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Molecular insight into gas separation processes in polymeric membranes
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We investigate the adsorption and diffusion behaviors of C02, CH4, and N2 in

interfacial systems composed of a polymer of intrinsic microporosity (PIM-1) and amorphous silica
using molecular simulation techniques. Gas adsorption analysis indicates that gas molecules are
preferentially adsorbed in microcavities distributed near silica surfaces, resulting in an increase
in the solubility coefficients. Interestingly, CO2 diffusivity decreases in the presence of silica
surfaces, whereas CH4 and N2 diffusivities increase. These differences are attributed to competing
effects of silica surfaces: the emergence of larger pores resulting from chain packing disruption,
which enhances gas diffusion, and a quadrupole-dipole interaction between gas molecules and silica
surface hydroxyl groups, which retards gas diffusion. These findings add to our understanding of gas
adsorption and diffusion behaviors in the vicinity of PIM-1/silica interfaces, which are
unobtainable in experimental studies.
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Figure 1. (a) PIM-1 monomer structure. (b) A representative snapshot of PIM-1 with a degree of
polymerization of 200. Carbon, oxygen, and nitrogen atoms are represented by the gray, red, and blue
spheres, respectively. (c) Fabrication of amorphous silica surfaces with a silanol group number density of
3.08 /nm?. The yellow, pink, and white spheres represent silicon, bridging oxygen, and hydrogen atoms,
respectively, whereas the red spheres represent hydroxide oxygens for easy identification. (d) MMMs
composed of PIM-1 chains and amorphous silica. The number of PIM-1 chains is one (left) and two (right),
referred to as MMM-1 and MMM-2.
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Figure 2. (a) Pore size distributions (PSDs) in representative PIM-1 and polymer regions of representative
MMM-1 and MMM-2 (i.e., PIM-1 and PIM-1/silica mixing regions). The inset shows a zoomed-in view of
the PSDs with pore diameters ranging from 1 to 4 A. (b) A three-dimensional visualization of the PSD in
MMM-1’s polymer region, with the PIM-1 and silica omitted for clarity. (c) A visualization of the
microcavities (< 3 A) distributed in the PIM-1/silica mixing regions of MMM-1.



Table 1 Solubility coefficients S [x102? cm*(STP) / cm?-cmHg] and diffusion coefficients D [x10°® cm?/s]
of CO,, CHy, and N; in PIM-1, MMM-1, and MMM-2, respectively. The subscripts “sim” and “exp” denote
calculated and experimental values.

Membrane Gas Ssim Sexp 210 Dgim Deyp 11D
PIM-1 CO; 1029+14 29.6, 88.0 299+42 26, 120
CH4 17.4+0.3 9.37,18.0 43.8+99 6.8, 40
N, 5.43 £0.06 2.05,4.2 184.1 +38.1 22,120
MMM-1 CO; 134.0£3.8 — 17729 —
CH4 26.1+0.7 — 87.4+233 —
N, 8.16+0.21 — 532.8+92.9 —
MMM-2 CO; 123.8+1.5 — 165+ 1.5 —
CH4 229+0.3 — 78.6+7.4 —
N, 6.79+0.13 — 194.5+13.1 —

D TRFREARER DOFHEMIE, EBRMEOMDW L Tn—F AR LTS, 2, WTFhoORKRIZEBNT
b, BMREREII MMM-1 Tbm< 5. 2, MMM-1 OREEEBICIEET 5/ & 722203
(X 2(c) 12, LV ZLDORESTRERL TND Z EIZEKT S, MMM-2 T, AU ~—
Wk 2 RRDEEFEIR OBIA DS/ S K IR BT, REREEFREIE MMM-1 DA XD
b 725,

GCMC ¥R = L—y a3 b 5i7z CO,, CHy, Ny OVRFRIERHZF 1 1R T. PIM-1 128
A ERIREEARER O AR IS, EBREOOD L T nN—F AR LTS, £72, WTFRORKICHE N T
b, IAMRELREIE MMM-1 TlbE< 72 5b. 2, MMM-1 O ETEICIFEET 5/ & 722203
([ 2(c)) 12, VB OKUESTFNERLTWDZ LIZERT S, MMM-2 T, R ~—H
WA %9 2 RE VT EEIR O E G BRI NS K 2R D728, WRREMAEIE MMM-1 045 X0
HhEL 725,

SUEOYEBAREIZBI L CIE, MD &2 2 L—3 3 U b A CUEBIRE A 314 U724, dual-mode

sorption E7 /WZHSEIED ATV, FERIE L iR L7z, R 1ITRTHEY, PIM-1 12817 5L
BRSO EMEIL, FEBREODEH R I W—EZ R LT\ D. Fiz, BREREOSA S 1T R
D, MMM (2T D IEaE0E, KUEOFEEIC L > TR A 2R L TW5. B, PIM-1 12
T, MMM TIE CO, DHEBHUREAME T L TWADIZH LT, CHy KT N, OHERURE XM
LTWa., IR miE, U IREDBKIZT 2 DOBAET H0RICERT S, Alb,
(L) BFEEHNFAET DI ET, DFHEONNy T IREESIL, RN ~—fEEIC K & 22 ZERN
EREnsgZ T (K2), [UROIEEMENMEE S DR &, TRk &>V »FKiE OH k&
DO O MW GBI A EERIZ E - T, KUEROIERMERES NS R THho. FHEER
X0, PIM-1/>V B RE OIFETIE, CHy & N iZRTIEDRELZ L VS ZiF 2025 LT, CO;,
ITHH DR OSHNUEM 7T — A MILY, BEHEORELZ L VBRI ZT LI ENRBINTT
&S 7, o I <AEPFICBT DR T ORRNR S D EDIE, TE TERIICITHEZ D
NTEHT, RFETHIOTHLENI R DTHS.
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