Supplementary Information

Instrumentation

X-ray diffraction analyses were carried out on a Bruker D2 Phaser using Cu Ka,/a, radiation with
L=1.5418 A.

Nitrogen sorption isotherms were measured at 77 K using a Quantachrome Autosorb iQ MP gas
sorption analyzer. Ultra high purity (UHP, grade 5.0, 99.999%) nitrogen, and helium gases were used;
the latter was used for performing cold and warm free space correction measurements. MIL-101 BET
surface area (2694 m*/g) and pore size were calculated using sample weights after degassing for 2 h at
120 °C with the built-in oil-free vacuum system of the instrument (ultimate vacuum < 10~ mbar).

Thermogravimetric (TG) data were collected using a Netzsch Tarsus 209 F3 TGA instrument in a
protecting flow of nitrogen (10 mL/min) at 10 °C/min heating rate.

Characterization (identification) of MIL-101

Figure S1. SEM image of MIL-101 microcrystals (Pd-coated, obtained on Zeiss Leo DSM
982 Gemini with field emitter).
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Figure S2. X-ray powder diffraction pattern of MIL-101(Cr), simulated from

crystallographic cif-file; MIL-101(Cr), measured on activated (washed and dried) sample;
MIL-101(Cr)/PSF mixed-matrix membrane with 24 wt % loading of MIL-101(Cr) and of

polysulfone (PSF).
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Figure S3. N, sorption isotherms of activated MIL-101(Cr). These sorption isotherms were
fitted with the Brunauer—Emmett-Teller (BET) and Langmuir (L) equations to give Sggr
(2690 m*/g) and Sy (3630 m?/g) surface areas and a total pore volume of 1.34 cm’/g.
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Figure S4. Thermogravimetric curves of as-synthesized MIL-101(Cr) (black), activated
MIL-101(Cr) (red), 24 wt % activated MIL-101(Cr)/PSF mixed-matrix membrane (blue),
and polysulfone (violet). (activated = the product was re-dispersed and centrifuged
two times in DMF (20 mL) for 6 h, two timed in methanol (10mL) for 2 h and one time in
water (10 mL) for 2 h. The final product was then dried at room temperature and ambient

pressure).
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The weight loss for the activated sample between 120-350 °C indicates remaining terephthalic acid
in the pores.

The unit barrer is a non-Sl-unit in the cgs-system for the gas permeability of thin materials (in
honor of the New Zealand chemist Richard M. Barrer (1910-1996), who was a leader in research on
the diffusion of gases).

Permeability is defined to be the gas flow rate multiplied by the thickness of the material, divided
by the area and by the pressure difference across the material. To measure this quantity, the barrer is
the permeability represented by a flow rate of 10 '” cubic centimeters per second (volume at standard
temperature and pressure, 0 °C and 1 atmosphere), times one centimeter of thickness, per square centimeter
of area and centimeter of mercury difference in pressure. That is, 1 barrer = 10'° cm?*s'-cmHg
(Equation 1), or, in SI units, 7.5005 x 10"* m*s™'-Pa™".

cm3(STP) - cm

P(barrer) = 10710
cm? - s - cmHg

(1)

Modeling
Table S1 lists the relevant parameters used for the permeability and selectivity calculations
according to the Maxwell model.

W, and W, are the weight and p,; and p. the density of the dispersed filler and continuous polymer,
respectively. The densities were taken from the literature.
W. (PSF) = 400 mg;
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density (p.) (PSF) =1.24 g/mL [1];
density (pg) (MIL-101) =0.62 g/mL [2].

P, is the permeability of the continuous (pure) polymer phase.
P(PSF) for O, = 1.47 barrer;

P.(PSF) for N, = 0.25 barrer;

@, 1s the volume fraction of the dispersed phase.

Table S1. Correlation of MIL-101 wt % loading and filler volume fraction.

MIL-101 MIL-101 weight MIL-101
wt % * Wy (mg) filler volume fraction (¢q)
0 0.000 0
7.5 32.432 0.1395
14 65.116 0.2456
19 93.827 0.3193
24 126.316 0.3871

“ relative to polymer weight (W, = 400 mg).
Figure SS. Correlation of MIL-101 wt % loading and filler volume fraction.
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Table S2. CO,/N; permeation results on MIL-101/PSF membranes, experiments performed

at 30 °C and 3 bar total feed pressure (with standard deviations).

300 mg Pure polymer
7.5
14
19
24
7.5
300 mg 14

19

400 mg

30.2
54.7
59.2
60.0
71.8
31.4
35.1
47.3

5.6£0.6
152+£1.6
223+22
32.0+£33
36.2+3.6
13.5+1.4
23.9+25
31.2+32

0.29 +£0.03
0.63 £ 0.06
0.84 + 0.09
1.20£0.11
1.30 £ 0.10
0.56 £ 0.07
1.21 £0.13
1.21+£0.12

19.7+3.9
24.0 +4.8
264+53
26.7+5.4
29.9+6.0
24.0+4.7
19.7+4.0
25.7£5.2

* gas permeability; * ideal selectivity.

Table S3. CO,/CH4 permeation results on MIL-101/PSF membranes, experiments performed

at 30 °C and 3 bar total feed pressure (with standard deviations).

300 mg

Pure polymer
7.5
14
19
24
7.5
300 mg 14
19

400 mg

30.2
54.7
59.2
60.0
71.8
31.4
35.1
47.3

5.6+0.6
152+1.6
223+22
32.0+3.3
36.2+3.6
13.5+1.4
239+2.5
31.2+3.2

0.33+0.04
0.64 + 0.05
0.93 +£0.10
1.26 £0.13
1.64 £ 0.20
0.60 = 0.05
1.31+0.12
1.43+£0.15

169+3.4
23.9+48
24.0+5.0
253+52
222+44
22.7+4.5
18.3+3.8
219+44

* gas permeability; * ideal selectivity.
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Table S4. Gas (CO,/N,;) permeation data of mixed-matrix membranes with MOFs
from literature.

. MOF P(CO,)" PMNy)" S¢
Polymer MOF (Wt %)  [barrer]  [barrer]  (COJNp Reference
0 9.0 0.25 36.0
Matrimid 10 11.1 0.28 39.6
5218 MOF-5 20 13.8 0.40 34.5 3]
30 20.2 0.52 38.8
0 6.5 0.4 20
PSF CuBTC 5 7.7 0.3 25.1 [4]
10 7.9 1 8
0 6.5 0.3 19.9
PSF Mn(HCOO), 5 6.5 0.3 19 [4]
10 6.8 0.2 26
0 7.29 0.22 33.1
Matrimid 10 7.81 0.24 32.5
18 CuBPY-HFS 20 9.88 0.31 31.9 [5]
30 10.36 0.31 33.4
40 15.06 0.49 30.7
0 9.52 0.31 30.7
20 9.03 0.30 30.1
Matrimid 30 14.23 0.59 24.1
5218 ZIE-8 40 24.55 1.05 23.4 [6]
50 4.72 0.18 26.2
60 8.08 0.44 18.4

* PVAC: poly(vinylacetate); PSF: polysulfone; * gas permeability; © all are ideal selectivities.

Figure S6. CO,/N, Separation performance of MIL-101(Cr)/PSF mixed-matrix membranes,
compared with the compiled data on MOF containing mixed-matrix membranes. Blue,
pink and green points are the results for MIL-101(Cr)/PSF. The upper bound for polymer
performances as defined by Robeson in 2008 [7] is shown.
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Table S5. Gas (CO,/CH4) permeation data of mixed-matrix membranes with MOFs
from literature.

. MOF P(CO,)" P(CHy" S¢
Polymer MOF (Wt %)  [barrer]  [barrer] (COJ/CH, eference
0 9.0 0.22 41.7
Matrimid 10 11.1 0.22 51.0
5218 MOF-3 20 13.8 0.34 40.5 3]
30 20.2 0.45 44.7
0 6.5 0.3 17
PSF CuBTC 5 7.7 0.3 22 [4]
10 7.9 1.3 7
0 6.5 0.4 18
PSF Mn(HCOO), 5 6.5 0.5 16.5 [4]
10 6.8 0.8 9.5
0 7.29 0.21 34.7
. 10 7.81 0.24 31.9
Mzt;lr;“d CuBPY-HFS 20 9.88 0.36 276 [5]
30 10.36 0.38 25.4
40 15.06 0.59 25.6
0 9.52 0.24 39.8
20 9.03 0.18 51.1
Matrimid I8 30 14.23 0.38 38.2 6]
5218 40 24.55 0.89 27.8
50 4.72 0.05 124.9
60 8.08 0.10 80.8
. 0 7.8 — 35.5
Matrimid ZIF-90 /5 125 . 35.6
0 400 — 17
6FDA-DAM ZIF-90B /5 630 B )y [9]
0 400 — 17
6FDA-DAM ZIF-90A /5 200 B 57
0 4.7 0.2 23.5%
8 4.7 0.13 29.3*
PSF NH,-MIL-53(Al) 16 5.0 0.13 33.0% [10]
25 5.4 0.10 46.0%
40 10.3 0.64 16.7%
. 0 14.4 0.33 44.1
6FDA-ODA Ui0-66 25 504 10 461 [11]
6FDA-ODA NH,-UiO-66 25 13.7 0.27 51.6 [10]
6FDA-ODA MOF-199 25 21.8 0.43 51.2 [10]
6FDA-ODA  NH,-MOF-199 25 26.6 0.45 59.6 [10]
6FDA-ODA Ui0-67 25 20.8 1.40 15 [10]

* PVAC: poly(vinylacetate); PSF: polysulfone; 6FDA-DAM: 6FDA: 2,2-bis(3,4-carboxyphenyl) hexafluoro-
propane dianhydride; DAM: diaminomesitylene; ® gas permeability; © all are ideal selectivities except those
marked with (*) which correspond to 50/50 % CO,/CH,4 mixed gas selectivities; MOF-199 = CuBTC.
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Figure S7. CO,/CHy4 separation performance of MIL-101(Cr)/PSF mixed-matrix membranes,
compared with the compiled data on MOF containing mixed-matrix membranes. Blue,
pink and green points are the results for MIL-101(Cr)/PSF. The upper bounds for polymer
performances as defined by Robeson in 1991 [12] and 2008 [7] are shown.
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Table S6. Fitted o-Ps lifetimes and intensities for 5 and 6 components of pure MIL-101

respectively.
number of 4L [5) L) 1y ts ts I I, I3 1, 15 16
components (ns) (ms) (ms) (ms) ms) (@ms) () () () () (") (%)
5 comp. 0.255 0.64 529 26.11 79.75 - 78.12  7.62 1.82 475 17.68 -
6 comp. 0.204 0409 2.10 7.41 2950 8343 37.11 47.09 1.04 181 529 7.65
Table S7. Fitted o-Ps lifetimes and intensities for pure PSF and different MIL-101 loadings.
PSF-MIL-101
1 (ns) b(ms) Hms)* tu(ms) L(%) L% L(%)  1(%)
membranes
Pure PSF 0.125 0.404 2.11 — 11.97 67.38 20.71 —
PSF +7.5% MIL-101  0.125 0.393 2.06 8.3 10.77 68.78 18.78 1.66
PSF + 14% MIL-101 0.125 0.392 2.01 7.23 10.78 70.33 15.98 2.9
PSF + 19% MIL-101  0.125 0.393 2.02 7.29 10.69 71.15 15.07 3.09

 Lifetime £; for 6 component pure MIL-101 with 2.10 ns is too similar to #; = 2.11 ns for pure PSF and

cannot be differentiated.
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