoisonicotinic acid was added into a glass tube, and a 

mixed solution of 3 mL EtOH and 6 mL DMA was added. Then an aqueous solution (0.5 mL) containing 

0.1 mmol Cu(NO3)2 was added into the mixed solution. The mixture was heated at 373 K for 48 h. Green 

crystals were collected as products, some of them were suitable for single-crystal X-ray diffraction.

1.3. Single-Crystal X-Ray Diffraction Analyses

Single-Crystal X-Ray diffraction (SCXRD) data of 1 were collected at 100 K on the Rigaku XtaLab PRO 

MM007HF DW X diffractometer using monochromated Cu-Kα radiation. Data reduction and absorption 

correction were performed using CrysAlisPro software. The structure was solved with the direct 

method and refined with a full-matrix least-squares technique with the SHELXL software package. 

Anisotropic thermal parameters were used to refine all non-hydrogen atoms of the framework. 

Hydrogen atoms were generated geometrically and their positions were refined in the riding mode. In 

addition, the solvent mask routine was applied to remove the contributions to the scattering from the 

highly ordered solvent molecules. CCDC 2539386 contains the supplementary crystallographic data for 

this paper.

1.4. Powder X-ray Diffraction Analyses

Power X-Ray diffraction (PXRD) patterns were collected on the Rigaku Miniflex 600-C X diffractometer 

(Cu Kα) in the range of 2θ = 5-40°, which was used with scan speed of 10°/min and step size of 0.02° at 

40 kV voltage and 15 mA current. 

1.5. Thermogravimetry Analyses (TGA)

Thermogravimetry (TG) analyses were performed on the TG 209 F3 instrument from 25℃ to 700 ℃
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with a ramp rate of 10℃ min-1 under a nitrogen gas flow.

1.6. Gas Sorption Measurement

CO2 sorption isotherms of 1 at 195 K were measured with an automatic volumetric adsorption 

apparatus ASAP 2020. Other sorption isotherms were measured on a BELSORP max II. Before the gas 

sorption experiment, the samples placed in the sample tube were activated under high vacuum at room 

temperature for 12 h. The test temperature was controlled by a liquid nitrogen bath (77 K), a dry ice-

acetone bath (195 K), or a water bath (273-298 K). 

1.7. Column Breakthrough Measurement

The column breakthrough tests were carried out using a self-built setup. Activated powder of 1 (0.76 g) 

was packed into a stainless-steel column with an internal diameter of 0.500 cm and a length of 15.0 cm. 

The column simulating the industrial fixed-bed was connected to the Gas Chromatography (Agilent 

Technologies 7890A) by stainless-steel pipes and placed in a temperature-controlled oven. Before 

introducing the indicated gas stream, the sample was further activated by purging the column with dry 

argon gas flow for 24 h at room temperature. The flow rates of gases were regulated by corrosion-

resistant mass flow controllers. For the gas mixture for test, pure gases were mixed for at least 2 h with 

a total flow rate of 3 mL min−1 at 298 K. The gas stream at the outlet was collected by a six-way valve 

and analyzed online by an HP-AL/S (19095P–S25) chromatographic column and a thermal conductivity 

detector (TCD). The dead volume of the column packed with sample powder was calculated using the 

data from the thermal conductivity detector (TCD) by flushing the column with dry helium gas flow at 

the same flow rate with the gas mixture in one test. After the one breakthrough experiment, the sample 

was regenerated by flushing the column with dry argon gas flow at a flow rate of 1 mL min−1 until the 

intensities of the chromatographic peaks rapidly decreased to approximately equilibrium, after which 

the temperature of the oven was set to be 343 K at a default ramping rate (3–5°C min−1). 

To obtain net gas uptake of the material as accurately as possible, the gas retention in the pipeline 

should be calculated and deducted from the total gas retention calculated by integrating the 

breakthrough curve. The sampling setting of the six-way valve was used to measure the outlet flow rate 

instead of the concentration, thus the dead space of the breakthrough manifold could be determined 

as the equilibrium retention of the non-adsorbing He at the experimental conditions.

The specific injection amount (τ) in mmol g−1 as the abscissa was used for the breakthrough curve, which 

is derived from the following Eq. (1):

https://www.sciencedirect.com/science/article/pii/S025458612500234X?via=ihub#fd1
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 (1)
 τ =  

t

Vm ×  m
 

k

∑
j = 1

υj

where t is the duration of the test (min); υj is the flow rate of gas j (mL min−1) in the inlet gas mixture 

containing k kinds of gases; Vm is molar volume of gas at room temperature and 1 bar (24.5 L/mol), and 

m is mass of the activated sample (g). 

The breakthrough curves for gas j are expressed by

(2)
f (j,τ) =  

Fo(j,τ)

Fi(j)

where Fo( j, τ)  is the TCD peak area of gas j at the outlet at τ and Fi(j) is the TCD peak area of gas j at the 

inlet which is equal to the equilibrium peak area (almost does not change with τ anymore).

The gas adsorption capacity or retention of gas j was calculated by Eq. (3) as follows:

  (3)

 r(j,τ) =  
υj

k

∑
j = 1

υj

 
τ

∫
0

[1 - f (j,τ)]dτ -  
τ

∫
0

[1 - f (l,τ)]dτ 

where ∫(0→τ)[1－f ( l, τ)]dτ means the gas retention in the pipeline in mmol g−1 which is approximate to 

the retention of the inert gas l tested before or after the gas j.

The instant purity us of gas j in the outlet gas mixture containing k kinds of gases can be expressed as

(4)

us =  
f (j,τ)

k

∑
j = 1

f (j,τ)

 ×  100%

and the accumulated purity ua of gas j should be determind by

(5)

ua =  

τ2

∫
τ1

f (𝑗,𝜏)

k

∑
j = 1

τ2

∫
τ1

f (𝑗,𝜏)

 ×  100%

The productivity y of gas j is defined as the effluent amount of gas j during a period from τ1 to τ2 where 

the accumulated purity ua of gas j is higher than or equal to a required minimum value of 99.5%. That 

is 

https://www.sciencedirect.com/science/article/pii/S025458612500234X?via=ihub#fd3
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(6)

 y =  

τ2

∫
τ1

f (j,τ) , ua ≥  99.5%

1.8. Analysis and Derivation of the Isosteric Heat of Adsorption

The isosteric heat of adsorption profiles of Xe and Kr were derived from adsorption isotherms measured 

at 273 K and 298 K by Virial fitting equation:

(7)
lnp =  lnN +  

1

T

m

∑
i = 0

ai 𝑁
𝑖 +  

n

∑
j = 0

bj N
 j

(8)
𝑄𝑠𝑡 =  - R ×  

𝑚

∑
𝑖 = 0

𝑎𝑖 × 𝑁𝑖

where p is the pressure (kPa); N is the amount adsorbed (mmol g-1); ai and bj are Virial coefficients 

independent of temperature; T is the temperature (K); m and n are the the numbers of coefficients 

required to adequately describe the isotherms; R is the gas constant with a value of 8.314 J mol-1 K-1.

1.9. Calculations of the ideal adsorption solution theory (IAST) 

IAST was used to predict binary mixture adsorption from the experimental pure-gas isotherms. In order 

to perform the integrations required by IAST, the single-component isotherms were fitted by the dual-

site Langmuir-Freundlich equation: 

 (9)

q =  qa·
ba·p

va

1 +  ba·p
va

 +  𝑞𝑏

bb·p
vb

1 +  bb·p
vb

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

amount per mass of adsorbent (mmol g−1), qa, qb is the saturation capacities of two sites (mmol g−1), ba, 

bb is the affinity coefficients of two sites (kPa-1), and va, vb represents the deviations from ideal 

homogeneous surfaces.

Then the ideal adsorption selectivity is defined by: 

 (10)
Sads =  

q1/q2

p1/p2

where q1 and q2 are the molar loadings in the adsorbed phase in equilibrium with the bulk gas phase 
with partial pressures p1 and p2.
1.10.Calculation of Henry’s coefficient and selectivity
The calculation of Henry's constant can be derived from the virial equation expressed as follow:
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 (11)𝑙𝑛(𝑛/𝑝) =  𝐴0 + 𝐴1𝑛 + 𝐴2𝑛2 + …

Where P is pressure, n is the amount adsorbed, and A0, A1, A2... are virial coefficients. At low surface 
coverage, A2 and A3 can be neglected. The virial equation reduces to Henry’s Law. However, the A1 
parameter for isotherms in the range 273-298 K was very small at low coverage and the isotherms were 
linear following Henry’s Law:

 (12)𝑛 = 𝐾𝐻𝑃

where n is the amount adsorbed in mmol/g, KH is the Henry’s constant and P is the pressure in bar.
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Fig. S1 Coordination environment of 1. (symmetric codes: A = 1/2-x, 1-y, -1/2+z; B = 
1-x, 1/2+y, 1/2-z). Hydrogen atoms are omitted for clarity.

Fig. S2 The pore structure of 1 viewed along the a, b and c axis.



8

Fig. S3 PXRD patterns of as-synthesized (red), MeOH-exchanged (blue) and activated 

(green) samples of 1.

Fig. S4 TG curves of as-synthesized (red) and MeOH-exchanged (blue) samples of 1.
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Fig. S5 PXRD patterns of 1 after exposure upon 80% RH for 1 week (blue).
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Fig. S6 BET calculation for 1, based on CO2 sorption isotherm at 195 K.

Fig. S7 Pore size distribution of 1, calculated by Horvath-Kawazoe (H-K) method.
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Fig. S8 Adsorption (solid) and desorption (open) isotherms of 1 for Xe at 273 and 298 
K.

Fig. S9 Adsorption (solid) and desorption (open) isotherms of 1 for Kr at 273 and 298 
K.
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Fig. S10 Adsorption isotherms of fresh and recycled sample of 1 for CO2 at 298 K.
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Fig. S11 Virial fitting curves of Xe.

Fig. S12 Virial fitting curves of Kr.
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Fig. S13 Dual-site Langmuir Freundlich fitting of the Xe adsorption isotherm of 1 at 298 

K.

Fig. S14 Dual-site Langmuir Freundlich fitting of Kr adsorption isotherm of 1 at 298 K.
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Fig. S15 Henry’s coefficient of Xe and Kr in 1 at 298 K.
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Fig. S16 Atomic charge distribution for fragment of (a) ain- ligand in 1 and (b) its non-

substituted analogue.

Fig. S17 Electrostatic potential surface of metal centers in 1 and its non-substituted 

analogue.
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Table S1. Physical properties of Xe and Kr.

Adsorbate
Kinetic diameter

(Å)

Boiling point

(K)

Polarizability

(×1025 cm3)

Xe 4.1 289.74 40.44

Kr 3.6 209.4 24.844
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Table S2. Single-crystal diffraction data of 1·g. 

Compound 1·g

Formula C16H19CuN5O5

Formula weight 424.90

Temperature (K) 100

Crystal system orthorhombic

Space group Pbca

a (Å) 14.0467(4)

b (Å) 15.8683(4)

c (Å) 16.0187(4)

V (Å3) 3570.5(1)

Z 8

Dc (g cm-3) 1.581

μ (mm-1) 2.085

F(000) 1752

GooF 1.039

Rint 0.0308

R1 [I ≥ 2σ(I)] 0.0497

wR2 [I ≥ 2σ(I)] 0.1294

R1 (all data) 0.0612

wR2 (all data) 0.1374

a R1 = ||Fo| − |Fc||/|Fo|

b wR2 = [w(Fo
2 − Fc

2)2/w(Fo
2)2]1/2
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Table S3. Fitting parameters for isotherms of Xe and Kr by dual-site Langmuir-

Freundlich model (298 K and 100 kPa).

q (mmol g-1) b (kPa-1) ν

qa qb ba bb va vb

R2

Xe 2.13227 1.94161 0.13986 0.10249 1.39619 0.63065 0.99992

Kr 0.07824 3.485 0.00513 0.00972 1.70826 1.01429 0.99999
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Table S4. Comparison on sorption performance of 1 with relevant adsorbents for 

separation of Xe/Kr.

Xe uptake

(mmol g-1)Adsorbents

100 kPa 20 kPa

Qst (Xe)

(kJ mol-1)

IAST 
Selectivity

(20/80, 
Xe/Kr)

KH (Xe)
(mmol g-1 

bar-1)

T
(K)

refere
nce

1 3.38 2.71 40.6 18.6 45.6 298
This 

Work
Ni(4-dpds)2CrO4 1.61 1.42 28.5 23.7 53.05 298 1

Ni(4-dpds)2MoO4 1.07 0.94 32.8 20.3 39.21 298 1
Ni(4-dpds)2WO4 1.11 0.99 34.5 30.2 22.78 298 1

NU-200 4.91 1.85 28 20.2 - 298 2
ZUL-C1 2.86 2.06 25 11.7 - 298 3
ZUL-C2 2.57 1.78 28 19.1 - 298 3

ZJU-74a-Ni 2.66 2.38 41.7 74.1 - 296 4
ZJU-74a-Pd 2.20 2.06 45.5 103.4 - 296 4

NU-1107-Ag(I) 2.77 1.37 34.6 13.4 10.39 298 5
SCU-11-A 3.17 0.98 - 5.7 4.81 298 6

Cu-MOF-303 3.19 1.42 24.4 8.2 - 298 7
Ag-MOF-303 3.27 1.79 28.2 10.4 - 298 7
MOF-Cu-H 3.19 2.64 33.41 16.7 39.75 298 8

Al-CDC 2.45 1.86 34.9 10.7 32.8 298 9
Cu-CDC 1.82 1.07 31.7 11.5 7.13 298 9
Ni-MOF 5.42 1.82 25 8.3 10 298 10

NKMOF-1-Ni 2.12 1.36 34.2 5.2 - 298 11
CopzNi 3.28 2.49 38.5 14.0 - 298 12
NipzNi 3.04 1.87 35.3 10.8 - 298 12
Cu-BTA 7.61 2.55 18.6 8.4 12.6 298 13

Zn-DMTDC-BPY 2.27 1.27 60 6.2 11.68 298 14
NKMOF-8-Br 3.79 3.39 36.6 16.7 53.8 298 15

NKMOF-8-Me 4.20 3.20 33.1 12.4 38.4 298 15
LIFM-DMOF-Cl2 3.58 0.90 19.5 5.9 - 298 16

LIFM-DMOF-Br2 3.12 0.99 20.77 7.5 - 298 16
MFM-520 1.73 0.95 29 35.0 - 298 17

LIFM-DMOF-Cl 3.00 0.59 18.28 4.9 - 298 18
LIFM-DMOF-Br 2.90 0.61 19.13 5.1 - 298 18

MOF-OH-DL 2.23 1.43 28.8 11.5 18.6 298 19
NNM-30 5.18 3.07 25.56 16.6 - 298 20

MIP-203-F-Br 1.30 0.95 30.6 10.8 27.2 298 21
MIP-203-F 2.14 1.44 36 9.4 23.3 298 22
MOF-801 1.72 0.78 25.3 7.6 7.8 298 23

Zr-fum-Me 1.90 1.05 30.9 11.8 17.4 298 23
FeMn-BTBP-F 3.30 1.02 22.3 6.6 13.1 298 24
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NNM-21 2.46 1.54 27.5a 13.0 - 298 25
ZJU-Bao-302a 2.77 2.13 28.9 14.6 23.95 298 26

ZUL-530 3.13 2.55 30.5 20.5 32.4 298 27
Al-SDB 1.60 1.00 26 14.2 6.76 298 28

Ce-SINAP-1 2.02 0.80 24.2 14.9 10.0 293 29
Co3(HCOO)6 2.00 1.32 28 12.5 9.9 298 30
Co-squarate 1.35 1.18 43.6 69.7 192.1 298 31

CROFOUR-1-Ni 1.80 1.07 37.4 22.0 18.7 298 32
CROFOUR-2-Ni 1.60 0.84 30.5 15.5 15.95 298 32

Cu12 1.21 0.62 30.5 10.4 - 296 33
ECUT-50 2.26 0.90 32 8.0 - 298 34
ECUT-51 2.70 1.28 32 5.6 8.22 298 35
ECUT-60 4.30 2.33 30 11.4 22 298 36
FJU-55 1.41 0.80 39.4 10.0 11.33 298 37

TIFSIX-Cu-TPA 2.88 0.86 22.3 5.4 - 298 38
HKUST-1 3.30 0.80 26.9 2.6 - 298 39
JXNU-11 3.26 0.85 19.5 5.6 4.09 298 40
JXNU-19 3.27 1.40 39.5 17.1 31.68 298 41

JXNU-20(Cl) 4.17 2.01 36.7 9.4 - 298 42
LPC-MOF 1.30 0.80 28 11.0 10 298 43
MIL-120 1.99 1.43 31.5 9.6 22.4 298 44

MIL-88B-tpt 6.06 1.70 27.1 7.8 - 298 45
Mn-dhbq 3.12 2.35 28.9 11.3 16.7 298 46
MOF-505 6.31 2.20 - 9.5 10.26 298 47

Ni2(m-dobdc) 5.90 2.52 28.31 11.5 - 298 48
Ni-MOF-74 4.16 1.63 22 - 8.4 298 49
NU-1801 2.79 1.04 24.9 8.2 6.36 298 50

NU-403-PSDH 2.23 1.09 26 9.0 - 298 51
SBMOF-1 1.40 1.20 - 16.0 38.42 298 52
SBMOF-2 2.83 1.48 26.4 10.0 10.5 298 53

SIFSIX-3-Cu 2.11 0.98 45.93b 4.8 - 298 54
SIFSIX-3-Fe 2.45 1.34 27.4 - - 298 55
SIFSIX-3-Ni 2.51 0.54 21 - - 298 55
Uio-66(Zr) 1.58 0.53 25 6.7 3.56 303 56
UTSA-49 3.00 0.30 23.53 9.2 - 298 57
UTSA-74 2.71 0.91 24.4 10.4 - 298 58

Zn(ox)0.5(trz) 2.72 1.89 29 10.2 15.8 298 59
ZU-62 3.76 0.20 35.2b - - 298 60

Ni(AIN)2 2.97 2.56 30.95 20.3 107.6 298 61

ATC-Cu 5.00 3.97
39.38 (Xe1)c

41.56 (Xe2)c
13.9 - 298 62

JXNU-13-F 3.72 0.92 31.5 6.8 4.61 273 63
BUT-422 3.19 2.91 33.2 22.5 - 298 64
Mn(ina)2 1.65 0.03 26.5 114d - 298 65
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“-” means this data is not available in the references.
a calculated at 7 cm3 g-1.
b determined by DFT calculations.
c determined by DFT-D calculations
d under Xe/Kr (50/50, v/v) mixtures
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