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1 Transient Molecular Dynamics

In the following section, we will highlight details on theatrsient molecular dynamics (TrMD)
simulations performed in this work (Section 1.1), list theduls used and approximations made

(1.2), as well as present tests of TrMD specific parameteBs.(1

1.1 Simulation Details

As described in the main text, transient molecular dynar(iies1D) is basically a mixture of
equilibrium molecular dynamics (EMD) with spatially rasted Grand-Canonical Monte Carlo
(GCMCQ) trials, the latter enabling a non-constant numbemofecules in contrast to ordinary
EMD.

Simulations were carried out in a rectangular simulatiox, 3 depicted in Figure S1. Nano-
sheets were created by placiNg: x x Nycy % Nycz unit cells in the box center (AFI:22 in x and
y as well as 3, 6, 12, 24, and 48 alomgoordinate for enabling increasing nanosheet thickness;
LTA: 3x3 inxandy as well as 6, 12, and 24 ). In addition, we added a layer of half a unit
cell alongz in case of AFI. In contrast ta andy, void space was added aloagn order for a
gas space to establish. Since periodic boundary condiiens used in all directions, the set-up
resembled an infinitely repeating sequence of hanoshedtgasspace alongwhich extended
infinitely in x andy. Both surfaces, AFI and LTA, concluded with the respectiwedow rings so
that the entropic diffusion bottle-necks formed the ertemto the pore structures in both cases.

At the left and right end of the simulation box, the controluroes, each of 16 A width ia
direction, were placed inside the gas space. Since thevmithspace added to the centered zeolite
sheet amounted to 56.01 A an 12.005 A thick intermediatefébubne” was formed between the
end of the CV and the position of the first zeolite atomz iirection (Figure S1). Therefore,
molecules located in the control volumes did not intera¢chwhe zeolite atoms because our po-
tential cutoff radius was smaller than this buffer length, (8ection 1.2). This, in turn, assured

an unbiased gas behavior in the control volume. Note thatahéol volumes on each end of the
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Figure S1: Scheme illustrating the simulation set-up aodguiure.

simulation box formed in fact a single control volume duette application of periodic boundary
conditions in all directions. Hence, the size of the singletmol volume was 216 A=32 A.

The simulation set-up mimics situations encountered fiausiidn measurements, such as uptake
experiments, as well as interferefi@nd infrared microscopywhere the zeolite crystal is initially
empty and then starts to be filled with gas molecules as timegeds. In the experiments, the huge
surrounding that is several magnitudes larger than the yarene of the small crystal sample
forms practically an infinite reservoir of gas moleculed tan enter the pores of the solid. In our
simulations, the control volume, which is of similar sizetlas pore volume, takes over the task of
steady molecule supply because it is coupled to a hypo#iétiinite gas reservoir via the GCMC
trials.

We imposed a constant chemical potentjaly, in the control volume by standard Grand-
Canonical insertion and deletion trials. Every ten MD stége molecule insertion as well as five

molecule deletion trials were performed inside the contodime. The acceptance probability of
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an insertion trial to the control volume, d®y — Ney+ 1), reads-3

achCV — NCV+ l) =min

1 /\:;(,:I/Texp{ﬁ Hew —U (Ney-+ 1) + U (Noy }] 1)

whereN.y denotes the number of molecules in the control voluragijts size, A the thermal de
Broglie wavelength which equals’n?/(2rmkgT), h is Planck constantn the mass of the just
inserted particlekg Boltzmann constani the temperature imposed,(Ncy) andU (N, + 1) the
total potential energy of the oldN¢,) and new ., + 1) state, respectively, as well Bs=1/(kgT).
However, it is more practical to impose the fluid-phase presbecaus@ can be converted into
the fugacity,f, by an equation of state (here: Peng-Robinson) which candmeporated directly
into the acceptance probabilitiésTherefore, the insertion acceptance probability in faetus

our simulation code is

. B f
acC(ch—>ch+1)=m|n[1 (chB exp{ B|U(Ney+1)— U(ch)]}]. (2)

The derivation of this equation is found in Appendix G of Htel's and Smit’s seminal molecular
simulation book? The corresponding acceptance probabilities of a deletial &cqNey — Ney —

1), aré?

acqNey — Ney—1) = min 17/\\3/N exp{ B[Hcv'i‘U(NCV—l)—U(NCV)} }] (3)

acqNey — Ney—1) = min|1, Nev EXP{—B[U(ch—l)—U(NM}}] (4)

VeuB f

with (Ngy — 1) representing the new state (molecule deletion).

We performed 100,000 GCMC trials prior to the transient Mgliation itself to equilibrate
the CV where the probability to perform an insertion trialsiequal to the one of a deletion trial
(50 %). A single trial position for the first bead was used tovga new molecule in the control

volume. Cell lists were used for speeding-up the computaifgotential energies. Freshly inser-
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ted molecules were assigned velocities that corresporadtat tMaxwell-Boltzmann distribution
of the molecule and the temperature imposed.

The velocity Verlet algorithm was used to numerically prgg the systems during the MD
phase with a time-step size of 1 fs. As for the MD part of thegrant MD simulations, we
used neighbor lists to speed up the calculation of forcels avitutoff radius of 16 A and a update
frequency of 10 steps, that is, after each Monte Carlo phAsBosé-Hoover chain thermostat
maintained the temperature imposedlthough the length of the simulations were always set to
2 us, we have usually stopped them as soon as the uptake cuwedhavell appreciable plateau
at unity. In two cases, however, the simulations did noirattas value because of an unexpected
shutdown of our computer cluster: AFI simulations with theckest sheetrfi(t) /meina = 0.85]
and LTA calculations using the intermediate sheet thickfr@gt ) /mgina = 0.93].

Room temperature (300 K) was imposed in the AFI simulatisingreasr was setto 750K in
case of LTA. Preliminary tests using conventional equilibr molecular dynamics (EMD) at room
temperature have clearly shown that methane diffusiviresexceptionally small in LTA~& 2 x
1011 m2/s). The low temperature would have prohibited long enouahsient MD simulations
of methane at room temperature with increasing nanoshegh#ss. In fact, the simulations at
750 K employing the thickest LTA sheet were already such-timesuming that a single run took,
on an average, 88 days on a state-of-the-art Intel quadetaster’ Noting that the diffusivities
at 750 K amounted to roughly %1010 m?%/s leads to an increase in the diffusion coefficient
by a factor of 30. Taking the opposite point of view, a singt®D simulation would in first
order approximation have taken 3B8 days= 2640 days at room temperature, obviously being
infeasible. Furthermore, we have to reiterate that 40 iaddpnt simulation runs were performed
in order for the concentration profiles and uptake curvehtmslittle noise and thus providing
statistically significant data (cf., Figure 2a and b in themtaxt). This sums up to remarkable

40 x 88 days= 3520 daysx 10 years of single-core cluster time that were necessapémost

*The cluster was purchased from COMPTRONIC GmbH, Germanyjsabased on SuperMicro-Barebone sys-
tems. Each node has two quad-core CPUs (Intel XEON HarperE30 and XEON Nehalem X5550) where each
core has a performance of 2.66 GHz. The RAM ranges betweend 84gigabyte per node and thus 2 to 3 gigabyte
per core. Operating system is SUSE SLES 11.
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demanding system in fact studied in this work (thickest LTket).

The pressure imposed on the control volume was 10 bar andarG0rAFI and LTA, respect-
ively. The saturation concentration at the end of the TrMigations agreed perfectly with the
adsorption isotherms obtained from conventional Grande@ecal Monte Carlo simulations and
amounted t@ina = 1872 mol/nt and 994 mol/m for AFI and LTA, respectively. The corres-
ponding loadings were 0.78 and 1 molecule per cage, indgdliat the higher pressure in LTA
simulations compared to AFI runs was necessary to ensurpamatle adsorption conditions.

Concentration profiles were obtained by dividing the naresimto equally sized slabs with
respect to the coordinate. The slab width was set to the cage &izg of the respective structure.
The slab borders were set to the window locations where mtgs¢feel” the diffusion bottleneck
(Figure S2). We have to stress here that the slab contaihmgutermost cage on either side
of the sheet was ignored, as indicated by the X’'s in FigureB32this, we circumvented the
influence of lower adsorption in the nanosheet boundarypregn the transport coefficients. We
have recently showhthat this effect makes the tracer-exchange diffusion avefft, Ds, and
surface permeabilitygs, decrease with increasing sheet thickn@s$herefore, we conclude that
the decrease of botlhh andDt as observed in the present work for AFI1 is very likely causgthie
memory effect only.

An ordern schemé was adopted for sampling of transient concentration psfile, z). This
has been proven to be very helpful because the short tim&aipthavior is decisive for accurate
determination of the surface permeability, which we haéaaly learned during the analysis of
our previous work on tracer-exchange surface permeasifitin this respect, we observed that
the thinner the membrane or sheet is, the more importantwiliata at early uptake stages. In
conventional schemes where constant sampling frequea@assed to save concentration profiles
(i.e., linear in time), short time intervals would have beecessary for a reliable determination of
a. This, however, would have led to an extremely high numbéstal sampling points. Obviously
not being efficient from a memory point of view, the linear gdimg is neither wanted in regard

of the CPU time that would be necessary to fit the resultingptionally large number of profiles
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Figure S2: Scheme illustrating the sampling of the coneioim profiles. Note that we do not show
concentration profiles from a single TrMD simulation butfies averaged over 40 independent
TrMD simulations for reasons of clarity.

with different diffusion models having various parameterierefore, we sampled concentration
profiles every 100 step for the first 1000 MD steps and, after these initial 10@pss&1 ps),
switched over to an orderscheme. Each order of magnitude was divided into 20 blotkss t
yielding 20c-profiles per time magnitude.

At eachc-profile sampling time, we recorded the numbers of molectilas were found in
the individual slabs, divided these numbersNhy x Vsjap= Na X lpoxx X lboxy X lcage @and saved
the resulting profile. We observed that profiles from singl®ID simulations were very noisy.
Therefore, 40 separate, independently initialized TrMiDdations were performed per system
in order to average the noisy single-simulation conceiomatrofiles. In this respect, we have to

add that the time origin was shifted to the last concentnapimfile sampling instance at which all
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concentrations of the averaged profile (i.e., alangere zero.
Uptake curvesm(t)/myna, Were calculated by integrating the concentration praofibés z),
with respect to the sheet widthand normalizing the values with the integral of the satorati

concentration thus yielding
+3/2
[ c(t,z)dz
m(t) -5/2 5)
Minal +6/2 '
[ Cfina dz
~5/2

The integration limits highlight that the origin was locdt® the center of the nanosheet, whose

thickness wa9.

1.2 Models

Methane was modeled as a single united atom bead that itdera@ Lennard-Jones type potential

with any other methane be&d

b = 4-a- [ (2= (%) ©

whereU; ;(r) represents the potential energy, between two Lennard-Jones united atoms of same
kind, i,i, that are a distance apart from one another in space, afg as well aso;; denote
the respective Lennard-Jones parameters (well-deptheanepptential distance of the interaction
between two beads of same type The interaction with the siliceous zeolite structure sisted
also of a Lennard-Jones potential ofilguch that the subscripts in Eq. (6) change fion{same
bead kinds) ta, j for signifying different parameters because of the po&ttieing calculated for
unlike beads.

The inclusion of partial charges has not been advisableuseaaf two reasons. First, it is well-
known that the interaction of saturated hydrocarbons anestlexclusively governed by dispersive
van-der-Waals interactions, given that no chemical reads to be expected. This fact justifies a

purely Lennard-Jonsian potential between guests andgjasstell as guests and siliceous zeolite
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host structure. Second, any electrostatic term would heggaportionately increased the compu-
tational burden where we have to stress again that manyr{d@pendent, long running simulations
were necessary to obtain smooth concentration profiled e¢lavant stages of nanosheet filling.
Therefore, a good tradeoff between realistic descriptibthe system under study and minimi-
zation of computational costs was an important aspect sfwlirk. For example, we decided
furthermore not to employ potential grids in the zeoliteemdr to speed-up guest-host interaction
calculation’ Such lookup tables might have introduced transport at®féee to slight potential
singularities at the border between the region of fully epinteraction calculation and grid re-
gion. Instead, we used cell lists during the GCMC phase, gislighted in Section 1.1, which
accelerated simulation runs by a factor of 2.2. Grids, orctivdrary, can lead to an enhancement
of simulation performance by as much as a factor of 12.6. We kapoint out that these com-
parative performance data are based on adsorption isotteculations in a periodic AFI zeolite
with GCMC at 300 K and 10 bar in which the simulation box wasragpnately as large as the
thickest AFI nanosheet studied here. The (relative) coatmrtal burden was therefore compar-
able to the most demanding nanosheet simulations becaeisauthber of zeolite atoms, which
mainly determines the number of interactions to be caledlatvas roughly the same (periodic vs
nanosheet) and the number of adsorbate molecules maxiaragheet saturation at pressure of
interest).

In the light of a good tradeoff between realistic modelingl @omputational efficiency, it is
also important to note that we have dealt with rather simptéidealized surfaces that were not
chemically saturated by silanol grouper the like. While such groups can lead to a five-fold
decrease in the surface permeabifith)e computational burden would rise dramatically. This is,
because corresponding force fields would again requirenttiesion of partial charges. We decided
to use the computationally more efficient, though less sgalsurface to enable a thorough study
of the effect induced by the nanosheet thickness, beingrthreapy focus of this work.

The potential energies and the forces were only expliciéigulated up to a cutoff distance

of reutof = 12 A. To avoid any singularities in both the potential enefig\D and MC) and the
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forces (MD only), the cut potential was shifted to zero at¢hbeoff, which is in accordance with

the original force field and yields (for same beads; cf. Eq. (6)):

v =4 (B)7 ()] <o @)

0 otherwise

The role of zeolite-lattice flexibility has been a contraial topic since the very beginnings
of simulation studies on guest-molecule adsorptiand transpof® 11 in these nanoporous host
materials. But most evidence points today at the fact thatitfiluence is minor, particularly
for rather small molecules such as methaf@? Purely dynamic effects, such as the “breathing
window”, 1% do most likely not have any significant influence. The ternengto the idea that
the window atoms of a zeolite structure move as soon as a guastule appears so that the
window size increases and the passage of the guest moleadasiderably facilitated. However,
“static” effects, such as the average window size, have pearen to be very crucial to transport
in zeolites?1°In this light, the modeling approach chosen again proveg tealistic enough for
drawing valid “real-world” conclusions while being efficiefor the demanding transient molecular
dynamics simulations.

Consistent with the original force fieRi the interaction between methane molecules and the
zeolite structures was assumed to be dominated by the@Hart, in fact entirely neglecting
any contribution by silicon atoms. While this can also bensag a tradeoff between realistic
description and computational feasibility, the approxioais physically senseful because the
zeolite structures can be regarded to consist ®f @d Sf+ ions where the large oxygen ions

shield the smaller silicon ions.

1.3 Parameter Tests

Since the control volume and thus its size as well as the nuof@CMC trials performed are

rather specific parameters to TrMD simulations we have desteir influence on the basis of
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CH, uptake into 6 nm thick Si-LTA nanosheet: test of transient MD parameters at 300 K and 10 bar

t= 0.0601 ns t= 0:1 ns t= 25 ns t= 75 ns

B Icy=3.2 nm, Nyje=10
—0— lgy=16 nm, Nyips=50

—— lgy=32 nm, Ny5s=100
1 —o— loy=3.2 nm, Ny;5s=20
—— 15y=3.2 nm, Ny55=50

OF—= 8 = = B8

t=150 ns t=350 ns

concentration profile c¢(t,z)/ (1000 mol m'3)

sheet direction z/nm

Figure S3: Concentration profiles of methane uptake intosthallest LTA nanosheet studied
(0 ~ 6 nm) at 300 K and 10 bar and for different widths of the contt@ume, Iy, as well as
different numbers of GCMC triald\;iais = insertion plus deletion) during each GCMC phase.
Each profile represents an average from 15 independentagiong under same conditions.

methane uptake into the smallest LTA nanosheet at 300 K amdid T he frequency of switching
from MD to GCMC is also an important and specific quantity. Batas been shown elsewhere for
similar system&17 that every tenth MD step should be high enough a frequencygore steady
supply to the control volume and, hence, to simulate a stgdaeservoir. In the references given,
the highest frequency was every™MD step.

Keeping all other parameters constant, the size of the @omtfume (total width) was varied
fromley =2x 1.6 nm= 3.2 nm over 2x 8 nm= 16 nm to 2x 16 nm= 32 nm. To ensure the same
GCMC trial rate per volume, the number of GCMC triald,{s = insertion plus deletion) was
proportionately adjusted to the control volume lengthstiNgiys = 10, 50, and 100. However, the
influence of the number of GCMC trials was also investigatgddrying it from 10 over 20 to 50
for a constant control volume size of 3.2 nm. Note that wegreréd as many insertiomN(ais/2)
as deletion attemptfN(iais/2) per GCMC phase.

A sequence of resulting concentration profiles is showngufa S3 for the parameter combi-
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nations studied. At any time, the profiles fall on top of onether, subject to only minor deviations
in consequence of statistical fluctuations. Clearly, theumeters have no influence on the filling
of the nanosheet with methane molecules in the ranges igatsd. Therefore, we used the most
efficient setup, that is, the smallest control volume wid2(nm) and the smallest number of

GCMC trials (10).
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2 Methodology Verification

In this section, we will verify the methodology outlined ire&ion 1 by comparing data from
measurements on adsorption and transport properties egthits of conventional equilibrium
Grand-Canonical Monte Carlo (GCMC) and standard equilibrimolecular dynamics (EMD)
simulations (Section 2.1). Furthermore, we deduce tramgpibusion coefficients from EMD and
GCMC in Section 2.2 which are compared to transport-diffagioefficients obtained from TrMD
(main text).

Following differences applied to the GCMC simulations imggarison with simulation details
and parameters used in TrMD simulations. Potential gridk fimenesses of 0.038 and 0.065 A
for AFI and LTA, respectively, were used to speed-up theuwatons between adsorbate mo-
lecules and zeolite atoms. While the MC library of insertaord deletion trials was extended to
also include translational displacements of the methankecules, rotational trials were not of
concern because methane was modeled as a single sphemcelrdelones bead. We imposed
a target acceptance probability for the displacemenstodb0 %. Therefore, the maximum dis-
placement distance, in compliance with common practices dyaamically adjusted during the
simulation to match this probability on an averagstarting with a value of 1 A in the equilibra-
tion phase of each GCMC simulation. Furthermore, we havieajlg performed 80 displacement
trials and 40 transfee insertion plus deletion) trials per MC cycle where 25,000ikoyation and
12,500,000 production MC cycles were executed per pregsime of a given isotherm. The max-
imum displacement distance was adjusted every 128 @§6le, thus yielding 100 displacement
adjustments in the isotherm production phase per staté. gdihigher pressures, we had to reduce
the number of production cycles to 5,000,000, which, howedid not compromise the statistics
of the adsorption isotherm to any appreciable extent. Famgte, the relative error of methane
adsorption in AFI at 300 K and 10 bar (final state point of ouxDr simulations) was 0.06 %
executing 12,500,000 cycles, whereas still as small am asr0.09 % was achieved at 20 bar per-
forming only 5,000,000 cycles. Finally, the GCMC simulatiooxes consisted of>22x25 and

3x3x6 unit cells in case of AFl and LTA, respectively.
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In case of EMD simulations\V T ensemble), following differences apply in comparison #® th
TrMD runs. Just as for GCMC, potential grids were used in #méoglic EMD simulations but here
with finenesses of 0.061 and 0.052 A for AFI and LTA, respetyivUsually, each EMD simulation
was conducted until the system reached 500 to 1000 ns. Lomglation boxes were used at
low concentrations in AFI (2x25 unit cells) to cope with a known channel-length effect tha
we have investigated previousty.However, to reduce the computational burden with incregsin
concentration, the boxes were proportionately reducedzawhich was legitimate because the
channel-length effect levels off as concentration inaeea$ For LTA, this effect is absent but we
have encountered that the thermostat has some biasingiodwa the diffusion coefficient which
we discuss in Section 2.2.

EMD simulations provided both mean squared displacemeSOMf single-molecule motion

N
alongz direction, YN 5 [z(t) — z(0)]%, as well as squared mean displacement (SMD) of the
i=1

N
center-of-mass motion of all guest molecules aland,/N- 5 [z(t) —z(0)]}2. The self-diffusion
i=1

coefficient for thez direction,Ds , was obtained via the slope of the MSD

N
Ds,= 3 im %<§;[a o —a<o>}2>, ®)

In EqQ. (8),N denotes the number of molecules of the species for whichitheside motion is to

be calculated ang(t) the position of moleculealongz coordinate at timé, whereas the angular
bracket indicate an ensemble average, that is, the MSD hlas tmmputed for many different
reference pointg (0). The corrected diffusion coefficieriDc ;, which is sometimes also referred
to as the collective diffusion coefficient because it ratesrobility of the entire center-of-mass

of all molecules at once, was calculated by the SMD slope

2
Dc,z=%t|m%<{%i;[zi(t)—zi(oﬂ} > (©)
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Figure S4: Adsorption isotherm at 300-303 K (a) and Henryfimdents over inverse temperature
(b) for methane in purely siliceous LTA-type zeolites fromlwmetric and gravimetric measure-
ments (Hedin et al?® open circles; Palomino et af: open triangles) as well as from molecular
Monte-Carlo simulations (this work: red filled squares).t®&that statistical uncertainties of the
simulation results are smaller than the symbol size.

2.1 Agreement between Simulations and Measurements

Dubbeldam’s force fieltl was employed because it was specifically and carefully deeel to
reproduce experimental adsorption isotherms by fittinghftection point§8 and showed good
agreement with diffusion measurements, #8dn the following, we reassess the quality of the
model.

In Figure S4, we present experimental adsorption data féiname in siliceous LTA? (Ref. 20
and 21) and our molecular simulation predictions. Deviaiamount to at most 12 % (Ref. 21)
and 30 % (Ref. 20) between isotherms obtained from measutsraed from Grand Canonical
Monte Carlo (Figure S4a). This is a good result considetegact that rather small perturbations
in the crystal structure can easily lead to exactly this nitage of loading discrepand? The
deviations in the Henry coefficients (Figure S4b) range betw-1 % and—8 %, both indicating

the exceptional good agreement at low loadings.
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Hedin et al?®m also determined the self-diffusion coefficient of methan8i-LTA at 301 K

and 1.013 barX 0.4 molecules per cage) by means of PFG-NMR measurements:
e Dg=1.42<10"10m?s,

Note that the diffusivity is averaged over all three Cagesiomponents:

_ DS,x + DS7y + DS,z

D
S 3 )

(10)

where it is noteworthy that LTA is an isotropic medium to naeth diffusion such thdds = Dsx =

Dsy = Ds;. Our molecular dynamics prediction amounts to
e 0.293<10 19m?/s

using Dubbeldam’s force field at 300 K and 0.4 molecules pgecdhe comparison reveals as
large a deviation between experiment and simulation astarfa€ 4.8. This is however not sur-
prising because deviations in transport coefficients (expnts vs simulations) often span several
orders of magnitudé? particularly if the diffusivities are small. Moreover, PR®/R experiments
for small hydrocarbons in Si-LTA notoriously yield incosgnt results. Orders-of-magnitude dis-
crepancies in diffusion coefficients are observed just liyguerystallites from different synthesis
batches?* Therefore, we regard a factor of roughly five between ouriptiesh and Hedin’s mea-
surement as a positive outcome.

Although we have not found any experimental adsorption eartsport data of methane in SSz-
24, the siliceous AFI-type zeolite structutethere are data for a similar structure with the same
framework type: AIPQ-5,%% the aluminum phosphate equivalent to SSZ-24. The expetahen
date2’~31 are displayed in Figure S5 along with our simulation prédict. We observe over-
predictions in adsorption (Figure S5a) up to a factor of 297K and low pressures (4106 bar).
However, this levels off quickly to small differences beeme7 % to 18 % from 210~° bar on.
Importantly, inflection points are well reproduced. Thewaly give rise to reordering processes

of the adsorbate molecules in the host structure and, heecee as an additional indicator of
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methane in Si-AFl and AIPO,-5
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Figure S5: Adsorption isotherms at 77 K and 97 K (a) as welleisdsffusion coefficients over
loading at various temperatures (b) for methane from measents in AIPQ-5 (Martin et al.27-28
open circles; Song et af® crosses; Nivarthi et a? open triangle; Jobic et af* open squares)
and from molecular simulations in silicious AFI (this wotidue filled symbols), respectively.

realistic modeling apart from the mere quantitative agresti?? Taken together, we conclude that
adsorption isotherms are reasonably reproduced.

The comparison of methane self-diffusion coefficients id AHgure S5b) shows that we ob-
tain good agreement with the experiments at the lowest teatyre (97 K) only. As the tem-
perature is raised, the discrepancy between measurenmt gymbols) and prediction (filled
symbols) increases to more than an order of magnitude. Notethat the statistical accuracy of
the simulation is very high because the error bars, plottetgavith our simulation data, are much
smaller than the symbol sizes. The experimental error, erother hand, is rather large with an
estimated value of 50 % as given in Ref. 31 for the diffusagtat 155 K. Such large uncertain-
ties do however not explain a more than 10-fold deviation0& R. We can only speculate about
the reasons why the discrepancy increases with temperathezmost likely explanation, in our
opinion, are differences in AIP§5 crystallites, as was also suggested by Jobic ét &or ex-

ample, different AIP@-5 batches could have had different degrees of lattice tetwdtich formed
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internal transport resistancem addition to the intrinsic diffusion barriers caused by rerfect
nanopore®2 This is quite probable because some zeolitic matefijsst as AIPQ-5,34 are sens-
itive against storage under non-dry conditions. The diffiédegree of (hypothetical) defects may
have been pure coincidence, but it is also possible thag tisea relationship between intrinsic
diffusion barriers, transport resistances by lattice cisfand temperature. While the hypothesis
is scientifically appealing, its investigation is beyond #tope of this work. We therefore con-
clude that the force field chosen describes methane sélisaih in AFI-type zeolites well enough
for our purposes, given the facts that experimental and lsion results were based on slightly
different host structures and that the experimental em@n® rather large. However, we have to
stress that a lower prediction certainty exists as comptaréte above discussed transport in LTA

because of larger discrepancies between measurementsranat®ns in case of AFI.

2.2 Transport-Diffusion Coefficient from EMD

To compare diffusion coefficients from transient MD simidas (main text) with diffusivities
from equilibrium MD we use the thermodynamic correctiontéad™.3° The factor is defined for
single component adsorption under isothermal conditignthb change in the logarithm of the
fugacity, dIn f, with change in logarithm of equilibrium concentration etadsorbed zeolite
phasegdInceqzeor

dinf

N=—-— . 11
0INCeqzeol | T (1)

The thermodynamic correction factor links the correctdiigion coefficientD¢, with the transport-

diffusion coefficientDr, via3®

DT(Ceqzeol) = I_(Ceq,zeol) X DC(Ceq,zeol)a (12)

where all three quantities usually depend on guest corat@nty Ceqzeol, iN the adsorbed zeolite
phase. The equation originates from deriving the diffugiqnations on the basis of an energy ba-

lance where the chemical potential driving force is oppdsed friction force36 From a scientific
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Figure S6: Adsorption isotherms of methane in siliceous &R300 K (a) and in siliceous LTA at
750 K (b) obtained from GCMC simulations in periodic zeokitgstals (solid and dotted lines).
Vertical and horizontal dashed lines highlight final edurilim state points of the transient MD
simulations. Triangles in part b are isotherm results froMiTNMC instead of GCMC where,
however, the simulation box contained an explicit gas sphtéhat case, the gas-phase pressure
was calculated on the basis of the average gas-phase caimentia the Peng-Robinson equation
of state.

point of view, it provides an ideal means to investigatewsifbn phenomena because the relative
significance of thermodynamic effects) @nd mobility effects[D¢) on the transport diffusivity can
be extracted® It is at this point noteworthy that many authors in zeoliteesce prefer to present
diffusion coefficients as functions of loadin@)( that is, in molecules per unit cell or cage, but that
both quantities are directly relatel I Ceqzeo)-

The comparison of diffusion coefficients requires thus thkewdation of corrected diffusion
coefficients as well as adsorption isotherms, the lattargoesed for the numerical determination
of I'. Therefore, we show the adsorption isotherms of methaneFinaf 300 K and in LTA at
750 K obtained from GCMC simulations in Figure S6. The finaliglgrium states of the transient
MD simulations are indicated by dashed lines. Evidently ttto states are at comparable isotherm
locations. Note that we have tested whether or not the LT&emn is sensitive against changes
in simulation box size. We could successfully rule out suelsibg influence, as evidenced by the
comparison between solid line in Figure S6b (small simafabiox) and dotted line (large box).

Results of corrected diffusion coefficients from EMD sintidas are presented in Figure S7.
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Figure S7: Corrected diffusion coefficients of methane il AF300 K (left) and LTA at 750 K
(right) from equilibrium molecular dynamics simulationd\( T). Note again that LTA is an iso-
tropic medium to methane diffusion, that B¢ = Dc x = Dcy = D¢ ;. Error bars were computed
via the sample variance of the results of at least five indégetsimulations.

Different symbols represent data where increasing eqitilitbconcentrationGeqeol, Was achieved

by changing the number of methane molecules while using alation box of (approximately)
constant size. By contrast, the grey-shaded areas conespdhe opposite case where the sim-
ulation box size varies while the number of methane molecid€roughly) the same. In doing
S0, we observe that the corrected diffusivity in LTA (on tight hand-side of Figure S7) exhibits
a slight adsorbate-particle number influence which, howdseels off as soon as more than 100
methane molecules are simulated. This effect can be adctibthe thermostat and it has been
also reported by Dubbeldam et#l The authors recommended to couple more than 100 particles
to the thermostat to avoid this biasing efféétwe regard the thermostat influence to also be the
reason why both the transport diffusivity and the surfagengability from TrMD in LTA increase
slightly with sheet thicknesD{°° and a'°® in Table 1 in main text). The thicker the sheet is, the
higher will be the average number of molecules in the TrMDuwation at comparable uptake
rates. The higher the average number of molecules, therldrgealiffusion coefficient as a result
of the thermostat effect. Since the surface permeabilitps the same concentration behavior

as the diffusivity (Figure S11), the same reasoning appbes with respect to the thermostat
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Figure S8: a) Thermodynamic correction factofs, as functions of relative concentration,
C = Ceqzeol/Crinal, fOr methane in AFI at 300 K and in LTA at 750 K. Since the datadmewhat
noisy at low concentrations we have fitted the correctiotofaitom GCMC (error bars) to para-
bolic functions (lines), providing excellent agreemen).Toansport,Dt, and corrected diffusion
coefficients D¢, vs relative concentration (same systems) wiikses obtained from equilibrium
MD simulations and converted @t with " via Eq. (12).

influence.

We have used analytic functions to describe the conceotrdgpendence @¢ (dashed lines
in Figure S7) for the determination of the transport-diifuscoefficient on the basis of EMD sim-
ulations. In the case of AFI, an exponential reproduced tdedt best whereas a simple linear
relationship was sufficient for LTA. Also, the thermodynarorrection factors, derived from the
adsorption isotherm by numerical differentiation (errarsin Figure S8a), were fitted to analyti-
cal solutions (lines in Figure S8a). Here, a parabola woldesd wherd increases monotonically
in the concentration range relevant to our TrMD simulationg=igure S8b, both diffusion coeffi-
cients from equilibrium MD simulations are plotted overatale concentrationGeqgzeol/ Crinal: the
corrected diffusion coefficient (dotted lines) and the $gaort diffusivity (solid lines) for AFI (top)
and LTA (bottom). The mean transport-diffusion coefficieitr, are hence 7.5610 8 m?/s and

9.2x10 19 m?/s for AFI and LTA, respectively.
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3 LTA Tracer-Exchange Surface Permeability

The surface permeabilitgis, of methane under tracer-exchange conditions in LTA wasrdehed
by means of a predictichthat is grounded on dynamically corrected transition stagery3’—39
and the assumption that the interface between gas and smigists of two sublaye?<© (cf.,

Figure 2 in ref 5):
V/Ceqzeol
1/(KgasCquas) + 1/(KSUFfCquurf)

s = (13)

In Eqg. (13),v denotes the average directed velocity of a methane molaturhg thez coordinate
which equals,/kg T /(2rm), Ceqzeol the average equilibrium concentration throughout theiteeol
nanosheet whereag ;,sandcg, s denote the equilibrium concentrations at the positionfief t
transition states for methane molecules moving betweesulface adsorption layer and the gas
space as well as between the surface adsorption layer armutbemost zeolite cage, angas
andkgyf are the corresponding transmission coefficients for angsie just mentioned transition
states. Note that we have used here subscript “eq” to si¢fmfythe concentrations refer to equi-
librium profiles along the simulation box obtained from stardNV T Monte Carlo simulations.
Before we show the results, we have to highlight two diffeesnin comparison to our recent
approach to predictris via Eq. (13). First, the surfaces of the LTA nanosheets hagelarly
distributed hollows (Figure 1 in the main text) which coneplie the calculation of concentration
profiles and thus evaluation of Eq. (13). The problem becomese tangible by considering
Figure S9, where we provide two-dimensional free-energgdaapes of methane in the interface
region between gas phase and zeolite interior. Marked aitfel“O” and large “X”, we highlight
the transition state location for methane molecules tragéfom the outermost cage to the surface
adsorption layer and the location of the adsorption sitéhis layer. Clearly, if we used simple
concentration profiles alormthe low concentration at the transition state “O” (iG,) would
be superimposed by the high concentration of the surfaae giiisn layer at “X”, therefore leading
to an artificial increase of the surface permeability. Toiéwbis, we turned back to the three-

dimensional residence distributions on which Figure Stsally based and directly evaluated
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Figure S9: Two-dimensional free-energy landscapgg, rpore) /kgT, of methane in the inter-
face between LTA nanosheet interior (right hand-side) aasl gpace (left hand-side) for two
different average zeolite loadings. White areas indicatgons that were never visited by a
methane molecule, black and blue regions are rarely visggobns, and red frequently visited
regions. The landscapes are based on three-dimensiondées probability distributions of
methane molecules in the simulation box, where it is impuarta underline that they were cor-
rected for a non-linear mapping of the Cartesiaandy coordinate. That isk(z,rpore) /kg T =
—In[Nhits(Z, I pore) /rgoreJ, whereNhits(z, r'pore) denotes the accumulatenpt the averagechumber
of hits of having found a molecule atand a distanceyore apart from the pore axis with respect to
x andy.

the number of hits in each voxeVits(X,Y,2). Therefore,Ceqzeol Was substituted by the number
of hits averaged over all voxels that belonged to the innetmage,l\_lhit&zem. Likewise,c’gqSUIrf

was obtained by averaging the number of hfﬁ,?n in the plane az = —3.57 nm (position

ts,surfr
of outermost zeolite atoms) with the restriction that vexekre included for averaging only if
they were at most 0.15 nm apart from the pore axis akorignally, ¢z, 4as Was substituted by the
number of hits N, gas @veraged over the separation plane between surface &dsdgyer and
gas phase (dashed lines in Figure S9). To test its validéyhave calculated the concentration-

dependent self-diffusion coefficients based on transgtate theory employing the 3D distribution
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Figure S10: Evolution of a swarm of reactive flux trajectsrigaving the surface barrier between
external adsorption layer and outermost zeolite cage. thatewe have shifted the origin of the
z coordinate to the location of the surface barrier in congmarito Figure S9 where it is found at
z=—-3.57 nm.

analysis which gave identical results in comparison to eatienal 1D histogram analysis.

The second difference was also due to the structure of the duiface and concerned the
transmission coefficients. The location of the surface gudgm site would have also required an
additional order parameter, such as the distance from theegpas,pore, t0 be used in the reactive
flux (RF) simulations for determination of the transmisstoefficients. This is, because the final
state for a methane molecule hopping either from the outstoage onto the surface layedg ;1)
or for a movement from the gas phase towards the surface (&yg) is not unequivocal with
a simple one-dimensional reaction coordinate. Despitegloblem, we find that it is sufficient
to start the RF simulations from the surface barrier (“O” igufe S9) and stop a given shoot if
the molecule has reached either the center plane of thenososécage{ = 2.95 nm) or if it has
left the simulation box at the left hand-side endzat 6.34 nm. Evidence comes from probabi-
lity distributions that track the temporal evolution of thetire swarm of RF trajectorie;*? as
displayed in Figure S10. Only a very small fraction of the swaims for the surface adsorption
site, which is again marked with an “X” (blue). This fact ledithally to the vast majority of RF

trajectories arriving either at the left boundary of theface adsorption layerz(= —2.8 nm in
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Figure S11: Tracer-exchange surface permeability priediotrs™, of methane through the LTA
nanosheet interface over relative zeolite concentrati@eol/ Crinal, at 750 K.

Figure S10) or at the right boundary of the outermost cage.55 nm in Figure S10) after 10 ps.

Hence, a negligibly small number of trajectories is “calidigttween the surface adsorption layer
and gas phase only. We conclude therefore that ndﬁhgbasnorl(gasis actually needed because
methane molecules on the surface barrier commit directlgitteer the gas phase or the zeolite

interior. Hence, we can in good approximation predigty:

— NS
LTA VKSUFergaSJ\Ihits,surf
as'™ = .

14
I\lhits7zeol ( )

Here Ksur+gas IS the combined transmission coefficient for methane mddscstarting from the
surface barrier and ending up in either the outermost zecdige or in the gas phase.

Finally, we have plotted the resulting tracer-exchangéaserpermeability prediction of meth-
ane through the interface of the LTA nanosheet over theivelabncentrationgeqzeol/ Cfinal, i
Figure S11 (circles). In addition, we provide a linear fithie tlata points by which means we have
determined the mean surface permeability to 0.383 m/s anshaw also a surface permeability
prediction on the basis of the self-diffusion coeffici&htcrosses). It is furthermore instructive to
mention that the corrected diffusivity is identical to thefiffusion coefficient in the concentra-

tion range of Figure S11.
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4 Concentration-Dependent Corrected Diffusivity from TrM D

As mentioned in Table 1 in the text, we have also fitted theyaical solutions of the concentration
profiles with the surface-barrier boundary condition to tansient MD data by introducing a
third parameter. That parameter describes the concemtrd¢ipendence of the corrected diffusion
coefficient. In agreement with our EMD findings (Section 2v&) employ an exponential function
in case of AFI

Dc(c) = Dcpo-expaz-c) (15)

and a linear relationship for LTA

Dc(c) =Dco+a4-C, (16)

with D¢ g the zero-concentration diffusivity arak as well asay being constant. Obviously, we
have also to input the thermodynamic correction factor auofitting approach. This was actually
the reason why we have introduced analytical descriptidris io Section 2.2 in the first place
because they are easier to handle during fitting than anyetissdata sets oh. Finally, note
that we used the average methane concentration throudi®entire nanosheet(t;), at a given
instance of time for the determination of the “instantarg8aoncentration-dependent transport-
diffusion coefficient,Dt(t) = D¢[c(ti)] x '[c(t;)], and thus for calculation of the concentration
profile at time instancg.

The results are presented in Table S1 along with the measpwaindiffusivity resulting from
the fitted functionals. The mean diffusivities and also thdace permeabilities agree very well
with those presented in the main text for fittingoprofiles witha and aconstant . However,
the fitted parameters are consistent with the one from EMDigsitions in the case of AFI only. As
Figure S12 shows, EMD data and TrMD fits fall on top of one aaptor AFI whereas we observe
strong deviations for LTA. The fact that the mean transplifftisivity is nonetheless consistent
with the average derived in Section 2.2 leads to the corahutbiat the concentration dependence of
the diffusivity does not play as important a role for methaptake into very thin LTA nanosheets

as into AFI sheets.
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Figure S12: Corrected diffusion coefficients of methane ki &t 300 K (left) and LTA at 750 K
(right) from equilibrium molecular dynamics simulatiod$\( T) and from fitting analytical solu-
tions of concentration profiles to data from transient mali@c dynamics simulations where a
concentration-dependent diffusion coefficient was useteranalytical solutions.

Table S1: Surface Permeabilities and Concentration-Depatent Diffusion Coefficients.

0 a Dco a3, a4 Orel® Dlec b
[nm] [m/s] [10~1%m?/s] [10-3m3mol]  [%] [10~19m?/s]
[10~3m®/(s mol)]
AFl  10.2 10.6 900 —-0.475 3.6 823
20.4 8.9 1000 —-0.575 3.3 835
40.7 7.9 920 —-0.525 34 804
LTA 4.8 0.27 0.65 12.4 3.7 8.01
11.9 0.29 3.75 129 33 11.82
26.1 0.34 6.00 45 3.1 9.44

aRelative sample standard deviation averaged over all daiatp. PAverage transport-diffusion coefficient

obtained from these fits and thus not from EMD as in main text.
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5.2 AFI

23.774 13.726  8.484

90. 000 90.000 90.000 SPCR= 1P1 OPT =1
144 0
0 AFI : AFI

1Si1 0.22620 0.10210 0. 07800 5 7 9 11 0 O 0 0 0.000

2 Si2 0.72620 0.60210 0. 07800 6 8 10 12 0 O 0 0 0.000

3 Si3 0.22885 0.10885  0.45000 7 83 101 117 0o ©O 0 0 0. 000

4 Si4 0. 72885 0. 60885 0.45000 8 84 102 118 0 O 0 0 0. 000

5 & 0. 21050 0.00320 0.02800 1 0 O 0 0 O 0 0 0. 000

6 6 0. 71050 0.50320 0.02800 2 0 O 0 0 O 0 0 0. 000

7 Or 0. 22775 0.10345 0. 25000 1 3 0 0 0o o© 0 0 0. 000

8 08 0.72775 0.60345 0.25000 2 4 0 0 0o o© 0 0 0. 000

9 @ 0. 18350 0.17490 0.02600 1 0 O 0 0 O 0 0 0. 000
10 Q10 0. 68350 0.67490 0.02600 2 0 O 0 0 O 0 0 0. 000
11 Qa11 0.28420 0.12840 0.01400 1 0 © 0 0 ©O 0 0 0. 000
12 Q12 0. 78420 0.62840 0.01400 2 0o ©O 0 0 ©O 0 0 0. 000
13 Si 13 0.33585 0.78825 0. 07800 17 19 21 23 0 O 0 0 0.000
14 Si 14 0.83585 0.28825 0. 07800 18 20 22 24 0 O 0 0 0.000
15 Si 15 0. 33115 0.78885 0.45000 19 89 107 141 0o oO 0 0 0. 000
16 Si 16 0. 83115 0.28885 0.45000 20 90 108 142 0o oO 0 0 0. 000
17 Q17 0. 39315 0.81415 0.02800 13 0 O 0 0 O 0 0 0. 000
18 018 0. 89315 0.31415 0.02800 14 0 O 0 0o o© 0 0 0. 000
19 019 0. 33440 0.78990  0.25000 13 15 0 0 0o o© 0 0 0. 000
20 @20 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 oO 0 0 0. 000
23 23 0.29370 0.86210 0.01400 13 0o o© 0 0o oO 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 oO 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 0o o© 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 G33 0. 49570 0.13730 0.02600 25 0o o© 0 0 ©O 0 0 0. 000
34 034 - 0. 00430 0.63730 0.02600 0 0o © 0 0o ©O 0 0 0. 000
35 35 0. 42210 0. 00950 0. 01400 25 0 O 0 0 O 0 0 0. 000
36 86 0.92210 0.50950 0.01400 26 0 O 0 0 O 0 0 0. 000
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78 Or8 0. 89315 0.68585 0.52800 28 74 O 0 0 O 0 0 0. 000
79 Or79 0. 33440 0.21010 0. 75000 73 75 O 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
81 081 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 (83 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 ©O 0 0 0. 000
85 Si 85 0.43795 0.89035 0.57800 89 91 93 095 0 oO 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 0 0 91 0 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 (089 0. 39635 0.81735 0.52800 15 85 0 0 0 © 0 0 0. 000
90 @0 0. 89635 0.31735 0.52800 16 86 O 0 0 O 0 0 0. 000
91 ™1 0. 43785 0.89335 0.75000 85 87 0 0 0o oO 0 0 0. 000
92 M2 0.93785 0.39335 0.75000 86 88 O 0 0o oO 0 0 0. 000
93 93 0. 49570 0.86270 0.52600 64 85 O 0 0 O 0 0 0. 000
94 4 - 0. 00430 0.36270 0.52600 63 0 O 0 0 O 0 0 0. 000
95 5 0. 42210 0.99050 0.51400 0 8 0 0 0 o© 0 0 0. 000
96 06 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 O 0 0 0.000
99 Si 99 0.22885 0.89115 0. 95000 0 0 0 103 0o 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 0 O 0 0 0. 000
103 0103 0. 22775 0.89655 0. 75000 97 99 0 0 0 o© 0 0 0. 000
104 0104 0.72775 0.39655 0. 75000 98 100 O 0 0 oO 0 0 0. 000
105 Q105 0. 18350 0.82510 0.52600 51 97 0 0 0 O 0 0 0. 000
106 O106 0. 68350 0.32510 0.52600 52 98 O 0 0 O 0 0 0. 000
107 0107 0. 28420 0.87160  0.51400 15 97 0 0 0 © 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 0 0 0.000
110 Si 110 0.66415  0.78825 0.57800 114 116 118 120 0 © 0 0 0.000

111 si 11 0.16885 0.28885 0.95000 0 0 0 115 0 oO 0 0 0. 000
112 Si 12 0. 66885 0.78885 0.95000 0 0 0 116 0 O 0 0 0. 000
113 Q113 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 0115 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 O 0 0 0. 000
118 0118 0. 67920 0.68780 0.52600 4110 O 0 0 oO 0 0 0. 000
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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 0o 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 O 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 oO 0 0 0. 000
127 O127 0. 06215 0.60665 0.75000 121 123 O 0 0 O 0 0 0. 000
128 QO128 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 0 O 0 0 0. 000
130 0130 0.50430 0.13730 0.52600 27 122 0 0 0 © 0 0 0. 000
131 Q131 0. 07790 0.50950 0.51400 63 121 0 0 0 O 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 oO 0 0 0.000
134 Si 134 0.77380 0.10210 0.57800 138 140 142 144 0 O 0 0 0.000

135 Si 35 0.27115 0.60885 0.95000 0 0 0 139 0 O 0 0 0. 000
136 Si 36 0.77115 0.10885 0.95000 0 0 0 140 0o oO 0 0 0. 000
137 0137 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 QO139 0.27225 0.60345 0.75000 133 135 O 0 0 O 0 0 0. 000
140 0140 0.77225 0.10345 0.75000 134 136 O 0 0 © 0 0 0. 000
141 Q141 0. 31650 0.67490 0.52600 15 133 0 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 Q0143 0. 21580 0.62840 0.51400 51 133 O 0 0 O 0 0 0. 000
144 0144 0. 71580 0.12840 0.51400 52 134 0 0 0 o© 0 0 0. 000
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6 List of Symbols

Symbol Description Units
a; parameter of analytical description [of -
ap; parameter of analytical description of -
az parameter of analytical descriptionDBg in AFI m3 mol~1
as parameter of analytical descriptionBE in LTA m® mol~t st

acqo — /") acceptance probability of a transition from statéo state 4 -
C concentration mol m—3
c(tj)) concentration at time instanteand averaged over
the entire nanosheet (i.e., alorg mol m~3
c(ti,zx) concentration at time instanteand positiorgy
averaged over 40 independent TrMD simulations mofm
C relative concentration -
[specifically: related to final TrMD state<(c/Crinal)]
D diffusion coefficient m? st
D mean diffusion coefficient m?s1
(specifically: averaged over concentration regime of agbr
Dc corrected diffusion coefficient m2s1
Dco parameter of analytical description D§ m?s1
Ds self-diffusion coefficient m2s1
Dt transport-diffusion coefficient m?s1
F free energy J
f fugacity Pa
h Planck constant (6.62606% 34 Js
i index variable -
j molar flux molm2s-1

To be continued on next page.
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Symbol Description Units
Ky Henry coefficient mol Pat kg1
k index variable -
kg Boltzmann constant (1.3806448 2% JK1
L dimensionless coefficient] (&/2)a /D] -
| length or width m
m mass kg
n order of magnitude -
N number of molecules -
Na Avogadro constant (6.022114%9) mol~1
Nhits(X,¥,2) number of hits of having found a molecule
at the given point in space -
Nhits average number of hits of having found a molecule
in some region to be specified -
N: number of time instances of sampliogprofiles
in a TrMD simulation -
Niyials number of Monte Carlo trials -
(specifically: insertion plus deletion trials)
Nuci number of unit cells aligned along Cartesian coordimate -
N; number of points alongwhich a singlec-profile
from a TrMD simulation consisted of -
P probability (density) -
p pressure Pa
r distance m, A
[specifically: for atomic interaction calculation]
reutoff Cutoff distance for interaction calculation m, A

To be continued on next page.
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Symbol Description Units
'pore distance from pore axis m
T temperature K
t time S
U potential energy J
V  volume m3
v mean velocity in one direction of one of the Cartesian cowttis ms'
(specifically: along)
x Cartesiarx-coordinate
y Cartesiary-coordinate
z Cartesiarz-coordinate
(specifically: coordinate along which uptake proceeds)
Greek symbols
a surface permeability mst
B reciprocal temperature [1kgT)] J1
Y i-th positive root ofytany = L -
I thermodynamic correction factod (n f /0 InCeqzeol|T) -
¢ Lennard-Jones well depth J
0 nanosheet thickness m
K transmission coefficient -
o Lennard-Jones zero-potential distance m, A
Orel averaged relative sample standard deviation %
6 loading molecules
x(cage) !
A\ thermal de Broglie wavelength m

To be continued on next page.
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Symbol Description Units

¢ chemical potential J mol?

m 3.141592653589793238 -
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Superscript

Description

x reference to a (free-energy) barrier

dcTST reference to dynamically-corrected transitionestiaéory
int reference to an integral analytical diffusion solution
LTA reference to LTA framework type
loc reference to a spatially resolved (i.e., local) anagjtdiffusion solution
Subscript Description
box related to the simulation box
cage related to a zeolite cage
cv related to the control volume in transient molecular dyits
eff effective value
(specifically: effective transport-diffusion coefficigty ff)
eq indicates an equilibrium (time-invariant) property
final related to the final state in transient filling of a nareeth
gas related to the bulk gas phase
i index (e.g. bead type, molecule number)
j index
res related to a (hypothetical, infinite) gas reservoir
slab related to a slab of the nanosheet
surf related to the surface separating the surface adsoratyer and the zeolite margin
S related to self-diffusion and thus tracer-exchange sitns
X related to Cartesiac-coordinate
y related to Cartesiayrcoordinate
z related to Cartesiarcoordinate
zeol related to the bulk zeolite space
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7 List of Abbreviations

Abbreviation

Meaning

CVv
EMD
GCMC
IFM
NEMD
MC
MD
MSD
RF
SMD
TrMD

control volume

equilibrium molecular dynamics
Grand-Canonical Monte Carlo
interference microscopy
non-equilibrium molecular dynamics
Monte Carlo

molecular dynamics

mean squared displacement
reactive flux

squared mean displacement

transient molecular dynamics
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