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The force field terms are presented from the most flexible framework (CdIF-1) to the stiffest 

(BeIF-1), so the reader can follow the decrease in all bond lengths and the increase in angle 

constants, where the metal ion is involved. Parameter values for the Lennard-Jones (LJ) potential 

are based on the AMBER force field1 and can be found in the work of Hertag et al.2 The atom 

types are shown in Figure S3, at the end of the document. 

Table S1. CdIF-1 framework bond stretching and bond angle bending parameters. 

Bond l0 

(Å) 

kl 

(kJ/mol/nm2) 

Angle θ0                      

(degrees) 

kθ 

(kJ/mol/rad2) 

Cd-N 2.257 45354.6 N-Cd-N 109.5 205.85 

N-C2 1.357 265767.7 Cd-N-C2 130.2 356.48 

N-C1 1.373 267608.6 Cd-N-C1 125.1 364.85 

C1-C1 1.375 343004.3 C1-N-C2 104.6 1026.75 

C1-H1 1.078 325598.9 C1-C1-N 107.6 900.40 

C2-C3 1.497 205267.0 C1-C1-H1 130.6 551.45 

C3-H2 1.092 284177.3 C2-C3-H2 110.9 564.00 

   H2-C3-H2 108.0 317.98 

   N-C2-N 113.9 936.38 

   N-C2-C3 122.9 942.24 

   N-C1-H1 121.6 547.27 
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Table S2. ZIF-8 framework bond stretching and bond angle bending parameters. 

Bond 
l0 

(Å) 

kl 

(kJ/mol/nm2) 
Angle 

θ0                   

(degrees) 

kθ 

(kJ/mol/rad2) 

Zn-N 2.048 52802.1 N-Zn-N 109.5 296.23 

N-C2 1.360 257818.1 Zn-N-C2 130.3 462.75 

N-C1 1.376 253048.3 Zn-N-C1 125.1 475.30 

C1-C1 1.375 339991.8 C1-N-C2 104.5 1077.80 

C1-H1 1.077 327690.9 C1-C1-N 107.9 909.61 

C2-C3 1.498 203760.8 C1-C1-H1 130.6 552.29 

C3-H2 1.091 286855.0 C2-C3-H2 110.8 565.68 

   H2-C3-H2 108.1 317.98 

   N-C2-N 113.8 955.63 

   N-C2-C3 123.1 958.97 

   N-C1-H1 121.5 549.78 

 

Table S3. ZIF-67 framework bond stretching and bond angle bending parameters. 

Bond 
l0 

(Å) 

kl 

(kJ/mol/nm2) 
Angle 

θ0                   

(degrees) 

kθ 

(kJ/mol/rad2) 

Co-N 2.044 58910.7 N-Co-N 109.5 924.66 

N-C2 1.361 253383.0 Co-N-C2 130.8 534.72 

N-C1 1.377 249952.2 Co-N-C1 124.7 537.23 

C1-C1 1.375 340242.9 C1-N-C2 104.4 1074.45 

C1-H1 1.077 327774.6 C1-C1-N 107.9 920.48 

C2-C3 1.498 286101.9 C1-C1-H1 130.6 551.45 

C3-H2 1.091 286101.0 C2-C3-H2 110.8 564.84 

   H2-C3-H2 108.1 317.98 

   N-C2-N 113.9 964.83 

   N-C2-C3 123.1 974.87 

   N-C1-H1 121.5 550.61 
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Table S4. BeIF-1 framework bond stretching and bond angle bending parameters. 

Bond 
l0 

(Å) 

kl 

(kJ/mol/nm2) 
Angle 

θ0                   

(degrees) 

kθ 

(kJ/mol/rad2) 

Be-N 1.749 56400.3 N-Be-N 109.5 550.61 

N-C2 1.364 254219.840 Be-N-C2 130.1 671.95 

N-C1 1.376 262253.1 Be-N-C1 125.6 686.18 

C1-C1 1.375 342753.3 C1-N-C2 104.4 1128.84 

C1-H1 1.077 320201.3 C1-C1-N 108.1 941.40 

C2-C3 1.498 203091.4 C1-C1-H1 128.6 533.04 

C3-H2 1.091 286937.7 C2-C3-H2 110.8 557.31 

   H2-C3-H2 108.1 317.98 

   N-C2-N 113.8 1028.43 

   N-C2-C3 123.9 1006.67 

   N-C1-H1 121.4 558.98 

 

 

 

Table S5. Torsional potential parameters (common for all frameworks).  

Dihedral 
φ0 

(degrees) 
m 

kφ 

(kJ/mol) 
Source 

N-C1-C1-N 180 2 90.0 AMBER 

N-C1-C1-H1 180 2 90.0 AMBER 

C1-C1-N-M 180 2 25.1 AMBER 

C1-C1-N-C2 180 2 25.1 AMBER 

C3-C2-N-M 180 2 41.8 AMBER 

C3-C2-N-C1 180 2 41.8 AMBER 
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Table S6. Partial charges. 

Partial charge (e) 

Atom type CdIF-1 ZIF-8 ZIF-67 BeIF-1 

M 1.1901 1.3429 1.3497 1.6627 

N -0.6532 -0.6822 -0.6956 -0.6646 

C1 -0.0583 -0.0622 -0.0581 -0.0896 

C2 0.7379 0.7551 0.7846 0.6287 

H1 0.095 0.0912 0.0910 0.0875 

C3 -0.2771 -0.2697 -0.3094 -0.1824 

H2 0.059 0.0499 0.0584 0.0186 
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Table S7. Experimental and calculated from MD simulations representative structural values (bond lengths, bond angles and metal-

metal distance) of the ZIF variations. 

 
BeIF-1 (Be) ZIF-67 (Co) ZIF-8 (Zn – original) CdIF-1 (Cd) 

Expt. MD Expt. [3] MD Expt. [4] MD Expt. [5] MD 

Bond length 

(Å) 
        

M-N N/A 1.73 1.95 1.96 1.99 1.98 2.20 2.18 

C2-N N/A 1.36 1.38 1.34 1.34 1.35 N/A 1.35 

C1-N N/A 1.38 1.38 1.39 1.37 1.38 N/A 1.38 

C1-C1 N/A 1.37 1.37 1.38 1.35 1.37 N/A 1.38 

C2-C3 N/A 1.50 1.49 1.49 1.49 1.49 N/A 1.49 

M-M N/A 5.54 5.98 5.99 6.00 6.00 6.40 6.39 

Bond angle 

(deg) 
        

C1-C1-N N/A 109.1 108.7 108.5 108.7 108.5 N/A 108.4 

C1-N-M N/A 127.9 127.0 128.3 126.4 127.0 N/A 127.6 

C2-N-M N/A 129.4 129.4 129.6 128.4 128.8 N/A 128.9 

C1-N-C2 N/A 104.7 106.5 104.0 105.2 105.0 N/A 105.3 

N-M-N N/A 109.5 109.5 109.5 109.8 109.5 N/A 109.4 

N-C2-N N/A 113.0 112.0 115.6 112.2 113.4 N/A 113.0 

N-C2-C3 N/A 123.4 125.0 122.2 123.9 123.2 N/A 123.4 
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Figure S1. Aperture size distributions shifts for various gases exposure in (a) CdIF-1, (b) ZIF-8, 

(c) ZIF-67 and (d) BeIF-1 apertures, used to extract the mean aperture values in Table 4 and Table 

S8. 

 

 

 

 

 

 

0

0.2

0.4

0.6

0.8

1

1.2

2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9 4.1 4.3 4.5 4.7

empty

He

CO2

Ethylene

Ethane

Propylene

Propane

Butane

0

0.2

0.4

0.6

0.8

1

2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9 4.1 4.3 4.5 4.7

empty

He

CO2

Ethylene

Ethane

Propylene

Propane

Butane

0

0.2

0.4

0.6

0.8

1

1.2

2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9 4.1 4.3 4.5 4.7

empty

He

CO2

Ethylene

Ethane

Propylene

Propane

Butane

0

0.2

0.4

0.6

0.8

1

1.2

2.5 2.7 2.9 3.1 3.3 3.5 3.7 3.9 4.1 4.3 4.5 4.7

empty

He

CO2

Ethylene

Ethane

Propylene

Propane

Butane

N
o

rm
al

iz
ed

 f
re

q
u

en
cy

Aperture size distribution (Å)

CdIF-1 ZIF-8

ZIF-67 BeIF-1

(a) (b)

(c) (d)

Aperture size distribution (Å)

N
o

rm
al

iz
ed

 f
re

q
u

en
cy

N
o

rm
al

iz
ed

 f
re

q
u

en
cy

Aperture size distribution (Å)

N
o

rm
al

iz
ed

 f
re

q
u

en
cy

Aperture size distribution (Å)



S7 

 

Table S8. Average aperture diameter for all frameworks and various penetrants. 

 Mean aperture size (Å) 

 CdIF-1 ZIF-8 ZIF-67 BeIF-1 

Empty 3.92 3.43 3.33 2.84 

He 3.93 3.45 3.36 2.89 

CO2 3.97 3.46 3.40 2.93 

Ethylene 4.05 3.64 3.50 3.17 

Ethane 4.07 3.65 3.52 3.20 

Propylene 4.17 3.75 3.65 3.29 

Propane 4.18 3.78 3.70 3.34 

n-Butane 4.19 3.79 3.70 3.35 
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Figure S2. Free energy profiles for various gas molecules from umbrella samplings in CdIF-1, 

ZIF-8, ZIF-67 and BeIF-1. 

The free energy profiles for each case is the outcome of multiple umbrella samplings that were 

processed to get an average profile. We used the Bayesian bootstrap method, with the use of g-

wham software, as proposed by Hub et al,6 in which umbrellas are selected among the set of 

available ones (these consist of our repetitions of umbrella trajectories with different initial 

conditions, as discussed in the main text) with a random weight in order to construct a new set, 

that results in a new final profile. This procedure is repeated multiple times and an average profile 
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is extracted. More details on the bootstrap methods available in g-wham, can be found in the 

accompanying publication of the developers.6 

 

Table S9. Cage-to-cage hoping rates (𝑘𝐴→𝐵) and correction factors (κ) for TST calculated 

diffusivities of the various gas molecules in the ZIF frameworks of this work. The location of the 

dividing surface (distance from aperture center in Å) for each case is included for verification and 

reproducibility.  

ZIF molecule 
Dividing surface 

at: (in Å) 
𝑘𝐴→𝐵 κ 

ZIF-8 n-Butane 0.60 3.7×103 0.27 

ZIF-67 n-Butane 0.6 1.2×102 0.20 

BeIF-1 

Ethylene 0.24 1.8×100 0.22 

Ethane 0.24 1.6×10-1 0.26 

Propylene 0.20 5.5×10-5 0.03 

Propane 0.20 4.8×10-8 0.04 

n-Butane 0.60 2.0×10-9 0.06 
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Table S10. Molecular sizes and mean aperture sizes used for the estimation of the expansion ratio of CdIF-1, ZIF-8, ZIF-67 and BeIF-

1 for various molecules as plotted in Figure 9, along with corresponding diffusivities from this work and from the literature (available 

only for ZIF-8 and ZIF-67).7,8,9  

ZIF 
guest 

molecule 

Molecule Size 

(Å) 

Mean Aperture 

(Å) 

Expansion 

Ratio 

 

Diffusivities (m2/sec) 

Do  

[This work] 

Ds TST 

 [7] 

Do Expt.  

[8] 

Do Expt.  

[9] 

CdIF-1 

He 2.66 3.93 1.48 (6.0±0.5)×10-8    

CO2 3.24 3.97 1.23 (1.7±0.3)×10-9    

Ethylene 3.59 4.05 1.13 (3.5±0.9)×10-9    

Ethane 3.72 4.07 1.09 (2.0±0.8)×10-9    

Propane 4.16 4.18 1.00 (6.5±1.0)×10-10    

n-Butane 4.52 4.52 0.93 (1.0±0.4)×10-11    

ZIF-8 

He 2.66 3.45 1.30 (5.0±0.8)×10-9 1.61×10-8 6.5×10-8  

CO2 3.24 3.46 1.07 (2.9±0.4)×10-10 4.6×10-10 2.1×10-10  

Ethylene 3.59 3.64 1.01 (6.5±0.9)×10-11 5.7×10-11 3.6×10-11  

Ethane 3.72 3.65 0.98 (3.0±0.8)×10-11 1.5×10-11 8.8×10-12  

Propylene 4.03 3.75 0.93 (1.8±0.1)×10-12 2.4×10-12 2.0×10-12 1.3×10-12 

Propane 4.16 3.78 0.91 (4.0±1.5)×10-14 8.2×10-13 2.0×10-14 3.7×10-14 

n-Butane 4.52 3.80 0.84 (1.0±0.8)×10-15 9.5×10-15 5.7×10-16  

ZIF-67 

He 2.66 3.36 1.26 (5.0±0.5)×10-9    

CO2 3.24 3.40 1.05 (2.2±0.6)×10-10    

Ethylene 3.59 3.50 0.98 (2.0±0.6)×10-11    

Ethane 3.72 3.52 0.95 (4.0±0.8)×10-12    

Propylene 4.03 3.65 0.91 (3.0±0.1)×10-13   1.5×10-12 

Propane 4.16 3.70 0.88 (1.5±0.5)×10-15   8.0×10-16 
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n-Butane 4.52 3.70 0.81 (5.6±1.3)×10-17    

BeIF-1 

He 2.66 2.88 1.08 (5.0±0.7)×10-9    

CO2 3.24 2.93 0.90 (4.5±0.5)×10-12    

Ethylene 3.59 3.17 0.88 (5.6±0.8)×10-19    

Ethane 3.72 3.20 0.86 (1.0±0.2)×10-19    

Propylene 4.03 3.29 0.82 (5.0±1.0)×10-24    

Propane 4.16 3.34 0.80 (3.0±0.3)×10-27    

n-Butane 4.52 3.35 0.74 (7.7±0.2)×10-28    

 

 

 

Figure S3. Highlighted 2-methylimidazole in tetrahedral unit (in bold outline) introduces the force field atom types of this work (M 

stands for metal: Be, Co, Zn, Cd). 
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