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1 Two-Scale Simulation Approach

1.1 Molecular-Simulation Stage

In the first stage, molecular simulations, notably Montel@€&vIC) and reactive-flux (RF) simu-
lations, were performed whose associated length scaletfiiekness of the zeolite single-crystal
membrane) was 5 nm.

The united-atom force field developed by Dubbeldatral.l? was used. It consists of a
Lennard-Jones potential term and employs explicit intesagparameters between the methane
bead and the zeolite oxygen atoms, rather than utilizingngixules (e.g., Lorentz-Berthelot).
Following Dubbeldaret al, 12 the potential was cut at 12 A and shifted. Speeding up theitzalc
tions, MC and RF simulations benefited from cell lists andatgineighbor) lists, respectively.

The AFI-type single-crystal zeolite membrane consisted>a8x4 entire unit cells, centered
in the simulation box, plus fractional unit cells. The lattgere aligned along the tracer-release
direction @) and cut left and right at respective fractional unit-celbrdinates of 0.44 and 0.76,
forming flat and rough external surfaces at the left and rejihe, respectively. Viewed from the
outermost oxygen atoms’ positionszirection, 25 A void space on each side was then added to
form the gas region. The simulation box accumulated theedfw47.548 Ac41.178 A<94.422 A
in X, y, andz. As mentioned in the main text, a defect-free, purely siice(i.e., composition:
Si0O,) membrane was studied.

To generate different state points, the number of metharieaules,N, and the temperature,
T, were varied. Table S1 presents the input data along witheth@ting gas-phase pressurps,

and unit-cell loadingé.
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TABLE S1: State points investigated®

number of molecules temperature pressure unit-cell lgadin
N [] T K] p[Pa] 6 [molecules (unit celiy1]

11 181 1202 0.388
21 181 2147 0.741
53 181 6271 1.86

105 181 18600 3.61
10 200 2630 0.347
20 200 5413 0.694
50 200 15540 1.72

100 200 44460 3.35
10 300 43340 0.298
20 300 90790 0.591
75 300 452800 2.06

150 300 1361000 3.56

aThe pressure was calculated on the basis of the concentratithe gas region and the Peng-Robinson

equation-of-state.

1.1.1 Monte Carlo Simulations

Monte Carlo simulations were run in ti¢V T ensemble where the event library comprised of
translational and regrow trial moves. As for the translaidrials, we adjusted the maximal dis-
placement in regular intervals (every 100-th MC step) t@ivb&an acceptance rate of 50¥&ince
methane was represented for by a single united-atom beeatatipnal moves were not of concern

and 2) the regrow trials effectively represented addititr@enslational moves without any adjust-
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ment of the maximal displacement. Per MC stiigg, = 2 x N displacement anbliegr = 2 x N
regrow trials were performed, whekeis the number of methane molecules inserted in the sim-
ulation box. We can therefore assure that two consecutivebt@igurations differ considerably,
indicating uncorrelated sampling points. Note that we ldapaited the systems initially for at least
50 MC steps.

Typically, 20 to 50 simulationsNgimg With between 1000000 and 500000 MC steNgif)
were carried out per state point, depending on the numbeiotéaules inserted\). The results

were averaged over theBgns Simulations, providing also a means to obtain an error egérhy

the empirical standard deviatios £ \/[zil\lzsimp'e(zi— a)?]/(Nsample— 1), with a a general thermo-
dynamic variable}. For the concentration and thus freerggnprofiles, 500 to 1000 million single
sample hits were hence achieved in total per state pNigft{x Nmc x N). The profiles were ob-
tained with a bin size aAz~0.0315 A (3000 bins), leading to an average hit rate:800000 per
bin. We identified this set-up to be sufficient for obtainimgooth profiles (little noise), as seen for
example in Figure 2 of the main text.

The MC simulations primarily provided residence histogsaR{z), as well as concentration,
Ceq(2), and free-energy profiles; (z)/kgT, of methane along the tracer-release directiqRig-
ure S1). Because of the simplistic nature of the reactiondinate ¢ = 2), all three quantities

stand in direct relationship:

Ceq(2) = P(7)xCy (1)

Ceq(2) = exp[—F(2)/keT +C2], (2)

whereC; andC, denote two (different) constants. On the basis of the fresrgy profiles, distinct
adsorption sites were identified as local free-energy manirA free-energy maximum between
two adjacent wells was consequently denoted the barriearatpg the two adsorption sites. In
doing so, the width of a site |;, was defined as the distance between the two barriers emglosi

the well under consideration, and the average concentragtween the two barriers was denoted
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Figure S1: Scheme illustrating the Monte Carlo samplingedure to obtain residence probability
histograms of methane along théirection as well as equilibrium concentration and freergg
profiles and the relationships between the different progser

the site’s equilibrium concentrationeqi. Apart from the gas region where a methane molecules
“feels” of course a constant free energy (structureless@mwment), three distinct site types can be

identified (cf., Figure 2 of main text):
1. Regular internal adsorption sites (zeolite cages).
2. Marginal site (outermost cage of membrane).
3. Surface adsorption layer (external surface).

Besides structuralij and thermodynamiacgqi) properties of the different site types, Monte
Carlo simulations provided equilibrium transport rat@g,;{) which characterize the exchange of
(tracer) molecules between two neighboring site typeautindheir respective dividing surface at
Z'. Using the concentration profile at the location of the tmr[tt;qi = Ceq(Z")] and kinetic gas

theory at the temperature under consideration, the flux dfhame through the dividing surface at
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Z' is calculated as follows:

STST _ kBT
Jeq,l - 2mbH4

Czq,h (3)
wherekg is Boltzmann’s constantnch, denotes the mass of a single methane molecule, and the
superscript TST signifies that barrier re-crossing evergtsat accounted for in this flux equation.
We need to stress that the here presented “indirect” praeauflobtaining fluxes yields the same
values as the direct computation of “one-way” fluxes from KBhich we have shown in the

past?

1.1.2 Reactive-Flux Simulations

Reactive-flux (RF) simulations probe how many molecules;diing from one site (start) to an
adjacent one (target) and having surpassed the barriegtimelen, will in fact reach the target
site. The central result is the transient reactive-fluxaation function (RFCF, Figure S2j,t),
whose plateau valug, is called transmission coefficient, representing the adimed fraction of
successful “molecule trips”. Values between zero and undy be obtained only, and one needs to
calculate a separate transmission coefficient for eacle @ypbarrier. However, the transmission
coefficient is a symmetric property inasmuch as the fraatfosuccessful trips to travel from left
to right (Q= +z in Figure S2) and from right to lefig(= —2) is the same. For more theoretical
background on the reactive-flux ideas, the reader is refearéhe textbooks by Chandfeas well

as Smit and Frenkel.

To run the RF simulations, preceeding Monte Céartw, alternatively, molecular dynamies
simulations are required to harvest starting configuratiwhere the tagged molecule is found on
top of the barrier under consideration. Here, we have chb&ersimulations of similar set-up as
described for the determination of free-energy and comagoh profiles. However, this type of
MC simulations necessitates additional displacemenstr@dlowing the tagged molecule to move
freely in x andy while leaving it on the barrier (fixed position). Furthermore, the implement-

ation must obviously assure that the conventional MC trial/es are not applied to the tagged
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Figure S2: Scheme illustrating the computation of the readtux correlation functionk (t), to
obtain a transmission coefficient; here: RF snapshatdat.

molecule. To generate starting configurations that areawstrongly correlated, it is crucial to
perform many MC trials before storing the next configurasio8pecifically, we have performed
more than 2 displacement and 2 regrow trials per non-taggeelome (a total of 22x (N —1) <
40...600 trials) and 30z{restricted) displacement trials per tagged molecule etwtwo suc-
cessive configurations.

After the starting configurations had been generated, tlegg wsed in the molecular dynamics
part of the RF simulations. A single configuration was iitiad only once with fresh velocities
from the corresponding Maxwell-Boltzmann distributiort bue configuration was integrated for-

ward as well as backward in time. During this step, the readtux correlation function was
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sampled, which is mathematically defined by:

<q<o> H[a(t) — ¢ 5[a(0) — q*]>

(05-1400)]) |

whereq(0) denotes the molecule’s initial velocity along the reactoordinate (i.e., along), H is

K(t) = (4)

the Heaviside function which equals unity for argument and zero otherwise, as well aghe
Dirac delta function being one for an argument of value zewbzero otherwise.

Typically, we ran 20 independent simulations per state tpaml barrier type which yielded
10000 starting configurations each and therefore a totad ®flP0O00x 2(forward< backward)=
400000 separate reactive-flux trajectories contributrgginglex. On the basis of the RFCF plat-
eau values of individual simulations, the final transmisgsioefficient was obtained as their mean
value and an associated error estimate was correspondihtgined from the standard deviation
of those separate plateau values from the average tranemesgefficient.

Taking into account barrier re-crossing, the equilibriuaxflor barrier typd, as to be inputed

into the second simulation stage described in sectiond.@lculated by:

keT .

———Coqgi- 5
ZTHHCH4Ceq' (5)

Jeqi = Ki

Note that the dynamically-corrected transition state théadcTST) prediction of the self-diffusion

coefficient,DLTST, reads®8-10

F(Zeo)
DgCTST: Kaeol- kBT . eXp[— KT | :|
21mey, i exp[—iﬂ dz

cage ke

'lgeor (6)

In summary, the molecular simulations provide, per statetdd, p), following properties to
be used in the second stage for the tracer-release curveutaiop: | eo, Ceqzeol Jeqzeoh Imarg

Cegmarg and jeqsurt. As for the 2-step model to desorption, additional progesréire necessary to
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describe the second boundary layer regigy; Ceglay, @andjeqgas
Note that data from the flat surface were passed on to the destage only because we have
recently shown that the equilibrium transport rates at We different external AFI surfaces are

essentially the same’

1.2 Continuum-Calculation Stage

The second stage is characterized by continuum calcutatiowhich the transient tracer release
is monitored. Micrometer length scales are feasible, rengeahis procedure ideally suited to
investigate the tracer-release behavior for growing mamdthicknesses.

The single-crystal membrane was modeled as a plate of mfandss sectionxfy) and of
thicknessd in z direction.” The plate was divided intblgps Slabs (or sub-plates) each of widths
l,eol= 4.242 A (= cage length), which has therefore maintained the mostasteaeolite structure
characteristics. As for the one-step release simulatiwhsre molecules having reached the sur-
face adsorption layer are being considered exchangedntheutermost slab (at each side of the
membrane) was given a different widthiarg This was necessary for a realistic spatial description
because free-energy profiles, as given in Figure 2b of the teat, evidence that the separation
between the two maxima enclosing the marginal well is olsliplarger than the typical innermost
maxima separation={ cage length). As for the two-step release simulations, irckvimolecules
are considered exchanged when they have left the surfaceptids layer for the gas phase, the
two outermost slabs were given different widths, represeritiegextensions of the zeolite margin
(second outermost slaldyyarg and the surface adsorption layer width (outermost sla),see
also Figure S3.

The condition of tracereleasestudied here implies two direct consequences:

1. All slabs were initialized with their respective equiliom (or saturation) concentrations;

thus, the innermost slabs witQyeo1, the outermost slabs wittyqmarg andceg|ay-

2. Theenteringboundary equilibrium flux (one-step simulationggsurs;, two-step simulations:
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Jeqgas Cf., Figure S3) was set to zero.
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Figure S3: Scheme of spatial set-up of the tracer-exchanggncium simulations. Note that
1) Xi = Xi(t) = Gi(t) /Ceqi, 2) the fluxes given are equilibrium fluxes (e.fjas= jeqgad, as well as
3) Nsiabs= N andNgjaps= N + 1 for the one-step and two-step release simulations, régelgc

To evolve the systems in time the material balances are dgaluenerically. In general, the

incremental change in concentration for slab numlagg; is given by:

jeqzeol[cifl(t) —2¢i(t) + Ci+1(t)}

AGi(t+At) =
( ) Cegzeol" I zeol

A, )

with ¢;(t) = c(t, z) andAt the time increment. Symmetry conditions were applied imtieenbrane

center (right-hand side in Figure S3):

Jeqzeol [CNS|abS/2—1 (t)— CNgjang/2 <t)}

ACNSIabS/Z(t * At) - Ceqzeol" Izeol

At (8)

As for the one-step release simulations in which slab nur@bsr Figure S3 is not present, the
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left-hand side boundary condition reads:

et  _al) ]
Ceqzeol  Cegmarg AL (9)

. c(t .
— Jeqsurf- ;() + Jegzeol

Acy(t+At) = Ceamarg

| marg

As for the two-step release simulations, the left-hand bimiendary conditions (i.e., for the two

outermost slabs) read:

— jeqgas- Co(t) +jeq,surf[ at) Co(t)}
Aco(t+At) = Cealay I| Seamas %] At and (10)
ay
: Co(t) ci(t) i Co(t) cat)
Jegsurf| c.ov ™ Gogmar| T Jeazeol el Ceaman
Aci(t+At) = [Ce‘*'ay ea 9} [C‘*" | Sea 9] At (11)

Imarg

Apart from the input obtained from the molecular simulaid@.qzeol |zeol jegzeor €tC.), @

single tracer-exchange continuum calculation requirbbeviing data:

e Number of slabs determining the membrane thickness in tigNappy/2 (= 5. .. 3000).

Time-step size for the numerical integration of the matdraancesAt (= 0.01...1 ps).

Number of numerical integration stepssteps(= 400000. .. 2000000000), determining, to-

gether with the time-step size, the total simulation tiraeNgtepsx At).

Number of times of sampling the concentration profNgampie(= 99).

Fitting parameters, such as minimum relative precisiorxohange curve per time instance

(= 10712

The transient concentration profiles thus obtained (cfjufé 3a of main text) were (numeric-
ally) integrated to yield, apart from a consta@),(the remaining massy, of tracer in the mem-

brane at time:
+8/2

m(t) =C x / c(t,z) dz. (12)
~5/2
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Note that we have assumed that the membrane extendsffptf to+9 /2. On the basis of these

concentration integrals, the fractional release at timas calculated?

+8/2
/c(t,z) dz
B mit) . -o/2
o) _1_W_1 T E— (13)

/ c(0,z) dz
-5/2
As mentioned in the main text, the resulting exchange curas fitted to match the analytical
integral solution of diffusion in a plane sheet of widbhunder the boundary condition of sur-
face evaporation via parametddg anda, which is found in section 84.3.6 of Crank’s invaluable

textbook !
LM, 2 ex-Dg/(6/2)7
m(0) i; V(Z+L12+L)

with L = (8/2)a /Ds and y the positive roots of/tany = L. An example of the fit obtained is

(14)

presented in Figure 3b of the main text.
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2 Comparison Tracer Release and Uptake

Additional tracer-exchange simulations at 181 K were penéd where the labeled molecules were
entering the zeolite membrane (tracer uptake or adsofjptistead of leaving it (tracer release or
desorption). The results correlate exactly with those ftbenrelease simulations of the main text
(Figure S4). Therefore, we conclude that neitbenor Dg is process-dependent (adsorptien

desorption) in the here studied cases.

6
©*1 (a) ,' (b)
[ ] 2 -
T . - 7
")
N o
g 7 S ,/
~ 10 ~ 1 A
g 3 071
Dw .
o]
Q 7 0.5 - P
1078 - 4 044
P T=181 K 4 T=181 K
T T T 03 # T T T T T 1
1078 1077 1078 03 04 05 07 1 2 3
release 2 -1 _
DS /m°s O(release /ms 1

Figure S4: Parity plots of self-diffusivities (a) and sudgpermeabilities (b) obtained from tracer-
exchange simulations at 181 K where the tracer was leaxtagi§) and enteringyfaxis) the AFI
membrane, respectively. Data correspond to all state piiet, different equilibrium loadings)
and all membrane thicknesses investigated at 181 K.
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3 Transmission Coefficients in the Boundary Layer

Figure S5 shows that the transmission coefficient obtainddeafree-energy barrier separating
zeolite margin and surface adsorption layey,s varies between 0.36 and 0.59, depending on the
loading and temperature. Since the (one-step) surfacegaduiiity prediction of the present work
scales directly withksyf (EQ. 3 of main textt1step= V- Ksurf- c;qsurf/ Ceqzeol), the error introduced

by rigorously neglecting any recrossings at the surfaee, (settingksyf = 1 and thus yielding

alstep: \7 Czqsurf/Ceqzeoo amountS tmﬁlstep/alstep: 1/Ksurf — 17 . 28

0.7 1

A 300K
--m-- 200 K
0.6 1 % % —e— 181K

0.5 A1

Ksurf

0.4 -

0.3

0 / [molecules (unit cell) "]

Figure S5: Transmission coefficients obtained at the digdiurface between zeolite margin and
surface adsorption layer; all state points ).

Figure S6a depicts the transmission coefficient obtaindldealbcation separating the surface
adsorption layer and the bulk gas phaggys which generally equals unity except for the two
highest zeolite loadings studied at 300 K. This is undedshle because transmission coefficients
are known to largely depend on the current number of moledolend in the site where the tagged
molecule is aiming t@:1%1n this context, the free-energy well of the surface adsondayer (Jin
Figure S7) for 300 K and 3.6 molecules per unit cell is as degp@wells representing adsorption
in the innermost zeolite cages (in Figure S7), which in turn indicates that the concentratiare
equal due to the exponential relationship betwEBesmndc mentioned earlier. On the other hand,
the free-energy difference of the two different wells igkrthan kgT for the other state points

shown, translating into a (minimum) factor of 2.7 betwees tdspective concentrations and thus
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indicating a considerably smaller number of molecules aghrface adsorption than inside the
zeolite. The right profile at the bottom furthermore giveglence to the fact that the gas-phase

can, by no means, be considered diluted anymore for eleviataad 8. A methane molecule

a b
P
T S 1 s L it ey
0.9 A = 099
2 | N
TH
¥ 08 % ¢ 081
T 181 K, 0.4 molecs./UC
A 300K e
0.7 074 200 K, 3.4 molecs./UC
--m-- 200K | 300 K, 0.3 molecs./UC
—e— 181K ——— 300K, 3.6 molecs./UC
0.6 ‘ ; ; ‘ 0.6 : : : ‘ ‘
0 1 2 3 4 0.001 0.01 0.1 1 10 100
0 / [molecules (unit ceII)_1] t/ps

Figure S6: Transmission coefficients (a) obtained at thiglitig surface between surface adsorp-
tion layer and gas phase [all state poirfis §)] which were determined on the basis of the plateau
of the respective transient reactive-flux correlation fiores (four examples shown in b).

that is starting from the edge between gas region and suai@serption layer X in Figure S7)
and traveling to either side [surface layér)(or gas phase(())] will therefore encounter a non-
negligible number of molecules on an average when comparéket other state points where
molecular encounters are scarce. It's simply getting cexvieft and right from the molecule,
and the more molecule encounters occur, the larger is tHmpility that the tagged molecule is
bounced back to the region where it came from and thus thelanvaill be kgas This finally
provides the rational behind the occurrence of a decreagipg@bserved at elevatédand6 only.
As a last point, note that the reactive-flux correlation tiores (Figure S6b) did not show

any significant long-term decline trend which might haverbexpected from the the fact that the
barrier (x in Figure S7) and the left-hand end poit)(in Figure S7) are connected by a flat

free-energy line.
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Figure S7: Free-energy profiles of methane at different aatpres and loadings. Additional
symbols highlight free-energy wells corresponding to tiwation of a representative zeolite cage
(A) and the surface adsorption layer)( as well as the dividing surface between surface adsarptio
layer and gas phasej and left-hand end point of the RFCF fegascomputation ().
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4 Impact Factors of Permeability Influences

In this section, the computation of impact factof§P2%t for rating of different sources to surface
barriers is explained which is grounded on the calculatiogifeerent surface permeabilities.

We start by defining the reference permeability valyeg;, for rating the relative impacts of the
barrier sources (defects intrinsicvs intrinsic+defects) as the value obtained with the prealict
model by Heinkeet al: 12

Qref = 0.5 Ds/lze0l (15)

Second, the defect-barrier influence can be directly adeolor by down-scaling of the reference

by the expected fraction of open entranq&spen

Odefects= PopenX Oref. (16)

In doing so, it is tacitly assumed that enumerous latticecsinsidethe structure permits rapid
guest exchange between adjacent channels that are idedllyonnected. This is the limiting
case ofpy — 1 in Heinke’s orignal formuld? Furthermore, we assume that one in 2025 pore
openings is permeable only, as was estimated by Héits for MOF Zn(tbip)13 The number

is very likely too large because the MOF pores possess egtyesmall windows (4.5 A) which
are much more sensitive to small distortions in comparisaihé¢ rather large AFI pore windows
(7.3 A). Therefore, the MOF entrances are blocked far moséyeand the estimate represents an
upper bound for the defect-barrier influence in AFI. Thittg influence of intrinsic barriers are,

of course, rated via the two-step permeability predicteom & in the main text):

1
l/agas+ 1/alstep
_ V/Ceqzeol (18)
1/(Kgaféqgas T 1/ (KsurCagsurt)

(17)

Aintrinsic =

Fourth, the coupled impact of both barrier sources is alsaiped on eq. 5 of the main text,
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differing however in a down-scaleth siepby Popen= 1/2025:

1
Aintrinsi = .
intrinsict+-defects 1/agas+ 1/(popen>< alstep)

(19)

Finally, the ratios between the reference and the diffepemimeabilities obtained with varying

surface-barrier sources serve as relative impact factorate the different effects and their com-

bination:

f_impact _

i = Oref/ 0. (20)

The results are displayed in Figure S8. For your guidancenpact factor of unity represents
the case when surface barriers are absent. Hence, theresiswiag-down of the overall tracer
exchange, and, consequently, the process is essentiéligidn controlled. In contrast, a high im-
pact factor indicates that surface barriers may poteptialhtrol the transport, depending however

on the crystal size or membrane thicknéss.
105 -
% —&— 181 K, intrinsic + defects

10* - —A— 200 K, intrinsic + defects

—— 300 K, intrinsic + defects

10° -
- - - 181...300 K, defects

.—-‘\‘\‘ —&— 181K, intrinsic
101 | F\\v —w— 200 K, intrinsic

N\ —&— 300 K, intrinsic
1

0 1 2 3 4
0 / molecules (unit cell)_1

102 -

impact factor £™ = q ./ a;

Figure S8: Impact factorst ™" of different surface-barrier sourceisifitrinsic, defects) and

their possible combination=intrinsic+defects) as functions of loadin@, and for different tem-
peraturesT .
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5 AFI-Crystal Structure
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15 Si 15 0. 33115 0.78885  0.45000 19 89 107 141 0o o© 0 0 0. 000
16 Si 16 0. 83115 0.28885  0.45000 20 90 108 142 0o o© 0 0 0. 000
17 Q17 0. 39315 0.81415 0.02800 13 0 O 0 0 O 0 0 0. 000
18 Q18 0. 89315 0. 31415 0.02800 14 0 O 0 0 O 0 0 0. 000
19 019 0. 33440 0.78990 0.25000 13 15 0 0 0 © 0 0 0. 000
20 O20 0. 83440 0.28990 0.25000 14 16 O 0 0 o© 0 0 0. 000
21 @21 0. 32080 0.68780 0.02600 13 0 O 0 0 O 0 0 0. 000
22 Q2 0. 82080 0.18780 0.02600 14 0 O 0 0o o© 0 0 0. 000
23 23 0.29370 0.86210 0.01400 13 0 © 0 0o o© 0 0 0. 000
24 24 0.79370 0.36210 0. 01400 14 0 O 0 0 O 0 0 0. 000
25 Si 25 0.43795 0.10965 0.07800 29 31 33 35 0 O 0 0 0.000
26 Si 26 0.93795  0.60965 0.07800 30 32 0 36 0o o© 0 0 0.000
27 Si 27 0. 44000 0.10230 0.45000 31 77 0 130 0o o© 0 0 0. 000
28 Si 28 0. 94000 0.60230 0.45000 32 78 096 0 0 O 0 0 0. 000
29 29 0. 39635 0.18265 0.02800 25 0 O 0 0 O 0 0 0. 000
30 G30 0. 89635 0.68265 0.02800 26 0 © 0 0o o© 0 0 0. 000
31 031 0. 43785 0.10665 0.25000 25 27 0 0 0o o© 0 0 0. 000
32 B2 0. 93785 0. 60665 0.25000 26 28 O 0 0 O 0 0 0. 000
33 @33 0. 49570 0.13730 0.02600 25 0 O 0 0 O 0 0 0. 000
34 O34 - 0. 00430 0.63730 0.02600 0 0 © 0 0o oO 0 0 0. 000
35 G35 0. 42210 0. 00950 0.01400 25 0o o© 0 0o o© 0 0 0. 000
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36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66
67
68
69
70
71
72
73
74
75
76

36
Si 37
Si 38
Si 39
Si 40
A1
42
A3
A4
A5
46
(07¥4
48
Si 49
Si 50
Si 51
Si 52
63
(0]
65
66
67
68
69
60
Si 61
Si 62
Si 63
Si 64
065
066
67
068
069
o770
or1
or2
Si 73
Si 74
Si 75
Si 76

0.92210
0.27380
0. 77380
. 27115
. 77115
. 28950
. 78950
. 27225
. 77225
. 31650
. 81650
. 21580

O O O O o o o o o o

. 71580
0. 16415
0. 66415
. 16885
. 66885
. 10685
. 60685
. 16560
. 66560
. 17920
. 67920
. 20630

O O O O O o o o o o

. 70630
0. 06205
0. 56205
. 06000
. 56000
. 10365
. 60365
. 06215
. 56215
. 00430
. 50430
. 07790

O O O O O o o o o o

. 57790
0. 33585
0. 83585
0. 33115
0. 83115

0. 50950
0. 39790
0.89790

. 39115

. 89115

. 49680

. 00320

39655

. 89655

. 32510

. 82510

. 37160

. 87160
0. 71175
0. 21175
. 71115
. 21115
. 68585
. 18585
71010
. 21010
. 81220
. 31220
. 63790

. 13790
0. 39035
0. 89035
. 39770
. 89770
. 31735
. 81735
39335
89335
. 36270
. 86270
. 49050

© ©o o o ©o © © © o o

. 99050
0. 21175
0.71175

0.21115

0. 71115

0

O O O O O O o o o o O O O O O o o o o o

O O O O O o o o o o

0
0

. 01400

0. 07800
0. 07800

. 45000
. 45000
. 02800
. 02800
. 25000
. 25000
. 02600
. 02600
. 01400
. 01400

0.07800
0.07800

. 45000
. 45000
. 02800
. 02800
. 25000
. 25000
. 02600
. 02600
. 01400
. 01400

0.07800
0.07800

. 45000
. 45000
. 02800
. 02800
. 25000
. 25000
. 02600
. 02600
. 01400
. 01400

0.57800
0. 57800

. 95000
. 95000

26 0 0 O
41 43 45 47

0 44 46 48
43 81 119 137

44 82 120 O
37 0 O 0
0 0 oO 0
37 39 0 0
38 40 O 0
37 0 O 0
38 0o © 0
37 0o o© 0
38 0 O 0
53 55 57 59

54 56 58 60
55 105 125 143
56 106 126 144

49 0o © 0
50 0o © 0
49 51 0 0
50 52 0 0
49 0o ©O 0
50 0o ©O 0
49 0 O 0
50 0 O 0
65 67 69 71

66 68 70 72
67 94 113 131

68 93 114 O
61 0o o© 0
62 0 O 0
61 63 O 0
62 64 O 0
61 0o o© 0
62 0 O 0
61 0 O 0
62 0o o© 0

77 79 81 83

O O O O O o o o o o O O O O o o o o o o

O O O O o o o o o o

O O O O o o o o o o O O O O o o o o o o

O O O O o o o o o o

O O O O o o o o o o

o o

O O O O o o o o o o

O O O O O o o o o o

0

O O O O O o o o o o O O O O o o o o o o

O O O O o o o o o o

0

0
0

© o 0 0 0o 0 0 o o © © 0o 0 0 o 0 0 0o o ©°

© © 9o 9 9 9 9 9o o O

000

0. 000
0. 000

000
000
000
000
000
000
000
000
000
000

0. 000
0. 000

000
000
000
000
000
000
000
000
000
000

0. 000
0. 000

000
000
000
000
000
000
000
000
000

. 000
0. 000
0. 000

000
000



77 Or7 0. 39315 0.18585 0.52800 27 73 O 0 0 O 0 0 0. 000
78 Or8 0. 89315 0.68585 0.52800 28 74 O 0 0 O 0 0 0. 000
79 0Or9 0. 33440 0.21010 0. 75000 73 75 0 0 0 o© 0 0 0. 000
80 080 0. 83440 0.71010 0.75000 74 76 0 0 0 o© 0 0 0. 000
81 81 0. 32080 0.31220 0.52600 39 73 O 0 0 O 0 0 0. 000
82 82 0. 82080 0.81220 0.52600 40 74 O 0 0 O 0 0 0. 000
83 (083 0.29370 0.13790 0.51400 3 73 0 0 0 ©O 0 0 0. 000
84 (084 0. 79370 0.63790 0.51400 4 74 0 0 0 oO 0 0 0. 000
85 Si 85 0.43795 0.89035 0.57800 89 91 93 95 0 O 0 0 0.000
86 Si 86 0.93795 0.39035 0.57800 90 92 0 96 0 O 0 0 0.000
87 Si 87 0. 44000 0.89770  0.95000 0 0O 0 91 0o o© 0 0 0. 000
88 Si 88 0. 94000 0.39770 0.95000 0 0 0 92 0o o© 0 0 0. 000
89 89 0. 39635 0.81735 0.52800 15 8 O 0 0 O 0 0 0. 000
90 0 0. 89635 0.31735 0.52800 16 86 0 0 0o oO 0 0 0. 000
91 ™1 0. 43785 0.89335 0.75000 85 87 0 0 0o oO 0 0 0. 000
92 2 0. 93785 0.39335 0.75000 86 88 O 0 0 O 0 0 0. 000
93 93 0. 49570 0.86270 0.52600 64 85 O 0 0 O 0 0 0. 000
94 04 - 0. 00430 0.36270 0.52600 63 0o © 0 0 o© 0 0 0. 000
95 5 0. 42210 0.99050 0.51400 0 8 O 0 0 o© 0 0 0. 000
96 96 0.92210 0. 49050 0.51400 28 86 O 0 0 O 0 0 0. 000
97 Si 97 0.22620 0.89790 0. 57800 0 103 105 107 0 O 0 0 0.000
98 Si 98 0.72620 0.39790 0.57800 102 104 106 108 0 © 0 0 0.000
99 Si 99 0.22885 0.89115 0. 95000 0 0 0 103 0 ©O 0 0 0. 000
100 Si 0 0. 72885 0.39115 0. 95000 0 0 0104 0 O 0 0 0. 000
101 Q101 0.21050 -0.00320 0.52800 3 0 O 0 0 O 0 0 0. 000
102 0102 0. 71050 0.49680 0.52800 4 98 O 0 0o oO 0 0 0. 000
103 0103 0. 22775 0.89655 0. 75000 97 99 0 0 0 oO 0 0 0. 000
104 O104 0.72775 0. 39655 0.75000 98 100 O 0 0 O 0 0 0. 000
105 Q105 0. 18350 0.82510 0.52600 51 97 0 0 0 O 0 0 0. 000
106 0106 0. 68350 0.32510 0.52600 52 98 0 0 0 © 0 0 0. 000
107 0107 0. 28420 0.87160 0.51400 15 97 0 0 0 O 0 0 0. 000
108 0108 0. 78420 0.37160  0.51400 16 98 O 0 0 O 0 0 0. 000

109 Si 109 0.16415 0.28825 0.57800 113 115 117 119 0 O O O 0.000
110 Si 110 0.66415 0.78825 0.57800 114 116 118 120 0 O O 0 0.000

111 Si11 0. 16885 0.28885 0.95000 0 0 0 115 0 O 0 0 0. 000
112 Si 12 0. 66885 0.78885 0.95000 0 0 0 116 0 O 0 0 0. 000
113 0113 0.10685 0.31415 0. 52800 63 109 0 0 0 o© 0 0 0. 000
114 0114 0. 60685 0.81415 0.52800 64 110 O 0 0 o© 0 0 0. 000
115 Q115 0. 16560 0.28990 0.75000 109 111 0 0 0 O 0 0 0. 000
116 Q116 0. 66560 0.78990 0.75000 110 112 0 0 0 O 0 0 0. 000
117 O117 0.17920 0.18780  0.52600 3 109 0 0 0 oO 0 0 0. 000
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118 Q118 0. 67920 0.68780 0.52600 4 110 O 0 0 O 0 0 0. 000
119 Q119 0. 20630 0.36210 0.51400 39 109 0 0 0 O 0 0 0. 000
120 0120 0. 70630 0.86210 0.51400 40 110 O 0 0 o© 0 0 0. 000
121 si 121 0.06205 0.60965 0.57800 125 127 129 131 0o o© 0 0 0.000
122 Si 122 0.56205 0.10965 0.57800 126 128 130 132 0 O 0 0 0.000

123 Si 23 0. 06000 0.60230 0.95000 0 0 0 127 0 O 0 0 0. 000
124 Si 24 0. 56000 0.10230  0.95000 0 0 0 128 0 © 0 0 0. 000
125 0125 0.10365 0.68265 0.52800 51 121 0 0 0 oO 0 0 0. 000
126 0126 0. 60365 0.18265 0.52800 52 122 0 0 0 O 0 0 0. 000
127 O127 0. 06215 0.60665 0.75000 121 123 O 0 0 O 0 0 0. 000
128 0128 0.56215 0.10665 0.75000 122 124 O 0 0 o© 0 0 0. 000
129 0129 0. 00430 0.63730 0.52600 0 121 0 0 0o oO 0 0 0. 000
130 Q130 0. 50430 0.13730 0.52600 27 122 0 0 0 O 0 0 0. 000
131 Q0131 0. 07790 0.50950 0.51400 63 121 0 0 0o oO 0 0 0. 000
132 0132 0.57790 0.00950 0.51400 0 122 0 0 0 O 0 0 0. 000

133 Si 133 0.27380 0. 60210 0.57800 137 139 141 143 0 0 0 0 0. 000
134 Si 134 0.77380 0. 10210 0.57800 138 140 142 144 0 0 0 0 0. 000

135 Si 35 0.27115 0. 60885 0.95000 0 0 0 139 0o oO 0 0 0. 000
136 Si 36 0.77115 0.10885 0.95000 0 0 0 140 0 ©O 0 0 0. 000
137 O137 0. 28950 0.50320 0.52800 39 133 O 0 0 O 0 0 0. 000
138 0138 0. 78950 0.00320 0.52800 0134 O 0 0 O 0 0 0. 000
139 0139 0.27225 0.60345 0.75000 133 135 O 0 0 © 0 0 0. 000
140 0140 0.77225 0.10345 0.75000 134 136 O 0 0 O 0 0 0. 000
141 Q141 0. 31650 0.67490 0.52600 15 133 O 0 0 O 0 0 0. 000
142 Q142 0. 81650 0.17490 0.52600 16 134 O 0 0 O 0 0 0. 000
143 0143 0. 21580 0.62840 0.51400 51 133 0 0 0 o© 0 0 0. 000
144 0144 0. 71580 0.12840 0.51400 52 134 0 0 0 oO 0 0 0. 000
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6 List of Symbols

Symbol Description Units
A (cross section) area m?2
a generalized thermodynamic observable
a sample average of generalized thermodynamic obseraable -
C some constant -
C concentration mol m~3
Ds self-diffusion coefficient m2s1
F free energy J
fMP2e impact factor of surface-barrier source -
H Heaviside function -
i indexed variable -
i molar flux molm2s1
K ratio of equilibrium concentrations (margin to bulk)
kg Boltzmann constant (1.3806488 23) JK1
L dimensionless coefficient] (6/2)a /Dsg] -
| length or width m, A
m mass kg
mcy, Mass of a single methane molecule (2.656862) kg
N number of molecules -
Na Avogadro constant (6.02211473) mol~1
Ngispi  nhumber of displacement trials per MC step
Nmc number of MC steps per simulation
N_hits(z) over the coarse of a simulation averaged number of times

that the bin between— Az/2 andz+ Az/2

was visited by any molecule
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Symbol Description Units

Nregr Number of molecule regrow trials per MC step
Nsample number of sampling points -
Nsims nhumber of simulations per state point and simulation type
Nsiabs number of zeolite slabs (in continuum calculations)
Nsteps Number of (time) steps -
P probability (density) -
p pressure Pa
Popen fraction of open pore entrances
py fraction of (internal) lattice defects
g reaction coordinate m
[specifically: direction along which exchange procee&s (
g velocity along the reaction coordinate m's
(specifically: velocity along)

s sample standard deviation of observadle -

T temperature K
t time S
U potential energy J
V  volume m3
v average directed velocity in one of the Cartesian direstion m s

(specifically: velocity along)

X mole fraction (of labeled molecules)

X Cartesiarx-direction m, A
y Cartesiary-direction m, A
z Cartesiare-direction m, A

(specifically: direction along which exchange proceeds)
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Symbol Description Units

a surface permeability ms

i-th positive root ofytany = L -

=<

increment or difference of some variable

membrane thickness m

o o1 D

Dirac delta function -
K transmission coefficient -
K(t) reactive-flux correlation function
6 unit-cell loading molecules (unit ceti}

m 3.141592653589793238

Superscript Description

x reference to a (free-energy) barrier
dcTST reference to dynamically-corrected transitionestiatory
release related to tracesleasesituations

uptake related to traceiptakesituations
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Subscript

Description

1step
2step
box

defects

enter

eq

gas

intrinsic
lay
marg
ref

surf

zeol

related to the 1-step release mechanism
related to the 2-step release mechanism
related to the simulation box
related to surface barriers triggered by defects
(specifically: blocked pore entrances)
related to entering the zeolite
indicates an equilibrium (time-invariant) property
related to the bulk gas phase
(specifically: related to the plane separating the surfdsertion layer
and the bulk gas phase
related to surface barriers triggered by inticrgystal and surface structure
related to the surface adsorption layer (region arobadekternal surface)
related to the zeolite margin (outermost cage)
reference value
related to the surface separating the surface adsorptyer and the zeolite margin
related to the bulk zeolite space

(specifically: related to the repetitive crystal strucjure
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