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1 Transient Molecular Dynamics

In the following section, we will highlight details on the transient molecular dynamics (TrMD)

simulations performed in this work (Section 1.1), list the models used and approximations made

(1.2), as well as present tests of TrMD specific parameters (1.3).

1.1 Simulation Details

As described in the main text, transient molecular dynamics(TrMD) is basically a mixture of

equilibrium molecular dynamics (EMD) with spatially restricted Grand-Canonical Monte Carlo

(GCMC) trials, the latter enabling a non-constant number ofmolecules in contrast to ordinary

EMD.

Simulations were carried out in a rectangular simulation box, as depicted in Figure S1. Nano-

sheets were created by placingNuc,x×Nuc,y×Nuc,z unit cells in the box center (AFI: 2×2 in x and

y as well as 3, 6, 12, 24, and 48 alongz coordinate for enabling increasing nanosheet thickness;

LTA: 3×3 in x andy as well as 6, 12, and 24 inz). In addition, we added a layer of half a unit

cell alongz in case of AFI. In contrast tox andy, void space was added alongz in order for a

gas space to establish. Since periodic boundary conditionswere used in all directions, the set-up

resembled an infinitely repeating sequence of nanosheets and gas space alongz which extended

infinitely in x andy. Both surfaces, AFI and LTA, concluded with the respective window rings so

that the entropic diffusion bottle-necks formed the entrances to the pore structures in both cases.

At the left and right end of the simulation box, the control volumes, each of 16 Å width inz

direction, were placed inside the gas space. Since the totalvoid space added to the centered zeolite

sheet amounted to 56.01 Å an 12.005 Å thick intermediate “buffer zone” was formed between the

end of the CV and the position of the first zeolite atoms inz direction (Figure S1). Therefore,

molecules located in the control volumes did not interact with the zeolite atoms because our po-

tential cutoff radius was smaller than this buffer length (cf., Section 1.2). This, in turn, assured

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

simulation box formed in fact a single control volume due to the application of periodic boundary

conditions in all directions. Hence, the size of the single control volume was 2×16 Å=32 Å.

The simulation set-up mimics situations encountered in diffusion measurements, such as uptake

experiments, as well as interference1 and infrared microscopy,1 where the zeolite crystal is initially

empty and then starts to be filled with gas molecules as time proceeds. In the experiments, the huge

surrounding that is several magnitudes larger than the porevolume of the small crystal sample

forms practically an infinite reservoir of gas molecules that can enter the pores of the solid. In our

simulations, the control volume, which is of similar size asthe pore volume, takes over the task of

steady molecule supply because it is coupled to a hypothetical infinite gas reservoir via the GCMC

trials.

We imposed a constant chemical potential,µcv, in the control volume by standard Grand-

Canonical insertion and deletion trials. Every ten MD steps, five molecule insertion as well as five

molecule deletion trials were performed inside the controlvolume. The acceptance probability of
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an insertion trial to the control volume, acc(Ncv → Ncv+1), reads2,3

acc(Ncv → Ncv+1) = min

[

1,
Vcv

Λ3(Ncv+1)
exp

{

β
[

µcv−U(Ncv+1)+U(Ncv)
]

}

]

(1)

whereNcv denotes the number of molecules in the control volume,Vcv its size,Λ the thermal de

Broglie wavelength which equals
√

h2/(2πmkBT), h is Planck constant,m the mass of the just

inserted particle,kB Boltzmann constant,T the temperature imposed,U(Ncv) andU(Ncv+1) the

total potential energy of the old (Ncv) and new (Ncv+1) state, respectively, as well asβ = 1/(kBT).

However, it is more practical to impose the fluid-phase pressure becausep can be converted into

the fugacity,f , by an equation of state (here: Peng-Robinson) which can be incorporated directly

into the acceptance probabilities.2 Therefore, the insertion acceptance probability in fact used in

our simulation code is

acc(Ncv → Ncv+1) = min

[

1,
Vcvβ f

(Ncv+1)
exp

{

−β
[

U(Ncv+1)−U(Ncv)
]

}

]

. (2)

The derivation of this equation is found in Appendix G of Frenkel’s and Smit’s seminal molecular

simulation book.2 The corresponding acceptance probabilities of a deletion trial, acc(Ncv → Ncv−

1), are2

acc(Ncv → Ncv−1) = min

[

1,
Λ3Ncv

Vcv
exp

{

−β
[

µcv+U(Ncv−1)−U(Ncv)
]

}

]

(3)

acc(Ncv → Ncv−1) = min

[

1,
Ncv

Vcvβ f
exp

{

−β
[

U(Ncv−1)−U(Ncv)
]

}

]

(4)

with (Ncv−1) representing the new state (molecule deletion).

We performed 100,000 GCMC trials prior to the transient MD simulation itself to equilibrate

the CV where the probability to perform an insertion trial was equal to the one of a deletion trial

(50 %). A single trial position for the first bead was used to grow a new molecule in the control

volume. Cell lists were used for speeding-up the computation of potential energies. Freshly inser-
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ted molecules were assigned velocities that corresponded to the Maxwell-Boltzmann distribution

of the molecule and the temperature imposed.

The velocity Verlet algorithm was used to numerically propagate the systems during the MD

phase with a time-step size of 1 fs. As for the MD part of the transient MD simulations, we

used neighbor lists to speed up the calculation of forces with a cutoff radius of 16 Å and a update

frequency of 10 steps, that is, after each Monte Carlo phase.A Nosé-Hoover chain thermostat

maintained the temperature imposed.4 Although the length of the simulations were always set to

2 µs, we have usually stopped them as soon as the uptake curve showed a well appreciable plateau

at unity. In two cases, however, the simulations did not attain this value because of an unexpected

shutdown of our computer cluster: AFI simulations with the thickest sheet [m(t)/mfinal = 0.85]

and LTA calculations using the intermediate sheet thickness [m(t)/mfinal = 0.93].

Room temperature (300 K) was imposed in the AFI simulations,whereasT was set to 750 K in

case of LTA. Preliminary tests using conventional equilibrium molecular dynamics (EMD) at room

temperature have clearly shown that methane diffusivitiesare exceptionally small in LTA (≈ 2×

10−11 m2/s). The low temperature would have prohibited long enough transient MD simulations

of methane at room temperature with increasing nanosheet thickness. In fact, the simulations at

750 K employing the thickest LTA sheet were already such time-consuming that a single run took,

on an average, 88 days on a state-of-the-art Intel quad-corecluster!∗ Noting that the diffusivities

at 750 K amounted to roughly 6× 10−10 m2/s leads to an increase in the diffusion coefficient

by a factor of 30. Taking the opposite point of view, a single TrMD simulation would in first

order approximation have taken 30×88 days= 2640 days at room temperature, obviously being

infeasible. Furthermore, we have to reiterate that 40 independent simulation runs were performed

in order for the concentration profiles and uptake curves to show little noise and thus providing

statistically significant data (cf., Figure 2a and b in the main text). This sums up to remarkable

40×88 days= 3520 days≈ 10 years of single-core cluster time that were necessary forthe most

∗The cluster was purchased from COMPTRONIC GmbH, Germany, and is based on SuperMicro-Barebone sys-
tems. Each node has two quad-core CPUs (Intel XEON Harpertown E5430 and XEON Nehalem X5550) where each
core has a performance of 2.66 GHz. The RAM ranges between 16 and 24 gigabyte 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 LTA sheet).

The pressure imposed on the control volume was 10 bar and 100 bar for AFI and LTA, respect-

ively. The saturation concentration at the end of the TrMD simulations agreed perfectly with the

adsorption isotherms obtained from conventional Grand-Canonical Monte Carlo simulations and

amounted tocfinal = 1872 mol/m3 and 994 mol/m3 for AFI and LTA, respectively. The corres-

ponding loadings were 0.78 and 1 molecule per cage, indicating that the higher pressure in LTA

simulations compared to AFI runs was necessary to ensure comparable adsorption conditions.

Concentration profiles were obtained by dividing the nanosheet into equally sized slabs with

respect to thezcoordinate. The slab width was set to the cage size,lcage, of the respective structure.

The slab borders were set to the window locations where molecules “feel” the diffusion bottleneck

(Figure S2). We have to stress here that the slab containing the outermost cage on either side

of the sheet was ignored, as indicated by the X’s in Figure S2.By this, we circumvented the

influence of lower adsorption in the nanosheet boundary region on the transport coefficients. We

have recently shown5 that this effect makes the tracer-exchange diffusion coefficient, DS, and

surface permeability,αS, decrease with increasing sheet thicknessδ . Therefore, we conclude that

the decrease of bothα andDT as observed in the present work for AFI is very likely caused by the

memory effect only.

An order-n scheme2 was adopted for sampling of transient concentration profiles,c(t,z). This

has been proven to be very helpful because the short time uptake behavior is decisive for accurate

determination of the surface permeability, which we had already learned during the analysis of

our previous work on tracer-exchange surface permeabilities.5 In this respect, we observed that

the thinner the membrane or sheet is, the more important willbe data at early uptake stages. In

conventional schemes where constant sampling frequenciesare used to save concentration profiles

(i.e., linear in time), short time intervals would have beennecessary for a reliable determination of

α. This, however, would have led to an extremely high number oftotal sampling points. Obviously

not being efficient from a memory point of view, the linear sampling is neither wanted in regard

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

with different diffusion models having various parameters. Therefore, we sampled concentration

profiles every 100th step for the first 1000 MD steps and, after these initial 1000 steps (=1 ps),

switched over to an order-n scheme. Each order of magnitude was divided into 20 blocks, thus

yielding 20c-profiles per time magnitude.

At eachc-profile sampling time, we recorded the numbers of moleculesthat were found in

the individual slabs, divided these numbers byNA ×Vslab= NA × lbox,x× lbox,y× lcage, and saved

the resulting profile. We observed that profiles from single TrMD simulations were very noisy.

Therefore, 40 separate, independently initialized TrMD simulations were performed per system

in order to average the noisy single-simulation concentration profiles. In this respect, we have to

add that the time origin was shifted to the last concentration-profile sampling instance at which all
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concentrations of the averaged profile (i.e., alongz) were zero.

Uptake curves,m(t)/mfinal, were calculated by integrating the concentration profiles, c(t,z),

with respect to the sheet widthz and normalizing the values with the integral of the saturation

concentration thus yielding

m(t)
mfinal

=

+δ/2
∫

−δ/2
c(t,z) dz

+δ/2
∫

−δ/2
cfinal dz

. (5)

The integration limits highlight that the origin was located in the center of the nanosheet, whose

thickness wasδ .

1.2 Models

Methane was modeled as a single united atom bead that interacts via a Lennard-Jones type potential

with any other methane bead6

Ui,i(r) = 4 · εi,i ·

[

(σi,i

r

)12
−
(σi,i

r

)6
]

(6)

whereUi,i(r) represents the potential energy,U , between two Lennard-Jones united atoms of same

kind, i, i, that are a distancer apart from one another in space, andεi,i as well asσi,i denote

the respective Lennard-Jones parameters (well-depth and zero-potential distance of the interaction

between two beads of same typei). The interaction with the siliceous zeolite structure consisted

also of a Lennard-Jones potential only,6 such that the subscripts in Eq. (6) change fromi, i (same

bead kinds) toi, j for signifying different parameters because of the potential being calculated for

unlike beads.

The inclusion of partial charges has not been advisable because of two reasons. First, it is well-

known that the interaction of saturated hydrocarbons are almost exclusively governed by dispersive

van-der-Waals interactions, given that no chemical reaction is to be expected. This fact justifies a

purely Lennard-Jonsian potential between guests and guests as well as guests and siliceous zeolite
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host structure. Second, any electrostatic term would have disproportionately increased the compu-

tational burden where we have to stress again that many (40) independent, long running simulations

were necessary to obtain smooth concentration profiles at all relevant stages of nanosheet filling.

Therefore, a good tradeoff between realistic description of the system under study and minimi-

zation of computational costs was an important aspect of this work. For example, we decided

furthermore not to employ potential grids in the zeolite interior to speed-up guest-host interaction

calculation.7 Such lookup tables might have introduced transport artefacts due to slight potential

singularities at the border between the region of fully explicit interaction calculation and grid re-

gion. Instead, we used cell lists during the GCMC phase, as highlighted in Section 1.1, which

accelerated simulation runs by a factor of 2.2. Grids, on thecontrary, can lead to an enhancement

of simulation performance by as much as a factor of 12.6. We have to point out that these com-

parative performance data are based on adsorption isothermcalculations in a periodic AFI zeolite

with GCMC at 300 K and 10 bar in which the simulation box was approximately as large as the

thickest AFI nanosheet studied here. The (relative) computational burden was therefore compar-

able to the most demanding nanosheet simulations because the number of zeolite atoms, which

mainly determines the number of interactions to be calculated, was roughly the same (periodic vs

nanosheet) and the number of adsorbate molecules maximal (nanosheet saturation at pressure of

interest).

In the light of a good tradeoff between realistic modeling and computational efficiency, it is

also important to note that we have dealt with rather simple and idealized surfaces that were not

chemically saturated by silanol groups3 or the like. While such groups can lead to a five-fold

decrease in the surface permeability,3 the computational burden would rise dramatically. This is,

because corresponding force fields would again require the inclusion of partial charges. We decided

to use the computationally more efficient, though less realistic surface to enable a thorough study

of the effect induced by the nanosheet thickness, being the primary focus of this work.

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

of rcutoff = 12 Å. To avoid any singularities in both the potential energy(MD and MC) and the
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forces (MD only), the cut potential was shifted to zero at thecutoff, which is in accordance with

the original force field8 and yields (for same beads; cf. Eq. (6)):

Ui,i(r) =











4 · εi,i ·

[

(

σi,i
r

)12
−
(

σi,i
r

)6
]

if r < rcutoff

0 otherwise
(7)

The role of zeolite-lattice flexibility has been a controversial topic since the very beginnings

of simulation studies on guest-molecule adsorption9 and transport10,11 in these nanoporous host

materials. But most evidence points today at the fact that the influence is minor, particularly

for rather small molecules such as methane.12–15 Purely dynamic effects, such as the “breathing

window”,10 do most likely not have any significant influence. The term refers to the idea that

the window atoms of a zeolite structure move as soon as a guestmolecule appears so that the

window size increases and the passage of the guest molecule is considerably facilitated. However,

“static” effects, such as the average window size, have beenproven to be very crucial to transport

in zeolites.12–15In this light, the modeling approach chosen again proves to be realistic enough for

drawing valid “real-world” conclusions while being efficient for the demanding transient molecular

dynamics simulations.

Consistent with the original force field,6,8 the interaction between methane molecules and the

zeolite structures was assumed to be dominated by the CH4-O part, in fact entirely neglecting

any contribution by silicon atoms. While this can also be seen as a tradeoff between realistic

description and computational feasibility, the approximation is physically senseful because the

zeolite structures can be regarded to consist of O2− and Si4+ 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 number of GCMC trials performed are

rather specific parameters to TrMD simulations we have tested their influence on the basis of
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Figure S3: Concentration profiles of methane uptake into thesmallest LTA nanosheet studied
(δ ≈ 6 nm) at 300 K and 10 bar and for different widths of the controlvolume, lcv, as well as
different numbers of GCMC trials (Ntrials = insertion plus deletion) during each GCMC phase.
Each profile represents an average from 15 independent simulations under same conditions.

methane uptake into the smallest LTA nanosheet at 300 K and 10bar. The frequency of switching

from MD to GCMC is also an important and specific quantity. Butit has been shown elsewhere for

similar systems16,17 that every tenth MD step should be high enough a frequency to ensure steady

supply to the control volume and, hence, to simulate a stablegas reservoir. In the references given,

the highest frequency was every 20th MD step.

Keeping all other parameters constant, the size of the control volume (total width) was varied

from lcv = 2×1.6 nm= 3.2 nm over 2×8 nm= 16 nm to 2×16 nm= 32 nm. To ensure the same

GCMC trial rate per volume, the number of GCMC trials (Ntrials = insertion plus deletion) was

proportionately adjusted to the control volume length; thus,Ntrials= 10, 50, and 100. However, the

influence of the number of GCMC trials was also investigated by varying it from 10 over 20 to 50

for a constant control volume size of 3.2 nm. Note that we performed as many insertion (Ntrials/2)

as deletion attempts (Ntrials/2) per GCMC phase.

A sequence of resulting concentration profiles is shown in Figure S3 for the parameter combi-
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nations studied. At any time, the profiles fall on top of one another, subject to only minor deviations

in consequence of statistical fluctuations. Clearly, the parameters have no influence on the filling

of the nanosheet with methane molecules in the ranges investigated. Therefore, we used the most

efficient setup, that is, the smallest control volume width (3.2 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 in Section 1 by comparing data from

measurements on adsorption and transport properties with results of conventional equilibrium

Grand-Canonical Monte Carlo (GCMC) and standard equilibrium molecular dynamics (EMD)

simulations (Section 2.1). Furthermore, we deduce transport-diffusion coefficients from EMD and

GCMC in Section 2.2 which are compared to transport-diffusion coefficients obtained from TrMD

(main text).

Following differences applied to the GCMC simulations in comparison with simulation details

and parameters used in TrMD simulations. Potential grids with finenesses of 0.038 and 0.065 Å

for AFI and LTA, respectively, were used to speed-up the calculations between adsorbate mo-

lecules and zeolite atoms. While the MC library of insertionand deletion trials was extended to

also include translational displacements of the methane molecules, rotational trials were not of

concern because methane was modeled as a single spherical Lennard-Jones bead. We imposed

a target acceptance probability for the displacement trials of 50 %. Therefore, the maximum dis-

placement distance, in compliance with common practice, was dynamically adjusted during the

simulation to match this probability on an average,2 starting with a value of 1 Å in the equilibra-

tion phase of each GCMC simulation. Furthermore, we have typically performed 80 displacement

trials and 40 transfer (= insertion plus deletion) trials per MC cycle where 25,000 equilibration and

12,500,000 production MC cycles were executed per pressurepoint of a given isotherm. The max-

imum displacement distance was adjusted every 125,000th cycle, thus yielding 100 displacement

adjustments in the isotherm production phase per state point. At higher pressures, we had to reduce

the number of production cycles to 5,000,000, which, however, did not compromise the statistics

of the adsorption isotherm to any appreciable extent. For example, the relative error of methane

adsorption in AFI at 300 K and 10 bar (final state point of our TrMD simulations) was 0.06 %

executing 12,500,000 cycles, whereas still as small an error as 0.09 % was achieved at 20 bar per-

forming only 5,000,000 cycles. Finally, the GCMC simulation boxes consisted of 2×2×25 and

3×3×6 unit cells in case of AFI and LTA, respectively.

S14



In case of EMD simulations (NV T ensemble), following differences apply in comparison to the

TrMD runs. Just as for GCMC, potential grids were used in the periodic EMD simulations but here

with finenesses of 0.061 and 0.052 Å for AFI and LTA, respectively. Usually, each EMD simulation

was conducted until the system reached 500 to 1000 ns. Long simulation boxes were used at

low concentrations in AFI (2×2×25 unit cells) to cope with a known channel-length effect that

we have investigated previously.12 However, to reduce the computational burden with increasing

concentration, the boxes were proportionately reduced in size which was legitimate because the

channel-length effect levels off as concentration increases.12 For LTA, this effect is absent but we

have encountered that the thermostat has some biasing influence on the diffusion coefficient which

we discuss in Section 2.2.

EMD simulations provided both mean squared displacement (MSD) of single-molecule motion

alongz direction, 1/N ·
N
∑

i=1
[zi(t)− zi(0)]2, as well as squared mean displacement (SMD) of the

center-of-mass motion of all guest molecules alongz, {1/N ·
N
∑

i=1
[zi(t)−zi(0)]}2. The self-diffusion

coefficient for thezdirection,DS,z, was obtained via the slope of the MSD

DS,z=
1
2

lim
t→∞

d
dt

〈

1
N

N

∑
i=1

[

zi(t)−zi(0)
]2

〉

, (8)

In Eq. (8),N denotes the number of molecules of the species for which the diffusive motion is to

be calculated andzi(t) the position of moleculei alongz coordinate at timet, whereas the angular

bracket indicate an ensemble average, that is, the MSD has tobe computed for many different

reference pointszi(0). The corrected diffusion coefficient,DC,z, which is sometimes also referred

to as the collective diffusion coefficient because it rates the mobility of the entire center-of-mass

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

DC,z=
1
2

lim
t→∞

d
dt

〈

{

1
N

N

∑
i=1

[

zi(t)−zi(0)
]

}2
〉

. (9)
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Figure S4: Adsorption isotherm at 300–303 K (a) and Henry coefficients over inverse temperature
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ments (Hedin et al.:20 open circles; Palomino et al.:21 open triangles) as well as from molecular
Monte-Carlo simulations (this work: red filled squares). Note that statistical uncertainties of the
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2.1 Agreement between Simulations and Measurements

Dubbeldam’s force field8 was employed because it was specifically and carefully developed to

reproduce experimental adsorption isotherms by fitting to inflection points6,8 and showed good

agreement with diffusion measurements, too.18 In the following, we reassess the quality of the

model.

In Figure S4, we present experimental adsorption data for methane in siliceous LTA19 (Ref. 20

and 21) and our molecular simulation predictions. Deviations amount to at most 12 % (Ref. 21)

and 30 % (Ref. 20) between isotherms obtained from measurements and from Grand Canonical

Monte Carlo (Figure S4a). This is a good result considering the fact that rather small perturbations

in the crystal structure can easily lead to exactly this magnitude of loading discrepancy.22 The

deviations in the Henry coefficients (Figure S4b) range between−1 % and−8 %, both indicating

the exceptional good agreement at low loadings.

S16



Hedin et al.20m also determined the self-diffusion coefficient of methanein Si-LTA at 301 K

and 1.013 bar (̂= 0.4 molecules per cage) by means of PFG-NMR measurements:

• DS = 1.42×10−10 m2/s.

Note that the diffusivity is averaged over all three Cartesian components:

DS =
DS,x+DS,y+DS,z

3
, (10)

where it is noteworthy that LTA is an isotropic medium to methane diffusion such thatDS=DS,x =

DS,y = DS,z. Our molecular dynamics prediction amounts to

• 0.293×10−10 m2/s

using Dubbeldam’s force field at 300 K and 0.4 molecules per cage. The comparison reveals as

large a deviation between experiment and simulation as a factor of 4.8. This is however not sur-

prising because deviations in transport coefficients (experiments vs simulations) often span several

orders of magnitude,23 particularly if the diffusivities are small. Moreover, PFGNMR experiments

for small hydrocarbons in Si-LTA notoriously yield inconsistent results. Orders-of-magnitude dis-

crepancies in diffusion coefficients are observed just by using crystallites from different synthesis

batches.24 Therefore, we regard a factor of roughly five between our prediction and Hedin’s mea-

surement as a positive outcome.

Although we have not found any experimental adsorption and transport data of methane in SSZ-

24, the siliceous AFI-type zeolite structure,25 there are data for a similar structure with the same

framework type: AlPO4-5,26 the aluminum phosphate equivalent to SSZ-24. The experimental

data27–31 are displayed in Figure S5 along with our simulation predictions. We observe over-

predictions in adsorption (Figure S5a) up to a factor of 2.4 at 97 K and low pressures (4×10−6 bar).

However, this levels off quickly to small differences between 7 % to 18 % from 2×10−5 bar on.

Importantly, inflection points are well reproduced. They usually give rise to reordering processes

of the adsorbate molecules in the host structure and, hence,serve as an additional indicator of
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Figure S5: Adsorption isotherms at 77 K and 97 K (a) as well as self-diffusion coefficients over
loading at various temperatures (b) for methane from measurements in AlPO4-5 (Martin et al.:27,28

open circles; Song et al.:29 crosses; Nivarthi et al.:30 open triangle; Jobic et al.:31 open squares)
and from molecular simulations in silicious AFI (this work:blue filled symbols), respectively.

realistic modeling apart from the mere quantitative agreement.32 Taken together, we conclude that

adsorption isotherms are reasonably reproduced.

The comparison of methane self-diffusion coefficients in AFI (Figure S5b) shows that we ob-

tain good agreement with the experiments at the lowest temperature (97 K) only. As the tem-

perature is raised, the discrepancy between measurement (open symbols) and prediction (filled

symbols) increases to more than an order of magnitude. Note here that the statistical accuracy of

the simulation is very high because the error bars, plotted along with our simulation data, are much

smaller than the symbol sizes. The experimental error, on the other hand, is rather large with an

estimated value of 50 % as given in Ref. 31 for the diffusivities at 155 K. Such large uncertain-

ties do however not explain a more than 10-fold deviation at 300 K. We can only speculate about

the reasons why the discrepancy increases with temperature. The most likely explanation, in our

opinion, are differences in AlPO4-5 crystallites, as was also suggested by Jobic et al.31 For ex-

ample, different AlPO4-5 batches could have had different degrees of lattice defects which formed
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internal transport resistances1 in addition to the intrinsic diffusion barriers caused by the perfect

nanopore.32 This is quite probable because some zeolitic materials,33 just as AlPO4-5,34 are sens-

itive against storage under non-dry conditions. The different degree of (hypothetical) defects may

have been pure coincidence, but it is also possible that there is a relationship between intrinsic

diffusion barriers, transport resistances by lattice defects and temperature. While the hypothesis

is scientifically appealing, its investigation is beyond the scope of this work. We therefore con-

clude that the force field chosen describes methane self-diffusion in AFI-type zeolites well enough

for our purposes, given the facts that experimental and simulation results were based on slightly

different host structures and that the experimental errorswere rather large. However, we have to

stress that a lower prediction certainty exists as comparedto the above discussed transport in LTA

because of larger discrepancies between measurements and simulations in case of AFI.

2.2 Transport-Diffusion Coefficient from EMD

To compare diffusion coefficients from transient MD simulations (main text) with diffusivities

from equilibrium MD we use the thermodynamic correction factor, Γ.35 The factor is defined for

single component adsorption under isothermal conditions by the change in the logarithm of the

fugacity, ∂ ln f , with change in logarithm of equilibrium concentration in the adsorbed zeolite

phase,∂ lnceq,zeol:

Γ ≡
∂ ln f

∂ lnceq,zeol

∣

∣

∣

∣

T
. (11)

The thermodynamic correction factor links the corrected diffusion coefficient,DC, with the transport-

diffusion coefficient,DT, via36

DT(ceq,zeol) = Γ(ceq,zeol)×DC(ceq,zeol), (12)

where all three quantities usually depend on guest concentration,ceq,zeol, in the adsorbed zeolite

phase. The equation originates from deriving the diffusionequations on the basis of an energy ba-

lance where the chemical potential driving force is opposedby a friction force.36 From a scientific
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of state.

point of view, it provides an ideal means to investigate diffusion phenomena because the relative

significance of thermodynamic effects (Γ) and mobility effects (DC) on the transport diffusivity can

be extracted.36 It is at this point noteworthy that many authors in zeolite science prefer to present

diffusion coefficients as functions of loading (θ ), that is, in molecules per unit cell or cage, but that

both quantities are directly related (θ ∝ ceq,zeol).

The comparison of diffusion coefficients requires thus the calculation of corrected diffusion

coefficients as well as adsorption isotherms, the latter being used for the numerical determination

of Γ. Therefore, we show the adsorption isotherms of methane in AFI at 300 K and in LTA at

750 K obtained from GCMC simulations in Figure S6. The final equilibrium states of the transient

MD simulations are indicated by dashed lines. Evidently, the two states are at comparable isotherm

locations. Note that we have tested whether or not the LTA isotherm is sensitive against changes

in simulation box size. We could successfully rule out such biasing influence, as evidenced by the

comparison between solid line in Figure S6b (small simulation box) and dotted line (large box).

Results of corrected diffusion coefficients from EMD simulations are presented in Figure S7.
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Different symbols represent data where increasing equilibrium concentration,ceq,zeol, was achieved

by changing the number of methane molecules while using a simulation box of (approximately)

constant size. By contrast, the grey-shaded areas correspond to the opposite case where the sim-

ulation box size varies while the number of methane molecules is (roughly) the same. In doing

so, we observe that the corrected diffusivity in LTA (on the right hand-side of Figure S7) exhibits

a slight adsorbate-particle number influence which, however, levels off as soon as more than 100

methane molecules are simulated. This effect can be ascribed to the thermostat and it has been

also reported by Dubbeldam et al.32 The authors recommended to couple more than 100 particles

to the thermostat to avoid this biasing effect.32 We regard the thermostat influence to also be the

reason why both the transport diffusivity and the surface permeability from TrMD in LTA increase

slightly with sheet thickness (Dloc
T andα loc in Table 1 in main text). The thicker the sheet is, the

higher will be the average number of molecules in the TrMD simulation at comparable uptake

rates. The higher the average number of molecules, the larger the diffusion coefficient as a result

of the thermostat effect. Since the surface permeability follows the same concentration behavior

as the diffusivity (Figure S11), the same reasoning appliesto α with respect to the thermostat
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influence.

We have used analytic functions to describe the concentration dependence ofDC (dashed lines

in Figure S7) for the determination of the transport-diffusion coefficient on the basis of EMD sim-

ulations. In the case of AFI, an exponential reproduced the trend best whereas a simple linear

relationship was sufficient for LTA. Also, the thermodynamic correction factors, derived from the

adsorption isotherm by numerical differentiation (error bars in Figure S8a), were fitted to analyti-

cal solutions (lines in Figure S8a). Here, a parabola workedbest whereΓ increases monotonically

in the concentration range relevant to our TrMD simulations. In Figure S8b, both diffusion coeffi-

cients from equilibrium MD simulations are plotted over relative concentration,ceq,zeol/cfinal: the

corrected diffusion coefficient (dotted lines) and the transport diffusivity (solid lines) for AFI (top)

and LTA (bottom). The mean transport-diffusion coefficients, D̄T, are hence 7.55×10−8 m2/s and

9.2×10−10 m2/s for AFI and LTA, respectively.
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3 LTA Tracer-Exchange Surface Permeability

The surface permeability,αS, of methane under tracer-exchange conditions in LTA was determined

by means of a prediction5 that is grounded on dynamically corrected transition statetheory37–39

and the assumption that the interface between gas and solid consists of two sublayers5,40 (cf.,

Figure 2 in ref 5):

αS=
v̄/ceq,zeol

1/(κgasc∗eq,gas)+1/(κsurfc∗eq,surf)
. (13)

In Eq. (13),v̄ denotes the average directed velocity of a methane moleculealong thez coordinate

which equals
√

kBT/(2πm), ceq,zeol the average equilibrium concentration throughout the zeolite

nanosheet whereasc∗eq,gasandc∗eq,surf denote the equilibrium concentrations at the positions of the

transition states for methane molecules moving between thesurface adsorption layer and the gas

space as well as between the surface adsorption layer and theoutermost zeolite cage, andκgas

andκsurf are the corresponding transmission coefficients for crossing the just mentioned transition

states. Note that we have used here subscript “eq” to signifythat the concentrations refer to equi-

librium profiles along the simulation box obtained from standardNVT Monte Carlo simulations.

Before we show the results, we have to highlight two differences in comparison to our recent

approach to predictαS via Eq. (13). First, the surfaces of the LTA nanosheets have regularly

distributed hollows (Figure 1 in the main text) which complicate the calculation of concentration

profiles and thus evaluation of Eq. (13). The problem becomesmore tangible by considering

Figure S9, where we provide two-dimensional free-energy landscapes of methane in the interface

region between gas phase and zeolite interior. Marked with large “O” and large “X”, we highlight

the transition state location for methane molecules traveling from the outermost cage to the surface

adsorption layer and the location of the adsorption site in this layer. Clearly, if we used simple

concentration profiles alongz the low concentration at the transition state “O” (i.e.,c∗eq,surf) would

be superimposed by the high concentration of the surface adsorption layer at “X”, therefore leading

to an artificial increase of the surface permeability. To avoid this, we turned back to the three-

dimensional residence distributions on which Figure S9 is actually based and directly evaluated

S23



nanosheet direction   z / nm

d
is

ta
n

c
e
 f

ro
m

 p
o

re

a
x
is

  
 r

p
o

re
 /
 n

m

LTA, CH4, 750 K, 0.09 molecules / cage
F/kBT

-4.5 -4 -3.5 -3 -2.5

 0

 0.4

 0.8

 8

 12

 16

 20

 24

O

X

nanosheet direction   z / nm

d
is

ta
n

c
e
 f

ro
m

 p
o

re

a
x
is

  
 r

p
o

re
 /
 n

m

LTA, CH4, 750 K, 1 molecule / cage
F/kBT

-4.5 -4 -3.5 -3 -2.5

 0

 0.4

 0.8

 8

 12

 16

 20

 24

O

X

Figure S9: Two-dimensional free-energy landscapes,F(z, rpore)/kBT, of methane in the inter-
face between LTA nanosheet interior (right hand-side) and gas space (left hand-side) for two
different average zeolite loadings. White areas indicate regions that were never visited by a
methane molecule, black and blue regions are rarely visitedregions, and red frequently visited
regions. The landscapes are based on three-dimensional residence probability distributions of
methane molecules in the simulation box, where it is important to underline that they were cor-
rected for a non-linear mapping of the Cartesianx andy coordinate. That is,F(z, rpore)/kBT =
− ln[Nhits(z, rpore)/r2

pore], whereNhits(z, rpore) denotes the accumulated,not the averagednumber
of hits of having found a molecule atzand a distancerporeapart from the pore axis with respect to
x andy.

the number of hits in each voxel,Nhits(x,y,z). Therefore,ceq,zeol was substituted by the number

of hits averaged over all voxels that belonged to the innermost cage,N̄hits,zeol. Likewise,c∗eq,surf

was obtained by averaging the number of hits,N̄∗
hits,surf, in the plane atz= −3.57 nm (position

of outermost zeolite atoms) with the restriction that voxels were included for averaging only if

they were at most 0.15 nm apart from the pore axis alongz. Finally, c∗eq,gaswas substituted by the

number of hits,N̄∗
hits,gas, averaged over the separation plane between surface adsorption layer and

gas phase (dashed lines in Figure S9). To test its validity, we have calculated the concentration-

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

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

The second difference was also due to the structure of the LTAsurface and concerned the

transmission coefficients. The location of the surface adsorption site would have also required an

additional order parameter, such as the distance from the pore axis,rpore, to be used in the reactive

flux (RF) simulations for determination of the transmissioncoefficients. This is, because the final

state for a methane molecule hopping either from the outermost cage onto the surface layer (κsurf)

or for a movement from the gas phase towards the surface layer(κgas) is not unequivocal with

a simple one-dimensional reaction coordinate. Despite this problem, we find that it is sufficient

to start the RF simulations from the surface barrier (“O” in Figure S9) and stop a given shoot if

the molecule has reached either the center plane of the outermost cage (z= 2.95 nm) or if it has

left the simulation box at the left hand-side end atz= 6.34 nm. Evidence comes from probabi-

lity distributions that track the temporal evolution of theentire swarm of RF trajectories,41,42 as

displayed in Figure S10. Only a very small fraction of the swarm aims for the surface adsorption

site, which is again marked with an “X” (blue). This fact leads finally to the vast majority of RF

trajectories arriving either at the left boundary of the surface adsorption layer (z= −2.8 nm in
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Figure S10) or at the right boundary of the outermost cage (z= 0.55 nm in Figure S10) after 10 ps.

Hence, a negligibly small number of trajectories is “caught” between the surface adsorption layer

and gas phase only. We conclude therefore that neitherN̄∗
hits,gasnorκgasis actually needed because

methane molecules on the surface barrier commit directly toeither the gas phase or the zeolite

interior. Hence, we can in good approximation predictαS by:

αLTA
S =

v̄κsurf+gasN̄∗
hits,surf

N̄hits,zeol
. (14)

Hereκsurf+gas is the combined transmission coefficient for methane molecules starting from the

surface barrier and ending up in either the outermost zeolite cage or in the gas phase.

Finally, we have plotted the resulting tracer-exchange surface permeability prediction of meth-

ane through the interface of the LTA nanosheet over the relative concentration,ceq,zeol/cfinal, in

Figure S11 (circles). In addition, we provide a linear fit to the data points by which means we have

determined the mean surface permeability to 0.383 m/s and weshow also a surface permeability

prediction on the basis of the self-diffusion coefficient43 (crosses). It is furthermore instructive to

mention that the corrected diffusivity is identical to the self-diffusion 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 the analytical solutions of the concentration

profiles with the surface-barrier boundary condition to ourtransient MD data by introducing a

third parameter. That parameter describes the concentration dependence of the corrected diffusion

coefficient. In agreement with our EMD findings (Section 2.2), we employ an exponential function

in case of AFI

DC(c) = DC,0 ·exp(a3 ·c) (15)

and a linear relationship for LTA

DC(c) = DC,0+a4 ·c, (16)

with DC,0 the zero-concentration diffusivity anda3 as well asa4 being constant. Obviously, we

have also to input the thermodynamic correction factor intoour fitting approach. This was actually

the reason why we have introduced analytical descriptions of Γ in Section 2.2 in the first place

because they are easier to handle during fitting than any discrete data sets onΓ. Finally, note

that we used the average methane concentration throughout the entire nanosheet, ¯c(ti), at a given

instance of time for the determination of the “instantaneous” concentration-dependent transport-

diffusion coefficient,DT(t) = DC[c̄(ti)]× Γ[c̄(ti)], and thus for calculation of the concentration

profile at time instanceti.

The results are presented in Table S1 along with the mean transport diffusivity resulting from

the fitted functionals. The mean diffusivities and also the surface permeabilities agree very well

with those presented in the main text for fitting ofc-profiles withα and aconstant DT. However,

the fitted parameters are consistent with the one from EMD simulations in the case of AFI only. As

Figure S12 shows, EMD data and TrMD fits fall on top of one another for AFI whereas we observe

strong deviations for LTA. The fact that the mean transport-diffusivity is nonetheless consistent

with the average derived in Section 2.2 leads to the conclusion that the concentration dependence of

the diffusivity does not play as important a role for methaneuptake into very thin LTA nanosheets

as into AFI sheets.
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Figure S12: Corrected diffusion coefficients of methane in AFI at 300 K (left) and LTA at 750 K
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Table S1: Surface Permeabilities and Concentration-Dependent Diffusion Coefficients.

δ α DC,0 a3, a4 σrel
a D̄loc

T
b

[nm] [m/s] [10−10m2/s] [10−3m3/mol] [%] [10−10m2/s]

[10−13m5/(s mol)]

AFI 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 3.4 804

LTA 4.8 0.27 0.65 12.4 3.7 8.01

11.9 0.29 3.75 12.9 3.3 11.82

26.1 0.34 6.00 4.5 3.1 9.44

aRelative sample standard deviation averaged over all data points. bAverage transport-diffusion coefficient

obtained from these fits and thus not from EMD as in main text.
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5 Crystal Structures

5.1 LTA
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90.000 90.000 90.000 SPGR = 1 P 1 OPT = 1

72 0

0 LTA : LTA

1 O1 0.0 0.21790000000000001 0.5 0 0 0 0 0 0 0 0 0.00

2 O1 0.0 0.5 0.21790000000000001 0 0 0 0 0 0 0 0 0.00

3 O1 0.0 0.5 0.78210000000000002 0 0 0 0 0 0 0 0 0.00

4 O1 0.5 0.21790000000000001 0.0 0 0 0 0 0 0 0 0 0.00

5 O1 0.78210000000000002 0.0 0.5 0 0 0 0 0 0 0 0 0.00

6 O1 0.21790000000000001 0.0 0.5 0 0 0 0 0 0 0 0 0.00

7 O1 0.5 0.0 0.21790000000000001 0 0 0 0 0 0 0 0 0.00

8 O1 0.21790000000000001 0.5 0.0 0 0 0 0 0 0 0 0 0.00

9 O1 0.78210000000000002 0.5 0.0 0 0 0 0 0 0 0 0 0.00

10 O1 0.5 0.0 0.78210000000000002 0 0 0 0 0 0 0 0 0.00

11 O1 0.0 0.78210000000000002 0.5 0 0 0 0 0 0 0 0 0.00

12 O1 0.5 0.78210000000000002 0.0 0 0 0 0 0 0 0 0 0.00

13 O2 0.10979999999999999 0.10979999999999999 0.34289999999999998 0 0 0 0 0 0 0 0 0.00

14 O2 0.10979999999999999 0.65710000000000002 0.10979999999999999 0 0 0 0 0 0 0 0 0.00

15 O2 0.10979999999999999 0.34289999999999998 0.89019999999999999 0 0 0 0 0 0 0 0 0.00

16 O2 0.34289999999999998 0.10979999999999999 0.89019999999999999 0 0 0 0 0 0 0 0 0.00

17 O2 0.65710000000000002 0.10979999999999999 0.10979999999999999 0 0 0 0 0 0 0 0 0.00

18 O2 0.89019999999999999 0.10979999999999999 0.34289999999999998 0 0 0 0 0 0 0 0 0.00

19 O2 0.10979999999999999 0.89019999999999999 0.34289999999999998 0 0 0 0 0 0 0 0 0.00

20 O2 0.34289999999999998 0.10979999999999999 0.10979999999999999 0 0 0 0 0 0 0 0 0.00

21 O2 0.10979999999999999 0.34289999999999998 0.10979999999999999 0 0 0 0 0 0 0 0 0.00

22 O2 0.89019999999999999 0.65710000000000002 0.10979999999999999 0 0 0 0 0 0 0 0 0.00

23 O2 0.34289999999999998 0.89019999999999999 0.89019999999999999 0 0 0 0 0 0 0 0 0.00

24 O2 0.89019999999999999 0.34289999999999998 0.89019999999999999 0 0 0 0 0 0 0 0 0.00

25 O2 0.65710000000000002 0.89019999999999999 0.10979999999999999 0 0 0 0 0 0 0 0 0.00

26 O2 0.65710000000000002 0.10979999999999999 0.89019999999999999 0 0 0 0 0 0 0 0 0.00

27 O2 0.10979999999999999 0.65710000000000002 0.89019999999999999 0 0 0 0 0 0 0 0 0.00

28 O2 0.10979999999999999 0.89019999999999999 0.65710000000000002 0 0 0 0 0 0 0 0 0.00

29 O2 0.89019999999999999 0.10979999999999999 0.65710000000000002 0 0 0 0 0 0 0 0 0.00

30 O2 0.89019999999999999 0.89019999999999999 0.34289999999999998 0 0 0 0 0 0 0 0 0.00

31 O2 0.10979999999999999 0.10979999999999999 0.65710000000000002 0 0 0 0 0 0 0 0 0.00

32 O2 0.89019999999999999 0.89019999999999999 0.65710000000000002 0 0 0 0 0 0 0 0 0.00

33 O2 0.34289999999999998 0.89019999999999999 0.10979999999999999 0 0 0 0 0 0 0 0 0.00
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34 O2 0.65710000000000002 0.89019999999999999 0.89019999999999999 0 0 0 0 0 0 0 0 0.00

35 O2 0.89019999999999999 0.34289999999999998 0.10979999999999999 0 0 0 0 0 0 0 0 0.00

36 O2 0.89019999999999999 0.65710000000000002 0.89019999999999999 0 0 0 0 0 0 0 0 0.00

37 O3 0.0 0.29389999999999999 0.29389999999999999 0 0 0 0 0 0 0 0 0.00

38 O3 0.0 0.70609999999999995 0.29389999999999999 0 0 0 0 0 0 0 0 0.00

39 O3 0.0 0.29389999999999999 0.70609999999999995 0 0 0 0 0 0 0 0 0.00

40 O3 0.29389999999999999 0.29389999999999999 0.0 0 0 0 0 0 0 0 0 0.00

41 O3 0.70609999999999995 0.29389999999999999 0.0 0 0 0 0 0 0 0 0 0.00

42 O3 0.70609999999999995 0.0 0.29389999999999999 0 0 0 0 0 0 0 0 0.00

43 O3 0.29389999999999999 0.0 0.29389999999999999 0 0 0 0 0 0 0 0 0.00

44 O3 0.70609999999999995 0.70609999999999995 0.0 0 0 0 0 0 0 0 0 0.00

45 O3 0.29389999999999999 0.0 0.70609999999999995 0 0 0 0 0 0 0 0 0.00

46 O3 0.70609999999999995 0.0 0.70609999999999995 0 0 0 0 0 0 0 0 0.00

47 O3 0.29389999999999999 0.70609999999999995 0.0 0 0 0 0 0 0 0 0 0.00

48 O3 0.0 0.70609999999999995 0.70609999999999995 0 0 0 0 0 0 0 0 0.00

49 Si1 0.0 0.1847 0.36830000000000002 0 0 0 0 0 0 0 0 0.00

50 Si1 0.0 0.63169999999999993 0.1847 0 0 0 0 0 0 0 0 0.00

51 Si1 0.0 0.36830000000000002 0.81530000000000002 0 0 0 0 0 0 0 0 0.00

52 Si1 0.36830000000000002 0.1847 0.0 0 0 0 0 0 0 0 0 0.00

53 Si1 0.63169999999999993 0.1847 0.0 0 0 0 0 0 0 0 0 0.00

54 Si1 0.81530000000000002 0.0 0.36830000000000002 0 0 0 0 0 0 0 0 0.00

55 Si1 0.1847 0.0 0.36830000000000002 0 0 0 0 0 0 0 0 0.00

56 Si1 0.36830000000000002 0.0 0.1847 0 0 0 0 0 0 0 0 0.00

57 Si1 0.1847 0.36830000000000002 0.0 0 0 0 0 0 0 0 0 0.00

58 Si1 0.81530000000000002 0.63169999999999993 0.0 0 0 0 0 0 0 0 0 0.00

59 Si1 0.36830000000000002 0.0 0.81530000000000002 0 0 0 0 0 0 0 0 0.00

60 Si1 0.81530000000000002 0.36830000000000002 0.0 0 0 0 0 0 0 0 0 0.00

61 Si1 0.63169999999999993 0.0 0.1847 0 0 0 0 0 0 0 0 0.00

62 Si1 0.63169999999999993 0.0 0.81530000000000002 0 0 0 0 0 0 0 0 0.00

63 Si1 0.1847 0.63169999999999993 0.0 0 0 0 0 0 0 0 0 0.00

64 Si1 0.0 0.81530000000000002 0.63169999999999993 0 0 0 0 0 0 0 0 0.00

65 Si1 0.0 0.1847 0.63169999999999993 0 0 0 0 0 0 0 0 0.00

66 Si1 0.0 0.81530000000000002 0.36830000000000002 0 0 0 0 0 0 0 0 0.00

67 Si1 0.1847 0.0 0.63169999999999993 0 0 0 0 0 0 0 0 0.00

68 Si1 0.81530000000000002 0.0 0.63169999999999993 0 0 0 0 0 0 0 0 0.00

69 Si1 0.36830000000000002 0.81530000000000002 0.0 0 0 0 0 0 0 0 0 0.00

70 Si1 0.63169999999999993 0.81530000000000002 0.0 0 0 0 0 0 0 0 0 0.00

71 Si1 0.0 0.36830000000000002 0.1847 0 0 0 0 0 0 0 0 0.00

72 Si1 0.0 0.63169999999999993 0.81530000000000002 0 0 0 0 0 0 0 0 0.00
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5.2 AFI

23.774 13.726 8.484

90.000 90.000 90.000 SPGR = 1 P 1 OPT = 1

144 0

0 AFI : AFI

1 Si1 0.22620 0.10210 0.07800 5 7 9 11 0 0 0 0 0.000

2 Si2 0.72620 0.60210 0.07800 6 8 10 12 0 0 0 0 0.000

3 Si3 0.22885 0.10885 0.45000 7 83 101 117 0 0 0 0 0.000

4 Si4 0.72885 0.60885 0.45000 8 84 102 118 0 0 0 0 0.000

5 O5 0.21050 0.00320 0.02800 1 0 0 0 0 0 0 0 0.000

6 O6 0.71050 0.50320 0.02800 2 0 0 0 0 0 0 0 0.000

7 O7 0.22775 0.10345 0.25000 1 3 0 0 0 0 0 0 0.000

8 O8 0.72775 0.60345 0.25000 2 4 0 0 0 0 0 0 0.000

9 O9 0.18350 0.17490 0.02600 1 0 0 0 0 0 0 0 0.000

10 O10 0.68350 0.67490 0.02600 2 0 0 0 0 0 0 0 0.000

11 O11 0.28420 0.12840 0.01400 1 0 0 0 0 0 0 0 0.000

12 O12 0.78420 0.62840 0.01400 2 0 0 0 0 0 0 0 0.000

13 Si13 0.33585 0.78825 0.07800 17 19 21 23 0 0 0 0 0.000

14 Si14 0.83585 0.28825 0.07800 18 20 22 24 0 0 0 0 0.000

15 Si15 0.33115 0.78885 0.45000 19 89 107 141 0 0 0 0 0.000

16 Si16 0.83115 0.28885 0.45000 20 90 108 142 0 0 0 0 0.000

17 O17 0.39315 0.81415 0.02800 13 0 0 0 0 0 0 0 0.000

18 O18 0.89315 0.31415 0.02800 14 0 0 0 0 0 0 0 0.000

19 O19 0.33440 0.78990 0.25000 13 15 0 0 0 0 0 0 0.000

20 O20 0.83440 0.28990 0.25000 14 16 0 0 0 0 0 0 0.000

21 O21 0.32080 0.68780 0.02600 13 0 0 0 0 0 0 0 0.000

22 O22 0.82080 0.18780 0.02600 14 0 0 0 0 0 0 0 0.000

23 O23 0.29370 0.86210 0.01400 13 0 0 0 0 0 0 0 0.000

24 O24 0.79370 0.36210 0.01400 14 0 0 0 0 0 0 0 0.000

25 Si25 0.43795 0.10965 0.07800 29 31 33 35 0 0 0 0 0.000

26 Si26 0.93795 0.60965 0.07800 30 32 0 36 0 0 0 0 0.000

27 Si27 0.44000 0.10230 0.45000 31 77 0 130 0 0 0 0 0.000

28 Si28 0.94000 0.60230 0.45000 32 78 96 0 0 0 0 0 0.000

29 O29 0.39635 0.18265 0.02800 25 0 0 0 0 0 0 0 0.000

30 O30 0.89635 0.68265 0.02800 26 0 0 0 0 0 0 0 0.000

31 O31 0.43785 0.10665 0.25000 25 27 0 0 0 0 0 0 0.000

32 O32 0.93785 0.60665 0.25000 26 28 0 0 0 0 0 0 0.000

33 O33 0.49570 0.13730 0.02600 25 0 0 0 0 0 0 0 0.000

34 O34 -0.00430 0.63730 0.02600 0 0 0 0 0 0 0 0 0.000

35 O35 0.42210 0.00950 0.01400 25 0 0 0 0 0 0 0 0.000

36 O36 0.92210 0.50950 0.01400 26 0 0 0 0 0 0 0 0.000
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37 Si37 0.27380 0.39790 0.07800 41 43 45 47 0 0 0 0 0.000

38 Si38 0.77380 0.89790 0.07800 0 44 46 48 0 0 0 0 0.000

39 Si39 0.27115 0.39115 0.45000 43 81 119 137 0 0 0 0 0.000

40 Si40 0.77115 0.89115 0.45000 44 82 120 0 0 0 0 0 0.000

41 O41 0.28950 0.49680 0.02800 37 0 0 0 0 0 0 0 0.000

42 O42 0.78950 -0.00320 0.02800 0 0 0 0 0 0 0 0 0.000

43 O43 0.27225 0.39655 0.25000 37 39 0 0 0 0 0 0 0.000

44 O44 0.77225 0.89655 0.25000 38 40 0 0 0 0 0 0 0.000

45 O45 0.31650 0.32510 0.02600 37 0 0 0 0 0 0 0 0.000

46 O46 0.81650 0.82510 0.02600 38 0 0 0 0 0 0 0 0.000

47 O47 0.21580 0.37160 0.01400 37 0 0 0 0 0 0 0 0.000

48 O48 0.71580 0.87160 0.01400 38 0 0 0 0 0 0 0 0.000

49 Si49 0.16415 0.71175 0.07800 53 55 57 59 0 0 0 0 0.000

50 Si50 0.66415 0.21175 0.07800 54 56 58 60 0 0 0 0 0.000

51 Si51 0.16885 0.71115 0.45000 55 105 125 143 0 0 0 0 0.000

52 Si52 0.66885 0.21115 0.45000 56 106 126 144 0 0 0 0 0.000

53 O53 0.10685 0.68585 0.02800 49 0 0 0 0 0 0 0 0.000

54 O54 0.60685 0.18585 0.02800 50 0 0 0 0 0 0 0 0.000

55 O55 0.16560 0.71010 0.25000 49 51 0 0 0 0 0 0 0.000

56 O56 0.66560 0.21010 0.25000 50 52 0 0 0 0 0 0 0.000

57 O57 0.17920 0.81220 0.02600 49 0 0 0 0 0 0 0 0.000

58 O58 0.67920 0.31220 0.02600 50 0 0 0 0 0 0 0 0.000

59 O59 0.20630 0.63790 0.01400 49 0 0 0 0 0 0 0 0.000

60 O60 0.70630 0.13790 0.01400 50 0 0 0 0 0 0 0 0.000

61 Si61 0.06205 0.39035 0.07800 65 67 69 71 0 0 0 0 0.000

62 Si62 0.56205 0.89035 0.07800 66 68 70 72 0 0 0 0 0.000

63 Si63 0.06000 0.39770 0.45000 67 94 113 131 0 0 0 0 0.000

64 Si64 0.56000 0.89770 0.45000 68 93 114 0 0 0 0 0 0.000

65 O65 0.10365 0.31735 0.02800 61 0 0 0 0 0 0 0 0.000

66 O66 0.60365 0.81735 0.02800 62 0 0 0 0 0 0 0 0.000

67 O67 0.06215 0.39335 0.25000 61 63 0 0 0 0 0 0 0.000

68 O68 0.56215 0.89335 0.25000 62 64 0 0 0 0 0 0 0.000

69 O69 0.00430 0.36270 0.02600 61 0 0 0 0 0 0 0 0.000

70 O70 0.50430 0.86270 0.02600 62 0 0 0 0 0 0 0 0.000

71 O71 0.07790 0.49050 0.01400 61 0 0 0 0 0 0 0 0.000

72 O72 0.57790 0.99050 0.01400 62 0 0 0 0 0 0 0 0.000

73 Si73 0.33585 0.21175 0.57800 77 79 81 83 0 0 0 0 0.000

74 Si74 0.83585 0.71175 0.57800 78 80 82 84 0 0 0 0 0.000

75 Si75 0.33115 0.21115 0.95000 0 0 0 79 0 0 0 0 0.000

76 Si76 0.83115 0.71115 0.95000 0 0 0 80 0 0 0 0 0.000

77 O77 0.39315 0.18585 0.52800 27 73 0 0 0 0 0 0 0.000
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78 O78 0.89315 0.68585 0.52800 28 74 0 0 0 0 0 0 0.000

79 O79 0.33440 0.21010 0.75000 73 75 0 0 0 0 0 0 0.000

80 O80 0.83440 0.71010 0.75000 74 76 0 0 0 0 0 0 0.000

81 O81 0.32080 0.31220 0.52600 39 73 0 0 0 0 0 0 0.000

82 O82 0.82080 0.81220 0.52600 40 74 0 0 0 0 0 0 0.000

83 O83 0.29370 0.13790 0.51400 3 73 0 0 0 0 0 0 0.000

84 O84 0.79370 0.63790 0.51400 4 74 0 0 0 0 0 0 0.000

85 Si85 0.43795 0.89035 0.57800 89 91 93 95 0 0 0 0 0.000

86 Si86 0.93795 0.39035 0.57800 90 92 0 96 0 0 0 0 0.000

87 Si87 0.44000 0.89770 0.95000 0 0 0 91 0 0 0 0 0.000

88 Si88 0.94000 0.39770 0.95000 0 0 0 92 0 0 0 0 0.000

89 O89 0.39635 0.81735 0.52800 15 85 0 0 0 0 0 0 0.000

90 O90 0.89635 0.31735 0.52800 16 86 0 0 0 0 0 0 0.000

91 O91 0.43785 0.89335 0.75000 85 87 0 0 0 0 0 0 0.000

92 O92 0.93785 0.39335 0.75000 86 88 0 0 0 0 0 0 0.000

93 O93 0.49570 0.86270 0.52600 64 85 0 0 0 0 0 0 0.000

94 O94 -0.00430 0.36270 0.52600 63 0 0 0 0 0 0 0 0.000

95 O95 0.42210 0.99050 0.51400 0 85 0 0 0 0 0 0 0.000

96 O96 0.92210 0.49050 0.51400 28 86 0 0 0 0 0 0 0.000

97 Si97 0.22620 0.89790 0.57800 0 103 105 107 0 0 0 0 0.000

98 Si98 0.72620 0.39790 0.57800 102 104 106 108 0 0 0 0 0.000

99 Si99 0.22885 0.89115 0.95000 0 0 0 103 0 0 0 0 0.000

100 Si0 0.72885 0.39115 0.95000 0 0 0 104 0 0 0 0 0.000

101 O101 0.21050 -0.00320 0.52800 3 0 0 0 0 0 0 0 0.000

102 O102 0.71050 0.49680 0.52800 4 98 0 0 0 0 0 0 0.000

103 O103 0.22775 0.89655 0.75000 97 99 0 0 0 0 0 0 0.000

104 O104 0.72775 0.39655 0.75000 98 100 0 0 0 0 0 0 0.000

105 O105 0.18350 0.82510 0.52600 51 97 0 0 0 0 0 0 0.000

106 O106 0.68350 0.32510 0.52600 52 98 0 0 0 0 0 0 0.000

107 O107 0.28420 0.87160 0.51400 15 97 0 0 0 0 0 0 0.000

108 O108 0.78420 0.37160 0.51400 16 98 0 0 0 0 0 0 0.000

109 Si109 0.16415 0.28825 0.57800 113 115 117 119 0 0 0 0 0.000

110 Si110 0.66415 0.78825 0.57800 114 116 118 120 0 0 0 0 0.000

111 Si11 0.16885 0.28885 0.95000 0 0 0 115 0 0 0 0 0.000

112 Si12 0.66885 0.78885 0.95000 0 0 0 116 0 0 0 0 0.000

113 O113 0.10685 0.31415 0.52800 63 109 0 0 0 0 0 0 0.000

114 O114 0.60685 0.81415 0.52800 64 110 0 0 0 0 0 0 0.000

115 O115 0.16560 0.28990 0.75000 109 111 0 0 0 0 0 0 0.000

116 O116 0.66560 0.78990 0.75000 110 112 0 0 0 0 0 0 0.000

117 O117 0.17920 0.18780 0.52600 3 109 0 0 0 0 0 0 0.000

118 O118 0.67920 0.68780 0.52600 4 110 0 0 0 0 0 0 0.000
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119 O119 0.20630 0.36210 0.51400 39 109 0 0 0 0 0 0 0.000

120 O120 0.70630 0.86210 0.51400 40 110 0 0 0 0 0 0 0.000

121 Si121 0.06205 0.60965 0.57800 125 127 129 131 0 0 0 0 0.000

122 Si122 0.56205 0.10965 0.57800 126 128 130 132 0 0 0 0 0.000

123 Si23 0.06000 0.60230 0.95000 0 0 0 127 0 0 0 0 0.000

124 Si24 0.56000 0.10230 0.95000 0 0 0 128 0 0 0 0 0.000

125 O125 0.10365 0.68265 0.52800 51 121 0 0 0 0 0 0 0.000

126 O126 0.60365 0.18265 0.52800 52 122 0 0 0 0 0 0 0.000

127 O127 0.06215 0.60665 0.75000 121 123 0 0 0 0 0 0 0.000

128 O128 0.56215 0.10665 0.75000 122 124 0 0 0 0 0 0 0.000

129 O129 0.00430 0.63730 0.52600 0 121 0 0 0 0 0 0 0.000

130 O130 0.50430 0.13730 0.52600 27 122 0 0 0 0 0 0 0.000

131 O131 0.07790 0.50950 0.51400 63 121 0 0 0 0 0 0 0.000

132 O132 0.57790 0.00950 0.51400 0 122 0 0 0 0 0 0 0.000

133 Si133 0.27380 0.60210 0.57800 137 139 141 143 0 0 0 0 0.000

134 Si134 0.77380 0.10210 0.57800 138 140 142 144 0 0 0 0 0.000

135 Si35 0.27115 0.60885 0.95000 0 0 0 139 0 0 0 0 0.000

136 Si36 0.77115 0.10885 0.95000 0 0 0 140 0 0 0 0 0.000

137 O137 0.28950 0.50320 0.52800 39 133 0 0 0 0 0 0 0.000

138 O138 0.78950 0.00320 0.52800 0 134 0 0 0 0 0 0 0.000

139 O139 0.27225 0.60345 0.75000 133 135 0 0 0 0 0 0 0.000

140 O140 0.77225 0.10345 0.75000 134 136 0 0 0 0 0 0 0.000

141 O141 0.31650 0.67490 0.52600 15 133 0 0 0 0 0 0 0.000

142 O142 0.81650 0.17490 0.52600 16 134 0 0 0 0 0 0 0.000

143 O143 0.21580 0.62840 0.51400 51 133 0 0 0 0 0 0 0.000

144 O144 0.71580 0.12840 0.51400 52 134 0 0 0 0 0 0 0.000
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6 List of Symbols

Symbol Description Units

a1 parameter of analytical description ofΓ –

a2 parameter of analytical description ofΓ –

a3 parameter of analytical description ofDC in AFI m3 mol−1

a4 parameter of analytical description ofDC in LTA m5 mol−1 s−1

acc(O → N ) acceptance probability of a transition from stateO to stateN –

c concentration mol m−3

c̄(ti) concentration at time instanceti and averaged over

the entire nanosheet (i.e., alongz) mol m−3

c̄(ti,zk) concentration at time instanceti and positionzk

averaged over 40 independent TrMD simulations mol m−3

C relative concentration –

[specifically: related to final TrMD state (= c/cfinal)]

D diffusion coefficient m2 s−1

D̄ mean diffusion coefficient m2 s−1

(specifically: averaged over concentration regime of interest)

DC corrected diffusion coefficient m2 s−1

DC,0 parameter of analytical description ofDC m2 s−1

DS self-diffusion coefficient m2 s−1

DT transport-diffusion coefficient m2 s−1

F free energy J

f fugacity Pa

h Planck constant (6.626068·10−34) J s

i index variable –

j molar flux mol m−2 s−1

To be continued on next page.
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Symbol Description Units

KH Henry coefficient mol Pa−1 kg−1

k index variable –

kB Boltzmann constant (1.3806488·10−23) J K−1

L dimensionless coefficient [≡ (δ/2)α/DT] –

l length or width m

m mass kg

n order of magnitude –

N number of molecules –

NA Avogadro constant (6.02214·1023) mol−1

Nhits(x,y,z) number of hits of having found a molecule

at the given point in space –

N̄hits average number of hits of having found a molecule

in some region to be specified –

Nt number of time instances of samplingc-profiles

in a TrMD simulation –

Ntrials number of Monte Carlo trials –

(specifically: insertion plus deletion trials)

Nuc,i number of unit cells aligned along Cartesian coordinatei –

Nz number of points alongz which a singlec-profile

from a TrMD simulation consisted of –

P probability (density) –

p pressure Pa

r distance m, Å

[specifically: for atomic interaction calculation]

rcutoff cutoff distance for interaction calculation m, Å

To be continued on next page.

S36



Symbol Description Units

rpore distance from pore axis m

T temperature K

t time s

U potential energy J

V volume m3

v̄ mean velocity in one direction of one of the Cartesian coordinates m s−
1

(specifically: alongz)

x Cartesianx-coordinate m

y Cartesiany-coordinate m

z Cartesianz-coordinate m

(specifically: coordinate along which uptake proceeds)

Greek symbols

α surface permeability m s−1

β reciprocal temperature [1/(kBT)] J−1

γi i-th positive root ofγ tanγ = L –

Γ thermodynamic correction factor (∂ ln f/∂ lnceq,zeol|T) –

ε Lennard-Jones well depth J

δ nanosheet thickness m

κ transmission coefficient –

σ Lennard-Jones zero-potential distance m, Å

σrel averaged relative sample standard deviation %

θ loading molecules

×(cage)−1

Λ thermal de Broglie wavelength m

To be continued on next page.
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Symbol Description Units

µ chemical potential J mol−1

π 3.141592653589793238 –

S38



Superscript Description

∗ reference to a (free-energy) barrier

dcTST reference to dynamically-corrected transition state theory

int reference to an integral analytical diffusion solution

LTA reference to LTA framework type

loc reference to a spatially resolved (i.e., local) analytical diffusion solution

Subscript Description

box related to the simulation box

cage related to a zeolite cage

cv related to the control volume in transient molecular dynamics

eff effective value

(specifically: effective transport-diffusion coefficient, DT,eff)

eq indicates an equilibrium (time-invariant) property

final related to the final state in transient filling of a nanosheet

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 adsorption layer and the zeolite margin

S related to self-diffusion and thus tracer-exchange situations

x related to Cartesianx-coordinate

y related to Cartesiany-coordinate

z related to Cartesianz-coordinate

zeol related to the bulk zeolite space
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7 List of Abbreviations

Abbreviation Meaning

CV control volume

EMD equilibrium molecular dynamics

GCMC Grand-Canonical Monte Carlo

IFM interference microscopy

NEMD non-equilibrium molecular dynamics

MC Monte Carlo

MD molecular dynamics

MSD mean squared displacement

RF reactive flux

SMD squared mean displacement

TrMD transient molecular dynamics
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