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Fig. S1. Schematic of the PMMOF process using 6FDA-DAM: (a) pristine polyimide (PI), (b) 

poly(amic acid) sodium salt (PAA-Na), (c) poly(amic acid) zinc salt (PAA-Zn), (d) poly(amic acid) 

zinc salt with ZIF-7 (PAA/ZIF-7), and (e) polyimide with ZIF-7 (PI/ZIF-7).

PMMOF Process

The PMMOF process consists of the following steps:

Step 1) A PI was partially deimidized by a hydrolysis reaction using a sodium formate aqueous 

solution, resulting in a poly(amic acid) sodium salt (PAA-Na) (Fig. S1b).

Step 2) Sodium ions in the PAA-Na were exchanged with Zn ions, yielding a poly(amic acid) 

zinc salt (PAA-Zn) (Fig. S1c).

Step 3) ZIF-7 was formed inside the PAA-Zn matrix by solvothermally treating the sample in a 

bIm linker solution (PAA/ZIF-7) (Fig. S1d).

Step 4) PAA/ZIF-7 was imidized to form PI/ZIF-7 MMMs (Fig. S1e).1
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Polymer modifications characterizations

As shown in Fig. S2, the deimiziation step caused a decrease in the intensities of 1786 cm-1 

and 1722 cm-1 peaks, which correspond to asymmetric and symmetric C=O stretching of imide 

groups in PI, respectively.2, 3 Meanwhile, there was no change in the peak at 1485 cm-1, which 

can be assigned to C-C stretching of benzene ring. The ratio of the intensities of the 1722 cm-1 

and 1486 cm-1 peaks (i.e., IC=O/IC-C) was reduced from 5.2 ± 0.04 (PI) to 3.7 ± 0.2 (PAA-Na), 

indicating hydrolysis of imide group (Fig. S2).2, 3 Furthermore, the uniform modification of PI 

films is important in order to acquire isotropic PI/ZIF-7 MMMs. To test the uniformity of 

modification, plasma etching was performed on a PAA-Na film to etch down to ~1.7 µm 

thickness and then the corresponding chemical structure was examined using FT-IR. The peak 

intensity ratio between the symmetric C=O and C-C bands was well preserved in comparison 

to that of PAA-Na before etching, exhibiting IC=O/IC-C = 3.3 ± 0.3 (Fig. S3). This supports the 

uniform deimidization throughout the PI film (Fig. S3).

Upon the ion exchange and the solvothermal ligand treatment, there was little peak intensity 

change in the FT-IR spectra relative to that of PAA-Na (Fig. S2). On the other hand, the peak 

position of the symmetric C=O was blue-shifted in PAA-Na (1722.4 cm-1) and then largely red-

shifted in PAA-Zn (1720 cm-1) (Fig. S2). This observation is expected considering the fact that 

bond strength between coordinating metal ions and carboxylic groups in PAA depends on 

metal ions. Yu et al. 4 also made similar observation which showed the red-shift of the 

carbonyl band in FT-IR by the coordination of cadmium and lead ions with the carboxylic 

group in poly(amic acid). Based on these FT-IR observations, it is reasoned that the metal ions 

possibly formed coordination bonds with the carboxylic groups in PAA, not merely absorbed 

into the free volume of the film. In the fourth step, the imidization of PAA led to an increase 

in the intensity of the C=O peaks as much as that of the pristine polymer (IC=O/IC-C = 4.8 ± 0.2) 

(Fig. S2). The slightly lower C=O peak intensity compared with that of the pristine PI can be 

explained by the fact that some of Zn ions coordinated with PAA likely remained because of 

their multiple coordination bonds, thereby leading to incomplete imidization.5 Our plausible 

description regarding imidization of PAA can be supported by the almost restoration of the 

C=O peak position (1722 cm-1) in comparison to that of PAA-Zn (Fig.S2).
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Fig. S2. Evolution of FT-IR spectra of samples at each stage during PMMOF in comparion with 

6FDA-DAM polyimide.

Fig. S3. (a) FT-IR spectra of 6FDA-DAM and before/after oxygen plasma etching of PAA-Na. 

Cross-sectional SEM images of (b) before and (c) after oxygen plasma etching of PAA-Na 

(oxygen plasma etching was performed for 1 h).
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Fig. S4. Cross-sectional SEM images of PI/ZIF-7-I before (a) and after acid treatment (b).

Fig. S5. XRD patterns of PI/ZIF-7-I before and after acid treatment.
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Fig. S6. (a) XRD patterns of ZIF-7-III synthesized in a bulk solution (i.e., ZIF-7-III 

(solution)). (b) SEM image of ZIF-7-III (solution).
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Fig. S7. SEM images of ZIF-7 particles prepared using solution reaction. Zinc and bim molarity 

of each crystal phase is as follows; (a) 0.042 mol kg-1 of zinc and 1.054 mol kg-1 of bim for 

ZIF-7-I, (b) 0.083 mol kg-1 of zinc and 1.054 mol kg-1 of bim for ZIF-7-mix, and (c) 0.105 mol 

kg-1 of zinc and 1.054 mol kg-1 of bim for ZIF-7-III (the inset images exhibited surface of 

particles).
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Fig. S8. XRD patterns of ZIF-7 particles. 
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Fig. S9. TGA thermogram of polymers containing zinc. 

Residue weights were used to calculate the concentration of mobile zinc ions. It should be 

noted that the zinc ions in PAA-Zn consist of mobile ions as well as immobile ions  

coordinated to the polymer (Fig. S8b).6, 7 Upon thoroughly washing, most of mobile ions were 

removed while immobile zinc ions still remaining in washed PAA-Zn (Fig. S8c).6, 7 Thus, the 

weight of mobile zinc ions was determined by subtracting the weight of zinc coordinated with 

the polymer based on washed PAA-Zn from the zinc weight of PAA-Zn. Also, the weight of zinc 

ions in PAA/ZIF-7 was determined by the same manner.
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Fig. S10. XPS spectra of PAA-Zn without washing (a) and with washing (b).
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Fig. S11. ZIF-7 crystal phase diagram and the traced PMMOF reaction conditions at different 

zinc concentrations in ion exchange solutions.
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Fig. S12. SEM images of PI/ZIF-7 MMMs with different crystal phases: (a) PI/ZIF-7-I, (b) PI/ZIF-

7-mix, and (c) PI/ZIF-7-III.
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Table S1. Weight percentages of ZnO induced by thermal oxidization and that of calculated 

ZIF-7 in a polymer.

Sample
Total ZnO 

wt%

ZIF-7 derived 

ZnO wt%
ZIF-7-I wt% ZIF-7-III wt%

Total ZIF-7 

wt%

Washed PAA-Zn 1.38 0.00 0.00 0.00 0.00

ZIF-7-I 25.5 25.5 100 0.00 100

ZIF-7-III 26.3 26.3 0.00 100 100

PI/ZIF-7-I 2.09 0.71 2.78 0.00 2.78

PI/ZIF-7-mix 3.19 1.81 3.63 3.37 7.00

PI/ZIF-7-III 4.00 2.62 0.00 9.96 9.96

Determination of ZIF-7 loadings based TGA 

The loading percentages of ZIF-7 in polymer were obtained by the contents of residue of 

thermal oxidation using Equation S1 as follows:

𝑍𝐼𝐹–7 𝑤𝑡% 𝑖𝑛 𝑃𝐼/𝑍𝐼𝐹–7 =
𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑃𝐼/𝑍𝐼𝐹–7 ‒ 𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑃𝐴𝐴 ‒ 𝑍𝑛

𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑝𝑢𝑟𝑒 𝑍𝐼𝐹–7
× 100(%)   (𝑆1).

Where W is a residual weight percentage of thermal decomposition. It is supposed that, upon 

thermal oxidation up to 800 oC, the MMMs and ZIF-7 were completely transformed to ZnO. 

For MMMs, there are two possible zinc sources forming ZnO: 1) zinc derived from in-situ 

grown ZIF-7 in polymer and 2) zinc coordinated to polymer. To avoid overestimation of ZIF 

loading, the content of zinc coordinated to polymer was determined by thermally oxidizing 

PAA-Zn and the resulting ZnO percentages (i.e., ~1.4 wt%) were subtracted from the total ZnO 

percentages of MMMs. The ZIF-7 loading percentages in MMMs were calculated based on 

the weight percentages of ZnO in MMMs and that of ZnO in each ZIF-7 phase.

For PI/ZIF-7-mix, it was assumed that the ZnO wt% of each ZIF-7 crystal phase is proportional 

to the percentage of corresponding ZIF-7 crystal phase. In this regard, ZIF-7-I wt% of PI/ZIF-7-

mix was roughly estimated using the following equation: 
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𝑍𝐼𝐹–7–𝐼 𝑤𝑡% 𝑖𝑛 𝑃𝐼/𝑍𝐼𝐹–7–𝑚𝑖𝑥

= ( 𝐴(101) + 𝐴(110)

𝐴(101) + 𝐴(110) + 𝐴(002)
) × (𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑃𝐼/𝑍𝐼𝐹–7–𝑚𝑖𝑥 ‒ 𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑃𝐴𝐴 ‒ 𝑍𝑛

𝑊𝑍𝑛𝑂 𝑓𝑟𝑜𝑚 𝑝𝑢𝑟𝑒 𝑍𝐼𝐹–7–𝐼
)

× 100(%)  (𝑆2).

Where A is an integration area of each crystal plane determined by XRD patterns.
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Table S2. Summary of single gas permeation results at 1 atm and room temperature.

Permeability (Barrer) Selectivity
Sample

H2 CO2 N2 CH4 H2/CO2 H2/N2 H2/CH4 CO2/N2 CO2/CH4

6FDA-DAM
589.17

± 59.05

433.63

± 105.38

19.24

± 4.81

14.65

± 1.18

1.36

± 0.19

30.62

± 4.59

40.23

± 0.80

22.54

± 0.16

29.61

± 4.82

PI/ZIF-7-I
921.44

± 100.46

407.41

± 50.05

25.51

± 1.57

13.67

± 1.20

2.26

± 0.03

36.12

± 1.72

67.42

± 1.45

15.97

± 0.98

29.81

± 1.05

PI/ZIF-7-mix
478.27

± 44.76

116.83

± 28.09

15.08

± 3.06

5.59

± 0.52

4.09

± 0.60

31.71

± 3.46

85.54

± 0.01

7.75

± 0.29

20.90

± 3.06

PI/ZIF-7-III
322.01

± 28.66

74.08

± 1.73

5.42

± 1.24

1.87

± 0.07

4.35

± 0.29

59.45

± 8.27

172.24

± 8.50

13.68

± 2.80

39.63

± 0.65
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Fig. S13. Mixed gas separation results of 6FDA-DAM and PI/ZIF-7-I for binary gas mixtures of 

(a) CO2/N2, (b) H2/CO2, and (c) H2/CH4.

Mixed gas separation results

For mixed gas separations, three representative gas pairs (CO2/N2, H2/CO2, and H2/CH4) were 

tested for 6FDA-DAM and PI/ZIF-7-I MMMs. As compared with the single gas separation, the 

mixed gas separation factors were depressed except for H2/CH4 likely due to the competition 
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between two different gas molecules (Fig. S12).8 In particular, the substantial decrease in 

CO2/N2 separation factor (~ 60 %) was observed as shown in Fig. S12a. For H2/CO2 binary gas 

mixture, 6FDA-DAM showed relatively higher H2 permeability than that for single gas (Fig. 

S12b). Meanwhile, the PI/ZIF-7-I MMMs exhibited lower H2 permeability in binary gas 

permeation than in single gas permeation (Fig. S12b). As such, the H2/CO2 separation factor 

of 6FDA-DAM showed slightly lower in binary gas (Fig. S12b). In contrast, the PI/ZIF-7-I MMMs 

showed lower separation factor in binary gas (Fig. S12b), possibly resulting from stronger 

sorption competition between H2 and CO2 in PI/ZIF-7-I than that in 6FDA-DAM.9 Similarly, 

although both 6FDA-DAM and PI/ZIF-7-I showed an increase in the binary H2/CH4 separation 

factor, 6FDA-DAM exhibited a larger increment than that shown by PI/ZIF-7 (Fig. S12c).
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Fig S14. XRD patterns of PAA/ZIF-7-I, PAA/ZIF-7-III*, and PI/ZIF-7-III*.
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Table S3. H2/CO2 separation performances of the reported MMMs.

Polymer Filler Wt% of 
filler H2 permeability H2/CO2 

selectivity Ref.

Matrimid®5218 C-MOF-5 30 53.8
(120.5 %)

2.66
(-1.8 %)

10

PES SAPO-34 20 12.57
(82.2 %)

2.45
(2.1 %)

11

Matrimid®5218 hollow silicalite-1 8 38.4
(26.3 %)

2.1
(46.2 %)

12

PBI ZIF-7 50 26.2
(608.1 %)

14.9
(71.3 %)

13

Matrimid®9725 Zeolite 4A 30 101.60
(464 %)

2.10
(-16 %)

14

6FDA:DSDA/4MPD:4,4′-
SDA NH2-MIL-101 10 114

(26.7 %)
1.6

(3.3 %)
15

6FDA-durene ZIF-8 15 2136.6
(312.1 %)

1.4
(27.3 %)

X-linked 6FDA-durene ZIF-8 33.3 283.5
(444.1 %)

12.0
(-90.8 %)

16

PEI C-MOF-5 25 28.32
(181.2 %)

5.25
(-12.4 %)

17

PPO Silica 10 548.7
(567.8 %)

3.6
(111.9 %)

18

Matrimid®5218 MIL-53-ht 37.5 103.0
(300.8 %)

2.02
(-34.2 %)

Matrimid®5218 MIL-53-as 37.5 66.0
(156.8 %)

1.68
(-45.3 %)

19

VTEC™ NH2-MIL-53 20 5.1
(13.3 %)

7.0
(16.7 %)

20

6FDA-DAM ZIF-11 20 272.45
(1173.1 %)

1.06
(2.9 %)

2

PI MWCNT@GONRs 2 42.5
(42 %)

1.7
(-15 %)

21

Matrimid®5218 ZIF-11 40 28.36
(63.6 %)

2.84
(-31.2 %)

22

CA C-MOF-5 12 14.95
(247.7 %)

1.78
(61.8 %)

CA T-MOF-5 12 13.90
(223.3 %)

1.79
(62.7 %)

23

6FDA-TTM Si-H 10 76.5
(86.1 %)

2.1
(40.0 %)

24

P84 Nanodiamond 1 6.7
(-16.3 %)

4.1
(13.8 %)

25

PAI MOF-1 30 191
(141.2 %)

1.8
(5.9 %)

26

PSf HKUST-1 10 15.0
(53.1 %)

1.9
(18.8 %)

PSf Mn(HCOO)2 10 10.5
(7.1 %)

1.6
(0.0 %)

27

Matrimids5218 Cu-BPY-HFS 30 20.3
(16.0 %)

2.0
(-16.7 %)

28

Matrimids5218 MOF-5 20 114.9
(247.1 %)

3.0
(-9.1 %)

Ultems1000 MOF-5 20 16.9 5.7
29
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(50.9 %) (0.0 %)

Matrimids5218 HKUST-1 30 66.9
(102.1 %)

3.0
(-9.1 %)

Matrimids MOF-5 30 53.8
(120.5 %)

2.7
(0.0 %)

30

Matrimids ZIF-8 60 35.8
(23.9 %)

4.4
(41.9 %)

31

PPEEs ZIF-8 30 92.3
(1068 %)

1.8
(28.6 %)

32

Matrimids ZIF-8 30 112.1
(242.8 %)

3.9
(-2.5 %)

33

PBI ZIF-8 30 105.4
(2749 %)

12.3
(43.0 %)

34

PBI ZIF-8 30 82.5
(1912 %)

12.0
(34.8 %)

35

PIM-1 ZIF-8 43 6680
(309.8 %)

1.1
(450.0 %)

36

PBI ZIF-90 45 24.5
(497.6 %)

25
(180.9 %)

37

PPO HKUST-1 40 119
(58.7 %)

1.0
(-9.1 %)

38

NH2-MIL-53(Al) 15 100
(11.0 %)

1.8
(12.5 %)6FDA:DSDA-4MPD:4,4'-

SDA (1:1)
NH2-MIL-101(Al) 10 114

(26.5 %)
1.6

(0.0 %)

NH2-MIL-53(Al) 10 175
(3.6 %)

1.3
(0.0 %)6FDA-4MPD:4,4’-SDA 

(1:1)
NH2-MIL-101(Al) 10 191

(13.0 %)
1.3

(0.0 %)

39

PMMA NH2-CAU-1 15 11 000
(120.0 %)

13
(333.3 %)

40

PSf Silica-ZIF-8 core–shell 32 224.1
(540.3 %)

3.9
(14.7 %)

41

PBI-BuI ZIF-8 30 22.1
(256.5 %)

4.2
(55.6 %)

DMPBI-BuI ZIF-8 30 127.5
(896.1 %)

2.4
(-29.4 %)

DBzPBI-BuI ZIF-8 20 180.3
(193.6 %)

2.0
(-16.7 %)

42

PBI ZIF-11 39.5 464.7
(2602 %)

3.6
(-28.0 %)

43

Silicalite 10 34.0
(12.2 %)

3.2
(0.0 %)

SAPO-34 10 40.2
(32.7 %)

3.2
(0.0 %)Matrimid®5218

ZIF-8 10 51.1
(68.6 %)

3.0
(-6.3 %)

44

25 95.9
(335.9 %)

4.4
(41.9 %)Matrimid®5218 ZIF-11

10 535
(52.9 %)

9.1
(13.8 %)

45

PBI Cu2(ndc)2(dabco) 20 6.13
(152.0 %)

26.7
(181.1 %)

46

6FDA-DAM ZIF-7-I 2.78 921.44 2.26 This 
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(56.4 %) (66.2 %)

ZIF-7-mix 7.00 478.27
(-18.8 %)

4.09
(200.7 %)

ZIF-7-III 9.96 322.01
(-45.4 %)

4.35
(219.9 %)

ZIF-7-III* 2.78 1630.44
(176.7 %)

3.82
(180.9 %)

work

Note: the unit of permeability is Barrer (i.e., 1 Barrer = 10-10 cm3(STP) cm cm-2 cmHg-1 sec-1). 
The percentages in the round bracket of H2 permeability and H2/CO2 selectivity indicate the 
changing percentages of MMMs from its corresponding polymer. 
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Fig. S15. Upper bound plot of 6FDA-DAM and PI/ZIF-7 MMMs. (a) H2/N2 separation, (b) H2/CH4 

separation, (c) CO2/N2 separation, and (d) CO2/CH4 separation.47
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