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Supplementary Figure 1: Synthesis of PIM-1.
TTSBI: 5,5,6,6'-tetrahydroxy-3,3,3',3’ tetramethylspirobisindane; TTFPN: 2,3,5,6-tetrafluoroterephthalonitrile;
Solvent was dimethylformamide.
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Supplementary Figure 2: UiO-66 synthesis. Reaction mechanism and chemical formula of UiO-66 MOFs.
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Supplementary Figure 3: FTIR and PXRD of UiO-66 particles.

(a) FTIR spectra, (b) PXRD patterns of Zr-MOFs particles: UiO-66-H, UiO-66-Br, UiO-66-NH, and
UiO-66-ref. The FTIR spectra of the water modulated functionalized (-Br and -NH,) UiO-66 particles
are compared with the spectra of the parent water modulated UiO-66-H particles. All the structures
showed a peak at 1550-1650 cm ' corresponding to the symmetric stretching of carboxylate groups
(v(COO0)), which is coordinated with metal centers during the deprotonation. Weak peak in the region
of 1450-1500 cm ' belongs to the stretching vibration of C-C in the aromatic compound of organic
linker ring. The strong peak centered around 1400 cm™' was ascribed to symmetric stretching of C—O
bonds in the carboxylic acid groups. The FTIR spectrum for UiO-66-Br showed similar features to the
one obtained for UiO-66-H particles. Although there is no specific carbon-halogen stretching vibration
modes for aromatic halogen structures, the changes in the peak intensities which are sensitive to the
bromo-functionality (e.g. at 680 cm™) are observed in the FTIR spectrum. Compared with the FTIR
spectrum of UiO-66, the stretching vibration adsorption of the amine groups in UiO-66-NH, are clearly
observed in high frequency region at 3000-3500 cm™. A peak at lower frequencies centred at 1250 cm™
corresponds to the N—H bending vibration and the characteristic C—N stretching of aromatic amines.
The PXRD pattern of pristine UiO-66 showed two peaks at 7.5° and 8.5° corresponding to [111] and
[200] crystal planes, respectively and concur well with existing literature. The PXRD patterns of water
modulated synthesized MOFs showed similar features, indicating an isostructural UiO-66 framework

topology.
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Supplementary Figure 4: TGA of water modulated Zr-MOFs particles.

TGAs of nanoparticles exhibited around 5% weight loss at around 75-100°C, corresponds to the
departure of the guest molecules (chloroform and/or H,O) followed by a drop at around 200°C which is
due to the dehydration of the ZrsO4(OH)4 nodes to ZrsOg The final step near 350-500°C is attributed to
decomposition of the organic linkers. In the case of MMMs, thermal degradation of PIM-1 started at
around 390°C. Above this temperature, continuous weight loss was observed. The thermal stabilities are
improved upon the introduction of UiO-66-NH, nanoparticles into the PIM-1 matrix and the slope of
weight reduction decreases as the amount of particles in the polymer increase. As the temperature
increased above 400 °C the MMMs showed a slightly enhanced decomposition temperatures (Td)
depending on the UiO-66 loadings.
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Supplementary Figure 5: SEM images of Ui-66 particles.
(a) UiO-66-ref particles, (b) water modulated UiO-66-H nanoparticles, (c) water modulated UiO-66-Br
nanoparticles and (d) water modulated UiO-66-NH, nanoparticles (scale bars: 200 nm).
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Supplementary Figure 6: Nitrogen adsorption studies (at 77K) of UiO-66 particles.

(Green diamond) UiO-66-ref, (black square) UiO-66-H, (blue triangle) UiO-66-NH,, (red circle) UiO-66-Br
particles. Open and closed markers represent adsorption and desorption data, respectively (P¢=1 atm). N,
sorption isotherms measured at 77 K were used to evaluate the surface area, crystal structure and porosity of the
UiO-66 MOFs (Supplementary Figure 6). Almost all modulated MOFs exhibited hybrid type I/IV isotherms
with hysteresis between adsorption and desorption isotherms while Type I isotherms are indicative of
microporous structure (pore size less than 2 nm) observed for non-modulated UiO-66-ref. Type IV isotherms are
strong evidence of mesoporous structure (pore size between 2 and 50 nm) which may come from the interstitial
voids between the nanoparticles of modulated synthesized particles *.
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Supplementary Figure 7: ATR-FTIR spectra of the pure PIM-1 and PIM-1/UiO-66-NH, MMMs.

In right side graph (a) UiO-66-ref (10 wt.%), (b) UiO-66-ref (5 wt. %), (c) UiO-66-NH, (10 wt.%), (d) UiO-66-
NH, (5§ wt.%) and (e) PIM-1. The ATR-FTIR of pure PIM-1 match existing literature in the material well 7
including C-H stretching within the methyl (C-CHj3) groups and methylene (CH;) groups at around 2950, 2930
and 2840 cm™', C-H bending vibrations within methyl and methylene groups (1455 cm™), nitrile groups (-CN) at
2238 cm’', aromatic bending (C=C) at 1607 cm™, C-O stretching over 1300-1000 cm™. In the spectrum of
MMM made by UiO-66-NH, the appearance of the broad N-H band at 3200-3600 cm™ as well as the C=0 band
at 1650-1710 cm™' indicate the presence of MOF particles inside the PIM-1 matrix. Also, there is a decrease in
absorption between 1300 and 1100 cm™ in these samples. This could be due to hydrogen bonding between the
aromatic ether groups of the PIM-1 and the amine group grafted to the UiO-66 external surface®. The
comparison FTIR data showed that the intensity of the signals related to ether group stretching, 1300-1100 cm™,
significantly decreased in modulated-functionalized UiO-66-NH, MMM s (5 and 10 wt. % loading) while it was
almost constant for MMMs including UiO-66-ref particles.
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Supplementary Figure 8: TGA of the pure PIM-1 and PIM-1/UiO-66-NH, MM Ms.
Thermal degradation of PIM-1 started at around 390°C. Above this temperature, continuous weight loss
was observed. The thermal stabilities are improved upon the introduction of UiO-66-NH; nanoparticles
into the PIM-1 matrix and the slope of weight reduction decreases as the amount of particles in the
polymer increase. As the temperature increased above 400 °C the MMMs showed a slightly enhanced
decomposition temperatures (Td) depending on the UiO-66 loadings.
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Supplementary Figure 9: SEM images of cross-sections of PIM-1/UiO-66 MMM.

(a) 5 wt.% UiO-66-ref, (b) 20 wt.% UiO-66-ref, (c) 20 wt.% UiO-66-ref, (d) 5 wt.% water modulated UiO-66-
H, (e) 20 wt.% water modulated UiO-66-H, (f) 20 wt.% water modulated UiO-66-H (high magnification), (g) 5
wt.% water modulated UiO-66-NH,, (h) 20 wt.% water modulated UiO-66-NH, and (i) 20 wt.% water
modulated UiO-66 (high magnification).
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Supplementry Figure 10: Models of the UiO-66 and UiO-66-NH, frameworks.
UiO-66-A and UiO-66-NH,-A feature corrugated surfaces, while UiO-66-B and UiO-66-NH,-B have flat
surfaces. Target atoms at which PIM-1 configurations were sampled are shown in stick representation.

Supplementary Figure 11: PIM-1 chemical structure.
(a) Optimized structure of the PIM-1 model. (b) Chemical structure of the PIM-1 model.
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() UiO-66-NH,-B-1

B/PIM-1 composite. The MOF and PIM-1 are shown in stick and ball-and-stick representations, respectively.
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Supplementary Figure 13: Permeability and ideal selectivity of PIM-1/UiO-66 MMM:s at 4 bar and 25 °C.
(a), (b) UiO-66-ref, (c), (d) UiO-66-H, (e), (f) UiO-66-NH, and (g), (h) UiO-66-Br (green triangle): CO,,
(purple diamond): H,, (red circle): O, (blue triangle): CH4 and (black square): N, in permeability graphs and
(brown triangle): H/N,, (green diamond): H,/CH,, (red circle): CO,/CHy, (blue triangle): O,/N, and (black
square): CO,/N, in selectivity graphs. As we have plotted Supplementary Figure 13, an initial increase of H,
permeability is consistently seen for all additions of MOF filler, nanosized or not, functionalized or not. This is
then seen to decrease as the aggregated modulated filler loading increases. By comparison, the permeability of
all other gases decreases monotonically upon addition of the modulated fillers and increase on addition of the
non-modulated filler. This observation of anomolous H, permeation in mixed matrix systems is sometime noted
e.g. by Budd and co-workers for PIM-1 MOF composites (Separation and Purification Technology 173 (2017):
304-313) or by Basu et al. in a study of in polyimide/Cu;(BTC) MMMs (Journal of membrane science 362 (1),
478-487). One speculative cause is that the modulated fillers have not completely eliminated the effects of
microvoids, at least at the level of the kinetic diameter of H,, which at 2.8A, is smaller than the remaining
cluster of gases (3.3-3.7A) tested in this study. Over time such defects would be expected to relax, so that the
findings of high hydrogen selectivity over other gas pairs is likely a transient effect. However, such a
speculation would require a further focused study for verification.
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Supplementary Figure 14. Diffusivity and solubility.
(a) Diffusion coefficients and (b) solubility of gases in PIM-1/UiO-66-ref, (c) diffusion coefficients and (d)
solubility of gases in PIM-1/ water modulated UiO-66 —-NH, at 4 bar and 25 °C.
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Supplementary Figure 15. (a) Solubility and (b) diffusivity selectivity of various gas-pairs in Zr-MOF based
MMMs (black: pure PIM-1, red: 10 wt.% UiO-66-ref, blue: 10wt.% UiO-66-H and green: 10wt.% UiO-66-NH,
MMMs).
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Supplementary Figure 16. (a) Single and mixed gas permeability versus feed gas partial pressure in MMMs
containing 10 wt.% modulated UiO-66-NH,. (b) Selectivity versus CO; partial pressure in MMMs containing 10
wt.% modulated UiO-66-NH,. The mixed gas separation performance was measured with total feed pressure up
to 16 bar using mixed gases with 50 vol.% of CO..
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Supplementary Figure 17: Effect of pressure on gas permeation properties of PIM-1 and UiO-66-
NH; MMMs at 25 °C. Permeability vs. feed pressure in (a) PIM-1, (b) PIM-1/UiO-66-NH, (5 wt.%),
(c) PIM-1/UiO-66-NH, (10 wt.%) and (d) CO,/N, and CO,/CHy selectivity vs. feed pressure in PIM-1,
5 and 10 wt.% PIM-1/UiO-66-NH,. The gas permeability of typical glassy polymers declines with
increasing pressure due to the ﬁlling the sorption sites, while at the elevated pressures, gas permeability
approaches a constant value’. However, for more strongly interacting penetrants like COZ, glassy
polymers show an upward-increasing permeability due to plasticization at high pressures'’. Therefore,
the typical plasticization of glassy polymer membrane was observed by initial decrease in permeability
with pressure at low pressures followed by a continuous increasing in CO, permeability with increasing
pressure. In contrast with the conventional glassy polymers, microporous polymers like PIM-1 doesn’t
plasticize by CO; and show a decrease in permeability with increasing of CO, feed pressure in wide
range of pressure. This phenomena might be related to the break down in microporous structure of PIM-
1 and decrease in high initial free volume of the polymer 10 Composite membranes comprising 5 and 10
wt.% UiO-66-NH; particles showed similar behavior as PIM-1. However, the amount of reduction in
CO; permeability in MMMs at high pressure was less than PIM-1.
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Supplementary Figure 18: Effect of temperature on gas permeation properties of PIM-1 and UiO-
66-NH, MMM s at 4 bar. Permeability vs. reciprocal temperature (a) PIM-1, (b) PIM-1/UiO-66-NH, (5
wt.%), (¢c) PIM-1/UiO-66-NH, (10 wt.%) and (d) CO,/N, and CO,/CH4 selectivity vs. reciprocal
temperature in PIM-1, 5 and 10 wt.% PIM-1/UiO-66-NH,. The temperature dependence of gas

permeability in polymers is governed by the Arrhenius equation: P = Poexp(_Ep /RT)

where Py is a pre-exponential factor (cm’(STP).cm/cm’.s.cm-Hg), E, is the activation energy of permeation
(J/mol), T is the experiment temperature (K) and R is the universal gas constant (8.314 J/mol.K). Ep values for
PIM-1 and composite membranes were calculated from the slopes (—E,/R) of the linear curve-fits through the
permeation data and summarized in Supplementary Table 5. CH4 and N, permeability of PIM-1 increased with
increasing temperature whilst the CO, permeability decreased. The absolute activation energy values
are significantly lower in CO, than CH4 and N,. Therefore, the CO, separation factors reduces by
increasing temperature. Gas permeability of UiO-66-NH, MMMs showed almost similar trend as PIM-1
to the temperature changes with higher absolute amounts of E,. This results suggest that the permeation
properties of MMMs are more dependent on temperature than PIM-1. On the contrary, increasing
temperature exhibits a decrease in permselectivity due to increases the free volume of the polymer and
diminishing the sieving properties of the membranes'".
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Supplementary Figure 19: Mechanical properties. (a) Young modulus of representative membranes as a
function of indentation depth (30 nm to 4 pm), (b) Representative P-h curves for PIM-1 and composite
membranes at different loading of UiO-66-NH, particles, (¢) Young’s modulus and indentation hardness of
PIM-1/UiO-66-NH, MMMs at different loadings (depth of 4) and (d) Young’s modulus and indentation
hardness of PIM-1/UiO-66-ref MMMs at different loadings. Error bars represent the standard error of 20
indents. The measurements were performed at ambient temperature. The indenter axes were aligned normal to
the membrane planes. The average values of the elastic modulus (E) and the hardness (H) were calculated in the
depth of 4 pm.
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(b) PIM-1/UiO-66-NH; (5wt.%). The scale bars are 500 nm.

Supplementary Figure 20: Thin film membranes on the surface of ceramic support. (a) PIM-1 and
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Supplementary Figure 21: Selectivity versus permeability plots for typical gas pairs (a) CO,/CH,4 and (b)
0,/N,. (®,8,0) respectively refer to (5 and 10 wt.% filler loadings) MMMs with smaller functionalized UiO-
66-NH,, UiO-66-H fillers and larger un-functionalized UiO-66-ref fillers; (O) refers to pure PIM-1. Also
shown is recently reviewed separation performance of various classes of MOF (™,,M; refer to enhancements
to selectivity, permeability, or both, respectively) and zeolite (®) based mixed matrix membranes (see SI for
full data set, Supplementary Tables 6-10).
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Supplementary Table 1: Specific surface area and pore volume and N, uptake of UiO-66s nanoparticles.

It is generally admitted that the micropores are filled at very low relative pressures which are the result of
overlapping of adsorption potentials of crystal pore walls °. Therefore, the significant lower amount of nitrogen
sorption (at P/P¢g= 0.1) in modulated particles (UiO-66-ref) might be in accordance with their lower crystallinity
compare with non-modulated particles S The data is in agreement with the PXRD of UiO-66 structures that
show lower signal intensities in modulated particles than non-modulated one (please see PXRD of particles).

zors  BETe LS oty onbl
Ui0-66-ref 1320.1 1478.2 0.43 300

Ui0-66-H 1115.4 1187.9 0.41 270
Ui0-66-NH, 708.6 7653 0.29 170
Ui0-66-Br 585.4 639.4 0.25 145

" Nitrogen uptakes are measured at relative pressure (P/P,) of 0.1.

Supplementary Table 2. Adhesion energies (kcal/mol) for UiO-66-A and UiO-66-NH,-A. Data for the top 3
configurations are shown.

Ui0-66-A

Adhesion® Deformation® Rigid adhesion®
Ui0-66-A-1 -55.3 8.9 -64.2
UiO-66-A-2 -51.7 4.4 -56.1
Ui0-66-A-3 -48.9 6.0 -54.9

UiO-66-NH,-A

Adhesion® Deformation” Rigid adhesion®
UiO-66-NH,-A-1 -72.2 6.9 -79.1
UiO-66-NH,-A-2 -59.9 43 -64.2
UiO-66-NH,-A-3 -52.7 4.1 -56.8

* The energy released when the relaxed PIM-1 model is adsorbed on the MOF. This is the sum of the rigid

adhesion energy and the deformation energy.
®The energy released when the adsorbed PIM-1 model is relaxed on the MOF.
°The energy released when the frozen PIM-1 model is adsorbed on the MOF.

Supplementary Table 3. Adhesion energies (kcal/mol) for UiO-66-B and UiO-66-NH,-B. Data for the top 3
configurations are shown.

Ui0-66-B

Adhesion” Deformation” Rigid adhesion®
UiO-66-B-1 -47.2 33 -50.5
Ui0-66-B-2 -44.5 2.2 -46.7
Ui0-66-B-3 -39.4 1.7 -41.1

UiO-66-NH,-B

Adhesion® Deformation” Rigid adhesion®
UiO-66-NH,-B-1 -47.1 7.3 -54.4
UiO-66-NH,-B-2 -44.7 3.1 -47.8
UiO-66-NH,-B-3 -44.4 2.8 -47.3

?The energy released when the relaxed PIM-1 model is adsorbed on the MOF. This is the sum of the rigid

adhesion energy and the deformation energy.
®The energy released when the adsorbed PIM-1 model is relaxed on the MOF.
“The energy released when the fixed PIM-1 model is adsorbed on the MOF.
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Supplementary Table 4. Pure gas permeation properties of PIM-1 and PIM-1/Zr-MOFs mixed matrix membranes with different
functionalities and filler loadings at 4 bar and 298 K. Permeation data calculated based on the average of three measurements,
errors represent the standard errors.

Loading of Permeability (Barrer) Selectivity
Zr-MOFs

H, N, 0, CH, CO, CO,/N, CO,/CH, 02/N, H,/N, H,/CH,
UiO-66-ref
0 (PIM-1) 1820+124 190£12  802+65 210+12 3054+180 16.1+1 14.5+0.8 4203  9.6+0.6 8.7+0.5
5wt% 2461+154 285+14 116277 305+15 4620+210 16.2+0.8 15.1+0.7 4.1£02  8.6x0.4 8.1+£0.4
10 wt.% 2560+146 315421 1205+68 381+16 52104233 16.5+1.1 13.7+0.6 3.840.3  8.1+0.5 6.7+0.3
20 wt.% 2730+158 536+38 1370489 754440 69814275 13.0+£0.9  9.3+0.5 2.6+0.2  5.1+0.4 3.6+0.2
UiO0-66-H
5 wt.% 31124243 12148 639432 152+10 2765+148 22.9+1.5 18.2+1.2 53404  25.7+1.7 20.5+£1.3
10 wt.% 2985+211 11248 626+30 140+10 2631+136 23.5+1.7 18.8+1.3 5.6+0.3  26.6+1.9 21.3£1.5
20 wt.% 2905+164 106+6 582425 12948 2606+140 24.6+1.4  20.1+1.3 5.540.3  27.4+1.6 22.4+14
30 wt.% 1213+108 10346 388+21 11748 1880+126 18.3+1.1 16.1+1.1 3.840.2  11.8+0.7  10.4+0.7
40 wt.% 583+46 4843 183+12 65+4 1023465 21.4+1.3 15.8+1 3.840.2 12.2£0.8  9.0+0.6
Ui0-66-NH,
5 wt.% 2676206 110+6 671+£36 108+8 29524152 26.9+1.5  27.3%2 6.1+03  24.3£1.3 24.8+1.8
10 wt.% 2641+£152 104+7 658+38 10248 2869+155 27.5¢1.9  28.3%1.9 6.3+0.4  254+1.7 25.9£1.8
20 wt.% 2262+135 93+6 449428 88+5 2210+141 23715 25.1x1.4 4.8+03  242+1.6 25.7+l.5
30 wt.% 2028+124 91+6 438+25 84+5 2005+135 22.0+1.5  23.8+1.4 4.8+03  21.8+1.5 24.1+1.4
40 wt.% 2009+125 72+6 362+18 79+6 1727+148 24.0+1.7  21.8+1.4 5.0+04 27919 25.4+£1.6
UiO-66-Br
5wt.% 2946+161 14448 630+£37 160+8 2890+£155 20.1x1.1 18.1+0.9 44+03  20.4+1.1  18.4+0.9
10 wt.% 2275+143 13247 595432 166+6 2846+141 21.6x1.1 17.1£0.6 4502  17.3x09  13.7+0.5
20 wt.% 1587+110 12548 455430 14846 2416+136 19.3£1.2 16.3+0.7 3.7+0.2  12.7£0.8  10.7£0.4
30 wt.% 1459495 1217 438430 13446 2294+128 19.0+1.1 17.1£0.8 3.6+0.2  12.1£0.7  10.9+0.5
40 wt.% 1391+106 61+£5 319+16 69+4 14414102 23.6+1.9  20.8+1.2 53404  22.9+1.9  20.1+£1.2

Supplementary Table 5: Activation energy of permeation (Ep) for PIM-1 and PIM-1/UiO-66-NH,

MM Ms.
Gas Ep (J/mol)
PIM-1 5 wt.% UiO-66-NH, 10 wt.% UiO-66-NH,
N, 4,626 2,683 4,601
CH, 5,927 2,154 6,551
CO, -1,432 -2,482 -3,499
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Supplementary Table 6: Overview of representative MOF based membranes for CO,/N, separation.

Membrane Operation conditions Separation performance Ref.
MOFs Polymers Feed gas Pressure Temperature CO, CO,/N,
composition (bar) o) permeability selectivity
(CO; vol.%) (Barrer)
ZIF-8 Matrimid Pure 2.7 25 47 26.2 18
PPEEs Pure 1 30 50 24.5 19
Matrimid Pure 4 22 16.6 19 20
6FDA- Pure 1.4 30 553 19.3 2
DAM:DABA
(4:1)
PIM-1 Pure 1 20-22 6300 18 12
6FDA- Pure 3.5 35 1552.9 11.3 2
durene
PBI-Bul Pure 20 35 5.2 16 »
ZIF-7 Pebax Pure 2.75 20 111 30 24
HKUST-1 PDMS Pure - - 3050 8.9 »
PMDA-ODA Pure 10 25 227.2 5.5 26
PPO Pure - 30 115 26 2
Ultem Pure 3.5 35 4.1 28 2
MOF-5 Matrimid Pure 2 35 20.2 38.8 2
PEI Pure 6 25 5.4 28.4 30
MIL-53
Matrimid Pure 2 35 51 28.3 31
Cu 1,4-BDC PVAc Pure 4.5 35 3.3 35.4 32
CPO-27 XLPEO Pure 2 25 250 25 33
6FDA- Pure 2 25 850 23
TMPDA
PDMS Pure 2 25 2100 12
UiO-66-NH, PSF Pure 3 35 43 26 34
Ui0-66 PIM-1 Pure 1 25 5340 21.36 33
ZIF-71 6FDA- Pure 2 35 4006 12.9 36
durene
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Supplementary Table 7: Overview of representative MOF based membranes for CO,/CH,separation.

Membrane Operation conditions Separation performance Ref.
MOFs Polymers Feed gas Pressure  Temperature CO, CO,/CH,4
composition (bar) o) permeability selectivity
(CO; vol.%) (Barrer)
ZIF-8 Matrimid Pure 2.7 25 47 124.9 18
PPEEs Pure 1 30 50 20.8 19
Matrimid Pure 4 22 16.6 35.8 20
Pebax Pure 6.5 20 111 30 24
PIM-1 Pure 1 20-22 6300 14.7 12
6FDA-durene Pure 3.5 35 1552.9 11 2
PBI-Bul Pure 20 35 5.2 43.6
DM PBI-Bul Pure 20 35 53.9 15.7 3
DBz PBI-Bul Pure 20 35 89.8 11.6
ZIF-7 Pebax Pure 6.5 20 111 30 2
ZIF-71 6FDA-durene Pure 2 35 4006 12.8 36
HKUST-1
PMDA-ODA Pure 10 25 227.2 7 2
6FDA-ODA Pure 10 35 21.8 51.2 8
PPO Pure - 30 115 34 27
Ultem Pure 3.5 35 4.1 34 2
Matrimid Mixed gas (50) 10 25 14 46 ’7
PDMS Pure - - 2900 3.6 s
MOF-5 Matrimid Pure 2 35 20.2 44.7 2
PMDA-ODA Pure 6 25 0.27 56.8 38
PEI Pure 6 25 5.4 23.4 38
MIL-53
Matrimid Pure 10 35 6.7 9.4 R
Ultem Pure 10 35 1.8 43.1
6FDA- Pure 10 35 61.5 12.5
ODA:DAM
PMP Pure 3 35 12.4 51.8 4
Matrimid Pure 5 25 18 40 37
PSF Pure 3 35 6.1 27.7 4
MIL-53- Matrimid Pure 3 25 92 21 »
NE2 Ultem Pure 3 25 3 36.2
6FDA- Pure 3 25 51.2 34.1
ODA:DAM
PMP Pure 4 30 226 22.3 40
PSF Mixed gas(50) 10 35 2.4 117 2
Z1F-90 Ultem Pure 4.5 35 2.9 39 #
Matrimid Pure 4.5 35 10.5 35
6FDA-DAM Pure 2 35 800 28
Ui0-66 6FDA-ODA Pure 10 35 50.4 46.1 8
6FDA-ODA  Mixed gas (50) 10 35 50.4 423
PI Mixed gas (50) 9 35 15.7 35.8 16
PIM-1 Pure 1 25 5340 17.2 »
Ui0-66- 6FDA-ODA Pure 10 35 13.7 51.6 8
NH2 6FDA-ODA  Mixed gas (50) 10 35 13.7 44.7
PI Mixed gas (50) 9 35 17.8 373 e
PSF Pure 3 35 43 24 34
Ui0-67 6FDA-ODA Pure 10 35 20.8 15 8
6FDA-ODA  Mixed gas (50) 10 35 20.8 15
Cu 1,4- PVAc Pure 45 35 3.26 40.4 32
BDC
NATURE ENERGY | DOI: 10.1038/nenergy.2017.86 | www.nature.com/natureenergy 22

© 2017 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.


http://dx.doi.org/10.1038/nenergy.2017.86
http://www.nature.com/natureenergy

SUPPLEMENTARY INFORMATION

Supplementary Table 8: Overview of representative zeolite based mixed matrix membranes for CO,

separation.
Polymer/Filler CO, CO,/CHy4 CO,/N, Ref.
permeability  selectivity  selectivity
(Barrer)
Matrimid/Meso-ZSM-5 14.61 56.48 47.12 u“
6FDA-DABA/ZSM-2 15.96 24.18 13.3 4
PES/Zeolite 4A 2.32 31.22 25.4 6
PPZ/SAPO 48 17.5 53 M
6FDA-DABA/APTES-LTL 20.1 28.74 - 48
PES/Zeolite NaN 1.24 28.33 - ®
PES/Zeolite AgA 1.5 48.39 -
PEI/Silicalite-1 14.6 34 - 30
Matrimid/NaY 15.19 39.5 - 51
Pebax 1074/SAPO-34 170 32 75 32
PDMC/SSZ-13 67 49.6 - 53
Pebax 1657/Zeolite 4A 71.4 32.2 52.8 4

Supplementary Table 9: Pure polymer gas separation performance for CO,/N, separation.

Polymer CO, CO,/N, Ref.
permeability  selectivity
(Barrer)
Matrimid 9.52 30.7 18
PPEEs 5.72 30.1 19
Matrimid 8.07 22.4 0
6FDA-DAM:DABA (4:1) 200 20 2!
PIM-1 4390 24.83 12
6FDA-durene 468.5 13.42 =
PBI-Bul 22 25 =
Pebax 3 25 2
PDMS 2500 8.5 2
PPO 70 15 7
Ultem 1.14 36.77 28
Matrimid 9 36 »
PEI 1.68 16.8 30
Matrimid 8.4 33.6 31
PVAc 2.44 32.1 32
XLPEO 380 22 33
6FDA-TMPDA 650 14
PDMS 3100 9.5
PSF 5.6 29.5 34
PIM-1 3620 20.1 33
6FDA-durene 959 14.7 36
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Supplementary Table 10: Pure polymer gas separation performance for CO,/CH,4 separation.

Polymer CO, CO,/CHy4 Ref.
permeability selectivity
(Barrer)
Matrimid 9.52 39.5 18
PPEEs 5.72 22.9 19
Matrimid 8.07 35.2 20
PIM-1 4390 14.2 12
6FDA-durene 468.5 15.6 2
PBI-Bul 22 55 =
DM PBI-Bul 3 55
DBz PBI-Bul 22 80
Pebax 72 14 2
6FDA-durene 959 16.4 36
PMDA-ODA 14.4 44.1 2
PPO 70 15 27
Ultem 1.14 36.8 28
Matrimid 8.4 39.4 37
PDMS 2500 3.1 »
Matrimid 9 41.7 »
PEI 1.68 18.7 38
Matrimid 6.2 31 3
Ultem 1.46 39.5
6FDA-ODA:DAM 54.1 23.5
PMP 98.7 8.7 40
Matrimid 8.4 39.4 37
PSF 5.4 31 4
Matrimid 6.2 31 39
Ultem 1.46 39.5
6FDA-ODA:DAM 54.1 23.5
PMP 98.7 8.7 40
PSF 2.7 52 42
Ultem 1.5 38 3
Matrimid 9 32
6FDA-DAM 390 24
6FDA-ODA 14.4 44.1 8
PI 5.9 31.2
PIM-1 3620 15.1 f6
6FDA-ODA 14.4 44.1 33
PI 5.9 31.2 16
PSF 5.6 26.6 34
PVAc 2.44 34.9 32
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Supplementary Note 1: Modulation of MOF crystals.

Modulation of coordination chemistry in MOF synthesis arises from introducing a modulator,
competing with the MOF's bridging ligands for coordination to the metal centers !. The modulator can
act either to enhance crystal growth or to inhibit it. In the latter case, the modulator works as a
capping agent and compete with the ligand for access to the metal cations, slowing nucleation and
crystallization. The resulting modulated MOF structures become less defined and heterogeneous
because of missing linkers, compensated by deprotonated modulator molecules .

The capping agents also prevent further assembly of the MOF network from the polydentate ligand,
therefore, the particle crystal size decrease. The effects of modulation on the properties of MOFs have
largely been as a result of change in the particle size, rather than specific surface chemistry °.

Supplementary Note 2: Computational studies.

To gain insight into the adhesion processes between PIM-1 and UiO-66 metal-organic frameworks
(MOFs), a series of simulation studies were conducted, using the Adsorption Locator and Forcite
programs in Material Studio. PIM-1, UiO-66 and UiO-66-NH, were described with the universal
force field (UFF) combined with QEq charges. Using the crystal structure of UiO-66 as a starting
point, two types (A and B) of models for UiO-66 and UiO-66-NH, were built (Supplementary Figure
10). UiO-66-A and UiO-66-NH,-A consist of 12 ZrsO4(OH), cores and 127 linkers, whereas UiO-66-
B and UiO-66-NH,-B consist of 24 ZrO4(OH), cores and 169 linkers. UiO-66-A and UiO-66-NH;-A
feature corrugated surfaces, while UiO-66-B and UiO-66-NH,-B have flat surfaces. The total charge
is zero in all cases. The model we used for PIM-1 is shown in Supplementary Figure 11. Before doing
adhesion-energy calculations, we optimized the structures of the separate PIM-1, UiO-66, and UiO-
66-NH, models using the Forcite program. For the latter two models, heavy atoms in the ZrcO4(OH),4
cores, terminal linkers at the truncation boundary, and carboxyl oxygen atoms of the linkers were
fixed during the geometry optimizations to maintain the framework structure of UiO-66. Several
plausible structures of adhesion complexes were generated with the Adsorption Locator program. The
atoms at the target site for the sampling of PIM-1 configurations are shown in stick representation in
Supplementary Figure 11. During Adsorption Locator calculations, the above-optimized geometries
of the MOFs were kept fixed. USCF Chimera was used for visualizing molecules.

Supplementary Table 2 summarizes the calculated adhesion energies for UiO-66-A and UiO-66-NH,-
A. The adhesion energy of UiO-66-NH,-A-1 (-72.2 kcal/mol) is significantly smaller than that of
UiO-66-A-1 (-55.3 kcal/mol). This significant difference is attributable to the fact that the nitrile
group and the oxygen atom of PIM-1 can form hydrogen bonds with the -NH, groups of UiO-66-NH,
in UiO-66-NH,-A-1; these hydrogen bonds are absent in UiO-66-A-1. However, the adhesion
energies of UiO-66-NH;-A-2 and UiO-66-NH,-A-3 are not much different from that of UiO-66-A-1
because a smaller number of hydrogen bonds can be formed in in these cases. These results highlight
the importance of H-bonding in the adhesion of PIM-1 and UiO-66-NH, on the corrugated surface.
On the other hand, the adhesion energies for UiO-66-NH,-B and UiO-66-B are nearly the same, as
shown in Supplementary Table 3. This can be understood from the fact that no hydrogen bonds are
formed (Supplementary Figure 12). The results obtained for UiO-66-B and UiO-66-NH,-B indicate
that the flat surface is less relevant to the enhancement of adhesion. Hence, the enhanced MOF/PIM-1
interfacial adhesion in the case of UiO-66-NH; should be primarily due to the H-bonding interactions
at the corrugated surface.
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Supplementary Note 3. Bushell ez al. have recently noted various trends of MMMs in terms of
relative trade-offs in permeability and selectivity'*. Many selectivity enhancements are seen with the
addition of activated carbons or fused silica fillers". The significant account of the various
combinations of MOF MMMs collated by Seoane ez al."* and also Rezakazemi et al."® was used to
generate the comparative results in Figures 4 and Supplementary Figure 21. Additionally Kaliaguine
and co-workers showed that amine-functional groups in synthesized MOF-199 increased the CO,/CH4
selectivity (up to 35%) in 6FDA—ODA polyimide MMMs®. Vankelecom and co-workers also reported
~50% selectivity increases in CO,/CH,4 separation through the use of benzoic acid modulated amine
functionalized UiO-66 particles, albeit with a single and high loading (30%) and a low-permeability
polyimide matrix'®. Gascon and co-workers reported the use of MOF nanosheets to increase
selectivity by 35%, again over the base matrix of polyimide '”. As is apparent in Seoane’s review'*,
these enhancements in selectivity are predominantly reported for MMMs (such as 6FDA—ODA,
Matrimid or Pebax®) with permeabilities that are 1-2 orders of magnitude lower than what are
possible with PIM class materials.
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