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1. Material
1.1. Synthesis of large ZIF-8 crystals
The large ZIF-8 crystals have been synthesized at 135 °C in a U-pipe w ithin an autoclave in a diffusion-controlled crystallization.
One leg of the U-pipe contained a mixture of zinc chloride and 2-methylimidazole dissolved in methanol. The other leg contained sodium
formate in methanol. The tw o solutions w ere separated by a plug of (initially frozen) pure methanol. After 3 days, some hundr ed ZIF- 8
crystals larger than 100 µm could be collected. The Scanning Electron Microscopy (SEM) image of a selected crystal show n in Figur e
S1. evidences its high crystallinity – though, w ith some of the crystals, also deviations from this ideality in crystal morphology was
observed.

Supporting Figure 1 Scanning electron microscopy (SEM) image of the large ZIF-8 crystal.

1.2. Synthesis of ZIF-8@6FDA-DAM MMM
6FDA-DAM polyimide w as used as a polymeric matrix in the present MMM. 6FDA -DAM polyimide (Mw = 271,876 g mol-1, Mn ≈
121,875 g mol-1) w as purchased from Akon Polymer Systems. Prior to the membrane synthesis, the polymer w as degassed overnight
at 453 K under vacuum in order to remove any adsorbed moisture. To prepare the ZIF-8@6FDA- DA M MMM, 2 mg of big ZIF-8 crystals,
w hich w ere prepared in the Caro lab[1] (see also section 1.1 in Supporting Information), w ere dispersed in 0.8 mL of tetrahydrofuran
(THF, 99.9%, Sigma Aldrich) and ultrasonicated (pow er = 50 W and frequency = 60 Hz) for 10 min. The biggest ZIF-8 crystals w ere
previously selected by decantation in chloroform w ith the aim of prev enting the possible presence of fine ZIF-8 pow ders in the MMM,
w hich can affect the subsequent IRM measurements. 80 mg of the 6FDA -DAM polymer w as then added to the ZIF-8 suspension. The
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final MOF loading w as 2.5 w t% and the mass ratio solvent/(MOF+poly mer ) w as 90/10. The resulting suspensions w ere stirred for 12 h
at room temperature. Before membrane casting, three cycles w ere carried out each consisting in 10 min sonication in an ultras onic
bath, follow ed by stirring for 30 min. The viscous ZIF-8/polymer suspension w as then poured on a flat glass surface and shaped as a
150 µm thick film under shear forces by a doctor Blade knife. Afterw ards, the solvent, namely THF, w as removed by evaporation by
natural convection at room temperature first, follow ed by vacuum treatment at 453 K for 24 h.
In order to gain insight into the filler-polymer adhesion, a Focused Ion Beam-Scanning Electron Microscopy (FIB-SEM) micrograph
of the cross-section a 20 w t% ZIF-8@6FDA-DA M membrane has been made. For this membrane fabrication, ZIF-8 crystals obtained
by electrochemical synthesis [2] have been used since the (very few ) giant ZIF-8 crystals provided by Prof. Caro became completely
exhausted after preparation of the MMM w hich w as used for the IR microimaging measurements. SEM micrograph w as acquired after
FIB-cutting a trench of 20x10 µm2 and 20 µm deep on the top surface of the membrane. It is show n in Figure S2. It becomes clearly
visible that there is no apparent void space (or empty gap) betw een the fillers and the polymer.
FIB-SEM experiment w as performed on a FEI Helios Nanolab 600 DualBeam microscope. The electron beam w as operated at 2.00
kV at a current of 0.10 nA. The micrograph in Figure S2 w as obtained from the secondary electrons w ith a dw ell time of 3 µs. FIB cutting w as performed using a Ga ion source. First, a trench of 20x10 µm2 and 20 µm deep w as made at 30 kV and 9.3 nA on the top
surface of the membrane. Subsequently, the cut-edge w as cleared up in an area of 18x1 µm2 and 20 µm deep, using a beam of 30 kV
and 0.79 nA. The cross-section w as then imaged at an angle of 52 ° and corrected for the tilt.

1 µm
Supporting Figure 2 SEM micrograph of the cross-section of a 20 wt% ZIF-8@6FDA-DAM MMM, prepared with small ZIF-8 crystals obtained by
electrochemical synthesis[2]. Cross-section was imaged after FIB cutting a trench of 20x10 µm 2 and 20 µm deep on the top surface of the membrane.

1.3. Sample activation
A ca. 3mm × 3 mm sized piece of the big ZIF-8@6FDA- DA M MMM w as placed on the bottom w indow of a cylindrical, opticalquality quartz glass cell. Then, the cell w as heated to a temperature of 423 K at a heating rate of 1 K min -1 under vacuum (< 10-5 mbar)
and remained for at least 17 h. After the activation, it w as slow ly cooled dow n to 308 K and the measurements w ere commenced.
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1.4. IR absorbance spectra

Supporting Figure 3 IR absorbance spectra of three different regions. The characteristic peaks for CO 2 and ZIF-8 are indicated by black arrows.

IR absorbance spectra at three different regions, namely “filler region”, “polymer region” and “overall”, w ere measured by ad justing
the position and size of the aperture. The absence of the ZIF-8 peak near 3140 cm-1 in the spectra of “polymer region” (pink color)
ensures that there are no small, pow der-like ZIF-8 crystals in the measurement w indow , but only a large, single ZIF-8 crystal at the
center of the measurement w indow .

1.5. CO2 adsorption isotherms
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Supporting Figure 4 CO2 adsorption isotherm of pure 6FDA-DAM poly mer (at 273 K) and ZIF-8 cry stals (at 303 K).

The adsorption measurements on pure 6FDA -DAM w ere performed in a Tristar II 3020 Micromeritics equipment. Prior to the
measurements, the sample w as outgassed at 423 K under dynamic vacuum for 16 h. The adsorption isotherm of ZIF-8 w as reported
in the literature[3].

2. IR microimaging experiments
IR imaging experiments w ere performed on a Fourier-transform (FT) IR microscope (Bruker Hypersion 3000) connected to a
vacuum spectrometer (Bruker Vertex 80v) w ith a polychromatic IR source[4]. The microscope itself is equipped w ith a focal plane array
(FPA) detector w hich has an array of 128 x 128 single detectors w ith a size of 40 µm × 40 µm each. By magnifying the pow er of the

3

SUPPORTING INFORMATION
scanning objective to 15×, a resolution of ca. 2.7 µm × 2.7 µm w as obtained in the focal plane on w hich the sample, ZIF-8@6FDA DAM MMM, is placed. How ever, it is the upper limit of the special resolution, w hich is not easy to achieve in general, due to sample
extension in the observation direction (or z-direction) and tilted IR light beam path at a certain angle w ith respect to the z-direction.
Each element of the FPA detector records an IR transmission spectrum. According to the Lambert -Beer Law in Equation (1) [5], the
concentration of guest molecules, CO2 in the present study, is directly proportional to the absorbance of the IR light at a specific
w avenumber (or frequency) of the characteristic “absorption band” of the guest molecules [6].
𝐼

𝐴 = − log 𝑇 = log ( i ) = 𝜖 ∙ 𝑐 ∙ 𝑑

(1)

𝐼t

w here 𝐴 is absorbance, 𝑇 is transmittance, 𝐼i and 𝐼t are intensities of incident and transmitted IR light, 𝜖 is absorptivity, 𝑐 is guest
molecule concentration, and 𝑑 is thickness of sample (or path length of IR light).
In the present study, CO2 molecules exhibit tw o absorption bands: one is a large absorbance near 2335 cm-1 and the other is a
relatively small one near 3695 cm-1. Since the band at 2335 cm-1 w as too high, being the upper part cut off, w e investigate the smaller
band at 3695 cm-1. Above 200 mbar of CO2 pressure, the band w as detectable and large enough, compared to the noise level. It should
be noted that the sample itself does not have signif icant molecular vibrations at this w avenumber at vacuum (see Figure S3).
After the activation procedure described above, the IR optical cell ( Starna Scientific Ltd,Infrasil®, w indow inner diameter 19 mm,
path length 5 mm) containing the activated ZIF-8@6FDA- DA M MMM w as mounted on the motorized platform in the focus of the IR
microscope. The cell w as connected to a static vacuum system (stainless steel, ¼” Swagelok tubing and valves) consisting of a pumping
station (Pfeiffer HiCube Classic), a dry turbo-molecular pump (Pfeiffer HiPace® 80), cylindrical gas reservoirs filled w ith guest molecules ,
and pressure transducers w hich can measure the pressure in the range of 10 -6 to 104 mbar.
To produce time-resolved, consecutive images (Figure 2), the uptake w as initiated by a pressure step of CO 2, e.g. from 0 to 400
mbar, in the gas phase surrounding the sample at 308 K. Each image w as an averaged image of 8 scans and it took us ca. 24 s for the
measurement itself and additional ca. 30 s of the systematic delay due to Fourier transformation and required calculations fo r IR spectra.
With the 8 scans and the inevitable time delay, w e w ere only able to produce tw o images during the first 100 s of the uptake process.
How ever, it w as compensated by a high signal-to-noise ratio. By repeating the experiments w ith an empty IR optical cell w ithout the
sample, the contribution of the gas phase to the signal w as measured. Then, the signal w as subtr acted from the sample images to
remove any contribution from the gas phase, thereby exclusively revealing the concentration of adsorbed CO 2 on the MMM itself.
For separate images at different pressures (Figure 3), 64 scans w ere captured to produce each image after a long w aiting time (ca.
20 min), in order to ensure that the uptake w as complete and the measurement w as carried out at equilibrium. Since w e w ere no t
investigating the evolution of CO2 concentration here, w e w ere not restricted to a low number of scans. To improve the signal-to-nois e
ratio further the number of scans w as increased from 8 to 64. Again, the signal from the gas phase w as removed in the same ma nner
as mentioned above.

3. Molecular modeling
3.1. 6FDA-DAM model
Electrostatic potential derived partial charges w ere computed by DFT calculations considering PBE[7] functional and DNP [8] basis
set as implemented in Dmol3[9]. Calculations w ere performed for monomer and trimer systems to ensure a transferability of the charges
to larger polymers. Figure S5 show s an illustration of the monomer, w hile the non-bonded parameters of the force field are summariz ed
in Table S1.
The polymer model consisted of 6 chains of 9, 14, 17, 18, 25 and 40 monomers each. The size of this model is large enough for
the polymer to occupy a volume that impedes the MOF surface to interact w ith its periodic images.
This atomistic model w as validated by a good agreement betw een the simulated density and the X-ray diffraction pattern for the
bulk w ith the corresponding experimental data. Asimulated density of ρpolymer = (1.36 + 0.02) g cm-3 w as found to be close to the
previously reported experimental and computed values [10] ranging from 1.33 and 1.36 g cm-3. Figure S6 depicts the X-ray diffraction
pattern, computed by the Forcite Module in Materials Studio softw are [11]. Again, the shape and main peaks in the pattern are in good
agreement w ith those previously simulated [12] and measured[13].
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Supporting Figure 5 Scheme f or the 6FDA-DAM model. Color codes f or the atoms are as f ollows: C and CHx with x=1, 2 or 3 (cy an), O (red), N (blue).

Supporting Table 1 Atom ty pes, LJ parameters and charges f or the 6FDA-DAM model.

Atom type

Number (see Figure S5)

ε ii (kcal/mol)

σii (Å)

qi (e)

CA11

1,11

0.0417

3.88

-0.137

CA12

6,12

0.0417

3.88

-0.023

CA21

2,10

0.1003

3.695

+0.082

CA22

3,9

0.1003

3.695

-0.049

CA23

5,13

0.1003

3.695

-0.039

CA24

28

0.1003

3.695

-0.350

CA3

4,8

0.0417

3.88

+0.305

CA4

26,30

0.0417

3.88

-0.425

CA5

27,29,31

0.0417

3.88

+0.470

CH0

7

0.0010

6.40

-0.502

CF3

14,15

0.0417

4.73

+0.053

CH3

32,33,34

0.1947

3.75

-0.080

COO

16,18,21,23

0.1689

3.72

+0.369

OCO

19,20,24,25

0.3924

3.05

-0.383

NN1

17,22

0.0238

3.78

+0.1071

OES

Termination

0.1093

2.80

-0.102

NA1

Termination

0.2206

3.34

-0.660

HA1

Termination

0.0000

0.0

+0.330
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Supporting Figure 6 X-ray dif f raction pattern f or the 6FDA-DAM model.

3.2. Interface model
The interface w as modelled by means of a methodology previously developed by some of us [14]. The model 6FDA-DAM was
generated in a box of dimensions 50 × 50 × 200 Å 3. Tw o empty boxes w ere further added in the z-direction (perpendicular to the MOF
surface), to give a final box w ith a 50 × 50 × 500 Å 3 size. Ten different polymer configurations w ere generated by performing 5 cycles
of 2 MD simulations each at the canonical ensemble w ith alternating temperatures Thigh and Tlow. Different values for Thigh and Tlow w ere
chosen in order to obtain the different conformations.
The ten polymer configurations w ere further equilibrated using the 21-steps MD simulations scheme proposed by Hoffman et al.[15]:
7 cycles of 3 MD simulations each: (i) NVT ensemble, T = 600 K; (ii) NVT ensemble, T = 300 K; and (iii) NPT, T = 300 K, P = Pj (j=1,
…,7: P1 = 1, P2 = 30, P3 = 50, P4 = 25, P5 = 5, P6 = 0.5, P7 = 0.001, all values in kbar). The chosen set of temperatures and pressures
w as optimized for the pure polymer and transferred here as for other MOF/poly mer interfaces [14, 16].
After equilibration, the coordinates of the polymer w ere unw rapped in the z-direction, and the polymer and the MOF w ere put
together in the same simulation box. A 21-steps equilibration of the polymer in the presence of the MOF w as defined as follow s: the
protocol used for these simulations w as the same as in the previous step, w ith the sole difference that instead of conducting simulatio ns
in the NPT ensemble, they w ere conducted in the NPnT ensemble, w ith n = z, the direction normal to the surface slab. Finally, production
runs of 10 ns long w ere obtained in the NVT ensemble, using Berendsen thermostat [17] w ith a relaxation time of 0.1 ps.

3.3. Analysis of the size of the porosity at the interface
In order to measure the size of the pores, w e distinguished tw o regions of the polymer (regions A and B, described above) and
applied tw o different methodologies. The first one [18] consists of dividing the space in a 3D grid, counting the cubes as filled or empty
and probing the empty ones w ith a probe molecule of size of 1.1 Å, w hich w as found to be comparable to the results obtained by
Positron Annihilation Lifetime Spectroscopy techniques. In the second method [19], the free volume is sampled by fitting a spherical
probe of increasing radius. Both methods are expected to give s imilar results provided that the voids are sphere-like and that they are
not interconnected. Figure S7 show s the outcome of these analyses for region A on the left and region B on the right. The upper
panels show the number of pores as a function of their radius. As expected, the number of smaller pores is larger than that of the larger
ones. How ever, the few larger voids represent a larger free volume fraction than the sum of the many small voids, as can be a ppreciated
in the middle plots, w ith a maximum peak for the 7 and 5 Å diameter voids for regions A and B, respectively. Pore size distributions
obtained using the Bhattacharya method[19] are plotted in the bottom panels, and show voids of up to 9 and 6 Å diameters for regions
A and B, respectively.
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Supporting Figure 7 Top panels: pore number as a f unction of diameter (method 1). Middle panels: f ree v olume f raction as a f unction of diameter ( method 1).
Bottom panels: pore size distribution obtained by method 2.

3.4. Radial Distribution Functions
We have analyzed the interactions that hold the MMM and the polymer together by means of site-to-site radial distribution functions.
The most relevant ones in terms of intensity and characteristic distances are show n in Figure S8. Interactions of about 3 Å length are
established betw een several groups of the polymer (mainly methyles, O of carboxylate and CF 3) w ith both NH and OH terminations of
the ZIF-8 surface.

Supporting Figure 8 Radial distribution f unctions between the NH (lef t)/OH (right) terminations at ZIF-8 and dif f erent f unctional groups at 6FDA-DAM.
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4. Solid-state NMR experiments
We have carried out solid-state nuclear magnetic resonance (SSNMR) experiments to study the ZIF-8/6FDA- DA M interaction and
compatibility. Instead of the large, synthesized ZIF-8 crystals [1], the nano-sized commercial ZIF-8 crystals, Basolite Z1200, w ere chosen
this time, in order to increase the possible interfacial region betw een the polymer and ZIF-8. Figure S9a show s 13C NMR spectra of
ZIF-8 and 6FDA-DAM polymer as single components and of the resulting MMM. No line broadening effect and change of peak positions
after embedding ZIF-8 in 6FDA-DAM polymer w ere observed. The MMM spectrum is simply a summation of the individual spectra of
the tw o components as it w ould be expected for a physical mixture of ZIF-8 and 6FDA-DAM polymer.
In Figure S9b, the 13C- 1H HETCOR (heteronuclear correlation) spectrum of the ZIF-8@6FDA- DA M MMM, recorded w ith a
reasonably long contact time for magnetization transfer, demonstrates that the interaction betw een the filler and the polymer is very
w eak and/or below the detection limit. No correlation peaks betw een 1H signals of the filler w ith 13C signals of the polymer or 1H signals
of the polymer and 13C signals of the filler w ere detected, thereby implying poor compatibility of the tw o components. Individual HETCO R
spectra of pure 6FDA-DAM and ZIF-8are provided in Figures S10 and S11. Considering the high rigidity of the 6FDA -DAM polymer [20 ]
and the large size of the synthesized ZIF-8 filler [1] (>70 µm) above, the MOF/poly mer compatibility of the particular ZIF-8@6FDA - DA M
MMM measured by IR imaging is expected to be even poorer. It also implies possible presence of the “interphase” (betw een the fillers
and the polymer) in the MMM, w hose permeability may be predicted w ith the 3-phase composite-medium modeling approach[21].
All experiments w ere conducted on Bruker Avance 400 and 750 spectrometers at 1H frequencies of 400.167 MHz (magnetic field
strength 9.4 T) and 748.75 MHz (17.6 T), respectively. 4 mm MAS probes w ere used at MAS rotation frequencies of 7 to 10 kHz. 13C
CPMAS[22] experiments w ere recorded w ith a contact time of 1 ms, recycle delays of 3 s, and high pow er 1H decoupling using tw o pulse
phase modulation (TPPM) [23]. Tw o-dimensional FSLG-HETCOR (frequency-sw itched Lee-Goldberg heteronuclear correlation) [24 ]
experiments w ere conducted at room temperature w ith a long cross -polarization contact time of 2 ms to allow for detection of longrange connectivities, recycle delay of 3s and 128 t 1 increments. RF field strengths w ere 172 and 125 kHz for 13C and 1H, respectively.
1
H π /2 pulse length w as 4 μs, decoupling w as achieved w ith SPINAL-64[25]. Spectra w ere referenced to TMS, for 13C using tyrosine
hydrochloride as secondary reference.

Supporting Figure 9 a)13C spectra of 6FDA-DAM poly mer (bottom), MMM (middle) and ZIF-8 (top). The asterisks indicate spinning side bands f rom sample rotation.
b)13C-1H HETCOR spectrum of the MMM. The peaks corresponding to ZIF -8 and 6FDA-DAM poly mer are indicated by blue and red lines, respectiv ely . The spinning
side bands are indicated by asterisks.
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Supporting Figure 10 13C-1H HETCOR spectrum of pure 6FDA-DAM poly mer. The spinning side bands are indicted by asterisks.

Supporting Figure 11 13C-1H HETCOR spectrum of commercial ZIF-8, Basolite Z1200. The spinning side bands are indicated by asterisks.

9

SUPPORTING INFORMATION
5. References
[1]
[2]
[3]
[4]
[5]
[6]
[7]
[8]
[9]
[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]
[24]
[25]

C. Chmelik, H. Bux, J. Caro, L. Heinke, F. Hibbe, T. Titze, J. Kärger, Phys. Rev. Lett. 2010, 104, 085902.
A. M. Joaristi, J. Juan-Alcañiz, P. Serra-Crespo, F. Kapteijn, J. Gascon, Cryst. Growth Des. 2012, 12, 3489–3498.
J. Pérez‐Pellitero, H. Amrouche, F. R. Siperstein, G. Pirngruber, C. Nieto-Draghi, G. Chaplais, A. Simon-Masseron, D. Bazer-Bachi, D. Peralta, N. Bats,
Chem. Eur. J. 2010, 16, 1560–1571.
a) J. Kärger, T. Binder, C. Chmelik, F. Hibbe, H. Krautscheid, R. Krishna, J. Weitkamp, Nat. Mater. 2014, 13, 333–343; b) C. Chmelik, J. Kärger, Chem. Soc.
Rev. 2010, 39, 4864–4884.
D. F. Swinehart, J. Chem. Educ. 1962, 39, 333.
P. R. Grif f iths, J. A. de Haseth, Fourier Transform Infrared Spectroscopy, Wiley & Sons, New Y ork, 1986.
J. P. Perdew, K. Burke, M. Ernzerhof , Phys. Rev. Lett. 1996, 77, 3865–3868.
W. J. Hehre, J. A. Ditchf ield, J. A. Pople, J. Chem. Phys. 1972, 56, 2257–2261.
B. Delley , J. Chem. Phys. 1990, 92, 508–517.
a) J. Liu, T. H. Bae, W. Qiu, S. Husain, S. Nair, C. W. Jones, R. R. Chance, W. J. Koros, J. Membr. Sci. 2009, 343, 157–163; b) J. H. Kim, W. J. Koros, D.
R. Paul, J. Membr. Sci. 2006, 282, 21–31; c) S. Pandiy an, D. Brown, N. F. A. v an der Vegt, S. Ney ertz, J. Polym. Sci. B 2009, 47, 1166–1180.
Accelry s Sof tware Inc., Forcite module. In Materials Studio, San Diego, CA, 2001–2011.
S. Velioğlu, M. Gӧktuğ Ahunbay , B. Tantekin-Ersolmaz, J. Membr. Sci. 2012, 418, 217–227.
S. Matsui, H. Sato, T. Nakagawa, J. Membr. Sci. 1998, 141, 31–43.
R. Semino, N. A. Ramsahy e, A. Ghouf i, G. Maurin, ACS Appl. Mater. Interfaces 2016, 8, 809–819.
D. Hof mann, L. Fritz, J. Ulbrich, C. Schepers, M. Böhning, Macromol. Theory Simul. 2000, 9, 293–327.
R. Semino, J. P. Dürholt, R. Schmid, G. Maurin, J. Phys. Chem. C 2017, 121, 21491–21496.
H. J. C. Berendsen, J. P. M. Postma, W. F. v an Gunsteren, A. DiNola, J. R. Haak, J. Chem. Phys. 1984, 81, 3684–3690.
D. Hof mann, M. Heuchel, Y . Y ampolskii, V. Khotimskii, V. Shantarov ich, Macromolecules 2002, 35, 2129–2140.
S. Bhattachary a, K. E. Gubbins, Langmuir 2006, 22, 7726–7731.
a) R. Swaiden, B. Ghanem, E. Litwiller, I. Pinnau, Macromolecules 2015, 48, 6553–6561; b) L. Cui, W. Qiu, D. R. Paul, W. J. Koros, Polymer 2011, 52, 3374–
3380.
J. H. Petropoulos, K. G. Papadokostaki, F. Doghieri, M. Minelli, Chemical Engineering Science 2015, 131, 360-366.
E. O. Stejskal, J. Schaef er, J. S. Waugh, J. Magn. Reson. 1977, 28, 105–112.
A. E. Bennett, C. M. Rienstra, M. Auger, K. V. Lakshmi, R. G. Grif f in, J. Chem. Phys. 1995, 104, 6951–6958.
B.-J. v an Rossum, H. Förster, H. J. M. de Groot, J. Magn. Reson. 1997, 124, 516–519.
B. M. Fung, A. K. Khitrin, K. Ermolaev , J. Magn. Reson. 2000, 142, 97–101.

6. Author Contributions
S.H. and R.S. contributed equally to this work. S.H designed and perf ormed the IR microimaging experiments and analy zed the d ata. C.C and R.V. contributed to
the data analy sis. R.S. and G.M. perf ormed the MD and GCMC simulations. M.Z. and M.B. perf ormed the solid-state NMR experiments and analy zed the data. B.S.
prepared the MMM and measured the CO 2 adsorption isotherm. J.H., F.K. and J.G gav e conceptual adv ice. J.K. and G.M. superv ised the project. All authors
discussed the results and implications and participated in writing the manuscript.

10

