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Fig. S1. Side-view structures of defective models: (a) LV-1, (b) LV-2, (¢) LV-3, (d) ZnV-1, (¢)
ZnV-2, and (f) ZnV-3 (color code: white, H; cyan, C; blue, N; red, O; slate-grey, Zn). In panels (a—
¢), the oxygen atoms generated upon the formation of linker vacancies are displayed as red VDW
spheres to indicate the defect sites. In panels (d—f), the tan VDW spheres represent the H atoms
introduced as a result of missing Zn atoms, indicating the Zn vacancy sites. Other H atoms in all
panels are not shown for the sake of clarity. The fixed Zn atom in each model is shown as a slate-

grey VDW sphere (as highlighted by purple cycle).
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Fig. S2. The evolution of the absorbed and permeated gas numbers over simulation time with

pressure drops of (a) 2 bar, (b) 4 bar, and (c) 6 bar.
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Fig. S3. (a) Pristine membrane models with a fixed Zn atom located near the permeate chamber,
as highlighted by purple cycle; (b) time evolution of the absorbed and permeated numbers of He
for the models shown in (a); (c) pristine membrane models with a fixed Zn atom located in the
interior bulk region, as highlighted by purple cycle; (d) time evolution of the absorbed and
permeated numbers of He for the models shown in (¢). Compared with Fig. S2a, where the fixed
Zn atom is located near the feed chamber, the He transport behaviors obtained from different

fixation positions are in good agreement with each other.
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Fig. S4. Comparison between calculated gas permeabilities (P.,.) and reported experimental
results (Pexpu)-!1° Bubble size indicates the number of experimentally reported data points, with

larger bubbles representing a greater count.
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Fig. S5. Mean pore window diameter (defined as the distance between the two H atoms at the
diagonal positions of the 6-membered-ring windows located at approximately x =~216 A) and the
average of the corresponding standard deviations (blue line and symbols, right y-axis) for ZIF-8
membranes with different defect types and concentrations. Data were collected from a 5 ns MD

simulation of membrane-only models. Higher standard deviation values indicate a more
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pronounced fluctuation in the positions of the H atoms.

Fig. S6. Overlay of atomic positions sampled over a 5 ns MD trajectory for the (a) pristine, (b)

LV-3 and (¢)ZnV-3 membrane models; the broader positional clouds in ZnV-3 indicate greater

linker mobility (yellow dashed circle) compared with the more rigid pristine and LV-3

frameworks.

Table S1. Non-bonded potential parameters for ZIF-8 membranes and graphene barrier layer.

Atom type o (nm) ¢ (kl/mol) g (e)? description

Zn 0.246 0.329 0.65 Zn in ZIF-8

N_R 0.326 0.183 —0.35,-0.32 N in ZIF-8

CR 0.343 0.279 —0.08 ——0.01", 0.43¢ C in imidazole ring
C3 0.343 0.279 -0.47 C in methyl

CG 0.343 0.1504 0 C in graphene barrier layer
H 1 0.257 0.117 0.09 H bonded to C_ R
H 2 0.257 0.117 0.26 Hbondedto N R
H 3 0.257 0.117 0.13 H in methyl

H O 0.257 0.117 0.35 H bonded to O

01 0.312 0.158 —-0.67 O bonded to one H
02 0.312 0.158 —-0.75 O bonded to two H

@This value represents the average charge calculated using the ML method; the point charges of

individual atoms fluctuate by up to approximately 15%; in addition, the exact values are

influenced by the defect type and defect concentration; more detailed data are not listed here due

to the large amount of information. *?Charge of C in the imidazole ring bonded to H. “Charge of

C in the imidazole ring not bonded to H. 4This value has been significantly reduced to lower the

adsorption of gases by the barrier layer; it is therefore strongly discouraged to use it for other
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simulations involving graphene properties.

Table S2. The employed force field parameters for gas molecules.

He o (nm) & (kJ/mol) q (e) ref[11]
He 0.264 0.091 0

CH, o (nm) ¢ (kJ/mol) q (e) ref[12]
C_met 0.373 1.230 0

N, o (nm) & (kJ/mol) q (e) ref[13]
N n 0.331 0.303 —-0.48

N m 0 0 0.96

bond-term  k (kJ/(mol-nm?)) ro (nm)

N nN n Fixed length 0.110

CO, o (nm) ¢ (kJ/mol) q (e) ref[13][14]
C 0.280 0.234 0.70

O 0.302 0.668 —-0.35

bond-term  k (kJ/(mol-nm?)) ro (nm)

Cc-0 844300.0 0.116

angle-term & (kJ/(mol-rad?)) 6o

0-C-0 451.9 180.0°
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