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Abstract

Ultrathin porous materials, such as zeolite nanosheetspraminent candidates for per-
forming catalysis, drug supply, and separation processeshighly efficient manner due to
exceptionally short transport paths. Predictive desigauch processes requires the applica-
tion of diffusion equations that were derived for macroscphomogeneous surroundings to
nanoscale, nano-structured host systems. Therefore stegltdifferent analytical solutions of
Fick’s diffusion equations for their applicability to meiihe transport into two different zeolite
nanosheets (AFI, LTA) under instationary conditions. Eiant molecular dynamics simula-
tions provided hereby concentration profiles and uptakeesuio which the different solutions
were fitted. Two central conclusions were deduced by comgatie fitted transport coeffi-
cients. First, the transport can be described correctly ifrdoncentration profiles are used
and the transport through the solid-gas interface is efpligccounted for by the surface per-
meability. Second and most importantly, we have unravelsizealimitation to applying the
diffusion equations to nanoscale objects. This is becaassport-diffusion coefficientf)r,
and surface permeabilitieq,, of methane in AFlI become dependent on nanosheet thickness.
Deviations can amount to factors of 2.9 and 1.40granda, respectively, when, in the worst
case, results from the thinnest AFI nanosheet are compatkdiata from the thickest sheet.
We present a molecular explanation of the size limitaticat th based on memory effects of
entering molecules and therefore only observable for smpotes such as AFI and carbon
nanotubes. Hence, our work provides important tools torately predict and intuitively un-
derstand transport of guest molecules into porous hosttstes, a fact that will become the

more valuable the more tiny nanotechnological objects get.
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Introduction

Fueled by recent synthesis breakthroughsno-scale objects, such as nanosh&@sanoflakes
and nanotube$ have attracted the attention of many scientists and engirie¢he past decade.
The interest is based mainly on two factors. On the one h&edyniaterials forming nanoobjects
serve as catalysfsdrug supply system$,adsorbents, energy storage media® thermoelectric
elements and gas sensing devicéshus opening abundant application possibilities. On themt
hand, fabricating the materials as small as possible ig@kito almost any of the processes to be
performed as efficient as possible. This is because moletralasport of guest species — react-
ants/products;® drugs? dyes? ions*° and gas molecule$- into or through the solid turns out
to be a crucial, if not the rate-limiting stéf of many of the above processes. Reducing the dimen-
sions of the porous host structure and thereby the diffysatin of the guest species is therefore the
most direct means to increase apparent reaction t&tdscrease detectidrand rechargetimes,
and thus optimize the process efficierfcy.

Transport into porous materidtstis usually described by Fick’s laW$

i) = —Drx %2 )
Jc(t,z) 9°c(t,2)
o - P @

These well-known equations connect the transport fluwith the driving force,—dc(z)/dz, via
the transport-diffusion coefficienDt, state how concentration fluctuations decay with tinend
are strictly speaking valid for constant diffusivities wnWhile special transport problems might
require suitable extensions and adaptations, for exarvaewell-Stefan formulation for multi-
component diffusiof® and extra adsorption terms for strongly interacting giest systems?
single-component transport of hydrocarbons into zeolgewell described by Fick’s law&11
However, since these equations were derived under spesgficgption$® and applied to rather
large crystal&11two critical issues appear for novel nano-scale host sirast

The first one is a consequence of the host materials’ pergdicture, where we will focus on
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zeolites in the following. The discrete subunits that buiidthe host crystal (i.e., cages of the unit
cell) contrast a main assumption upon which the diffusianagigns were derived?® a structureless
homogeneous continuum. However, as long as the host steustlarge, ideally consisting of an
infinite number of cages, previous efforts, by means of satiomst® and experiment$;1! have
shown that the conventional equations are well applicabléescribe guest molecule transport.
But what happens when the size of the material leaves theonaadrmicroscale to reach just some
nanometers? Are the diffusion equations still valid anchldé at this small scale?

Second, the role of the interface between gas space and ‘thosk interior is often assumed
to be negligible. In this respect, cases have been identiflegte the interface exhibited very
similar'®11 transport characteristics as the bulk host structure,énfled only by the number of
blocked pore entrancéd.However, we have recently showtthat this is not generally true. The
transport coefficient at the interface, the so-called serfjgermeabilitya, varied in a distinctly
different manner with loading in our study than the diffugiv*® So, in which cases does the
surface permeability correlate with the diffusion coeéfiti?’ And, is this relevant to processes
implementing nanosheets or ultrathin membrah&s?

Given the problems outlined, here we test the validity okBidiffusion equations and their
existing analytical solutions to guide future process gieginprovements in nanotechnology. For
this purpose, the dynamics of methane transport into ilyiganpty zeolite nanosheets was studied
until saturation was reached. Transient molecular dynssiraulationd® were employed, and we

focused on three factors:
1. type of analytical solution of diffusion equations (lbea integral),
2. role of boundary conditions (surface-barrier effecsy
3. influence of sheet thickness (“nano effect”).

Two zeolite types were investigated: an AFI-type zeolitgFe 1a) with smooth one-dimensional
channels, and an LTA zeolite which possesses bulky cagesected via narrow pore windows

(Figure 1c). The respective external surfaces of the twétesare depicted in Figure 1b and d.
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Figure 1. Representations of zeolite nanosheets invéstigand their external surface: AFI (a,b)
and LTA (c,d). Schemes illustrating the alternating GCM®-lgrocedure in a transient molecular
dynamics calculation (e) and important spatial regionsTHe hypothetical gas reservoir (1) ex-
changes molecules with the control volume [CV (2)] via GCMi@l$ to maintain CV’s chemical

potential because once outside the CV (3) the moleculesot&edeleted from the box anymore.
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Methodology

Transient molecular dynamics (TrMD), which is also refdre as non-equilibrium molecular dy-
namics (NEMD)!® represents a subtype of conventional equilibrium molealyaamics (EMD)?°
Both simulation methods determine the evolution of a mamjecule system via numerical solu-
tion of Newton’s equations of motioft: The difference lies in the fact that TrMD allows for a
varying number of moleculedy, in the simulation box whereds is strictly constant in EMD.
Variation of the number of molecules is achieved by exegjtin an alternating manner, con-
ventional MD integration steps and Grand-Canonical MorddC(GCMC) trials, as depicted in
Figure 1e. Importantly, all molecules are subject to MDspective of their positions (Figure 1f).
However, molecules are restricted to be inserted into atedetefrom a specific region of the sim-
ulation box via GCMC: the control volume (CV). GCMC trialsmmc therefore exchange with a
hypothetical, infinite gas reservoir whose chemical padént,es, is identical to the one imposed
on the control volumeil.,. Thus, the control volume is automatically replenishedwitolecules
once too many have left the CV to maintgig,. Molecules outside the CV may now enter the
zeolite that was initially empty.

In the present paper, the gradual filling of the nanosheét m#thane molecules is monitored
in two ways during a TrMD simulation. First, concentratiorofiles, c(t;,z), are determined
across the sheet (i.e., aloggat successive times This approach will be referred to &scal
in the remainder. Second, an uptake cut¥é>23m(t;), is calculated on the basis of the con-
centration profiles which describes the increase of thd m#ss adsorbed inside the nanosheet
as a function of time. Since an uptake curve is, by definitgpatially not resolved we call it
anintegral approach to monitor the transport process. Notice that suelral solutions of the
diffusion equations are important because they are centnations in both diffusion experiment
evaluatiorf? and process desigit:2*More details on the simulatioA$and an in-depth discussion
about the models uséei?® are presented in the Supporting Information (SI1 and SIati}, at
this point, important to emphasize that molecular simategiare the methods of choice for this

study. To the best of our knowledge, there is presently nsoreanent technique that has both the
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necessary spatial and temporal resolution to directly motacal molecular uptake inside porous
nanosheets and thus being capable of checking the validiick’s diffusion equations for guest
transport into nano-scale host materials. Furthermorte that the here employed computation-
ally demanding non-equilibrium methodolotfyand a similar approacf have so far been used

to assess surface transport resistances only. Hence uitieldifference to previous work&3is

the simultaneous occurrence of surface and intracryseéaitansport resistances.

a

concentration profiles b uptake curve
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Figure 2: Relative concentration profile&st, z) /cinal, @and the resulting uptake curve(t) /mena,
from transient MD (dots connected with solid lines in a anébb)methane entering a 10.2 nm AFI
nanosheet at 300 K. Acceptable noise was achieved by peng4® independent transient MD
runs over which the profiles were averaged. Therefore, edloiomains indicate the statistical
spread. Grey solid lines in Figure 2a represent the best &got by variation oiD"’Cff to the
TrMD data whereas dashed lines correspond to results offittprofiles viaa'°® and DIOC (eg 5).
Likewise, the grey line in Figure 2b is the result of fittingethptake curve wﬁ)#‘teﬁ to the TrMD
curve (eq 6), and the dashed line is the best fit of eq 7 by vamiaf o™ andD'”‘. The parameter

spacesgrel(Dt, ), for the solutions with surface permeability are highligihin parts ¢ and d.
They depict the agreement between TrMD data and analywbatisns of the diffusion equations

in dependence of parameté&s anda. Red areas indicate good agreement whereas black regions

correspond to large deviations.

Figure 2 shows typical concentration profiles (a) and ankgptairve (b), both obtained from
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TrMD simulations of methane enteringda=10.2 nm thick AFI sheet (dots connected with lines).
The temperature was 300 K and the chemical potential in tidralovolume corresponded to
10 bar of gas-phase pressure. The concentration profilethangptake curve from TrMD were
then used to fit analytical solutions of the diffusion eqoiasi provided by Crank for a plane
sheet!® Two analytical solutions were investigated per approadh, (local viac-profiles and
integral via uptake curves) which differed in their bounydaonditions. The first one assumes
that the transport at the solid-gas interface proceedsmely fast such that the final equilibrium
concentrationging, is attained instantaneously at the sheet boundariesaticéise, a single para-
meter, the effective transport-diffusion coefficiéht ¢, describes the entire process. The second
boundary condition models finite transport through thedsghs boundary layer by introducing a
second transport parameter in addition to the transpétsality Dt: the surface permeability.

It links the instantaneous guest fluxt, +5/2), at timet across the boundary layerszat +45/2

(right and left sheet surfaces) with the driving concerdradifference via

j(t,£6/2) = a x[c(t, +6/2) — Cinall 3)

Four analytical solutions were hence investigated in thig®
Concentration profiles derived by neglecting surface besrat the sheet entrances represent

the first type of analytical solutions investigated:

2i—|—1)nz} @

Clinal ! A {Zi 1" exp—DP%4(2i + 1)27°t /5% x cos

whered is the thickness of the nanosheet. Note that superscriptargport coefficients indicate
in the following the solution type to which the coefficienten fitted (concentration profiles: “loc”
for local; uptake curves: “int” for integral). Furthermomubscript “eff” signifies cases in which
the diffusion coefficients capture in effect both transpesistance types: diffusion barriers caused
by the repetitive zeolite structute3?and surface barriers at the zeolite-gas boundary [E&h33

Concentration profiles (superscript “loc”) derived witletburface-barrier boundary condition
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by introduction ofa are the second type of solutions:

2L x exp—y2D°%t /(8/2)?]
%_1 Z\{ Y2+ L2+ L) cosy

X cos[y.z/(c‘i/Z)]} (5)

Here, y; is thei-th positive root ofytany = L with L = (5/2)a'°¢/D!°¢ where we have omitted
superscript “loc” ofy andL in eq 5 for reasons of clarity.
Uptake curves (superscript “int”) derived by neglectingface barriers at the sheet entrances

(subscript “eff”) represent the third analytical solutitype

my) o 8xexp-Diig(2 +1)2mt/o)

Mbinal i (2i +1)2m2 (6)

wheremng denotes the final mass after saturation of the nanosheegu$t molecules.
Finally, uptake curves (superscript “int”) derived witteteurface-barrier boundary condition

are the fourth type of solutions:

4 © 2|_2><exp[ 2Dt /(5/2)?]
mflnal Zi +L2+|—)

(7)

where agairy is thei-th positive root ofytany = L, however, withL = (5/2)a™™/ DiT“t.

We have included the results of fitting the four differentlgheal solutions in Figure 2a and
b for the given example. Parts ¢ and d of Figure 2 highlightidw@meter spaces of the analytical
solutions with the surface-barrier boundary conditionafTik, the averaged relative sample stand-
ard deviationgye in [%], in dependence of transport coefficiebtg anda. The averaged relative

sample standard deviation is hereby defined as

Nt NZ
Orel( DY, '°°>/[%1100J 1/<MNZ>ng[c(D'T"",a"’C,ti,zk)—c?(ti,zkﬂz/cﬁnal (8)

whereN; and N, denote respectively the (discrete) number of time instauacel the number of

points in the concentration profiles ao(cD'TOC, a'°C t;, ) the concentration value from the analyt-
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ical solution (here: eq 5) at tinteand positiorg,. Note that the corresponding concentration from
TrMD is an averagedt;,z)] because 40 independent TrMD simulations were requiredetal y
profiles with acceptable noise. The definitiona§, for uptake-curve fitting is similar, with the

difference that one does not need to average over spatiakpéi

- M o
Gl (DI, ™) /[96] = 100, | 1/N; x 3 [m(DI, @it t)) — (1) ]/ Minay (9)

Results

Figure 2 shows that the analytical solutions of the diffasamuations which are based exclus-
ively on the effective diffusivity (grey solid lines in Figel 2a and b) cannot accurately reproduce
neither the concentration profiles nor the uptake curve for@msient MD. That is particularly
evident at early stages and the outermost region ot4bmfiles. The shortcoming of describing
the TrMD data is quantitatively reflected in an increasinigaive diffusivity with sheet thick-
nessd, as seen in Table 1, because diffusion coefficients mustetieally not depend on primary
geometrical parameters. We observe an increasing diffudor both solution types, local and
integral, and for both zeolites, AFI and LTA. Since it is wktflown that adsorbate diffusion coef-
ficients in zeolites can exhibit strong concentration depecied®28we have determined meth-
ane transport-diffusivities using conventional EMD siatidns in periodic crystals (S12.2). The
transport-diffusivities were averaged over the concéiotmarange relevant to our TrMD simu-
lations Ot) and amounted to 75561019 m%/s and 9.% 10 1% m%/s for AFl and LTA, respect-
ively. The effective diffusion coefficienﬂ@'T‘”‘;ﬁ and Di{teﬁ in Table 1 asymptotically approach the
concentration-averaged values from EMD with increasinggeslithickness which proceeds faster
for LTA than for AFI. Therefore, we conclude that the qualddescribing guest transport on
the basis of diffusion coefficients alone, that is, by neghgcthe influence of surface barriers alto-
gether, worsens the smaller the host dimension becomebsartatger the average guest diffusivity

is.
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Those two analytical solutions that account for possibléase barriers through the surface
permeabilitya yield excellent agreement with the simulation data (dagdimed in Figure 2a and
b). In fact, the concentration profiles’ shape and evolytieny flat lines that gradually shift to-
wards the equilibrium value, are already clear indicatdrstmng surface barriers, and they
resemble profiles obtained from interference microscopjlexperiments on giant crystat§:
The difference to the experiments lies in the complememntature of the barrier types probed.
While IFM measurements detect blocked pore entrances anelftie “departure” from the ideal
crystal surfacé?1-17we measure crystal-structure inherent surface bartfersportantly, both
methods for assessing surface barriers have their drawbdéiM measurements alone cannot
provide the reason to pore blockage (e.g. foreign matteicdadislocations, surface reconstruc-
tion) and our results provide only a lower bound to surfagei&® because of the highly idealized

nature of the structures employed.
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Table 1:

Diffusion Coefficient€ and Surface Permeabilitie§

DI‘P}eff Orel DI‘R%ff Orel a™ DI'P b Ol a'ec I:)I'|9 ¢ Orel
[nm] [10~%m?/s] [%] [107%m?/s]  [%] [m/s] [10-1%m?/s] [%] [m/s] [10-1%m?/s] [%]
AFI¢ 2.6 38 6.6 43 16 10.8 15200 2.6 11.0 2319 3.9
5.1 73 5.5 78 16 13.6 328 1.9 11.1 1065 3.9
10.2 124 4.7 137 16 15.5 313 0.9 10.5 835 3.6
20.4 175 4.3 189 16 13.7 375 04 8.8 868 3.3
40.7 263 3.9 284 14 11.4 490 04 7.8 798 3.4
LTAY 48 1.29 94 140 11 0.200 8850 4.1 0.262 6.5 5.1
11.9 3.08 8.2 2.88 13 0.198 21900 2.2 0.294 10.5 4.3
26.1 494 5.2 461 11 0.210 18.1 0.8 0.340 89 3.6

3EMD: Dt = 755x% 1019 m?/s (AFI) and 92 x 10~1° m%/s (LTA): note that fitting eq 5 via a concentration-deperiden

transport-diffusivity gives very similar values fﬁ?TOC (SI4).°MC: as = 7.6 m/s (AFI) and 0.383 m/s (LTA£T=300 K, p(1cv)=10 bar.
dT=750 K, p(ey)=100 bar; note that elevated temperature and pressure agrged for TrMD simulations of Cilin LTA as
discussed in SI1.1.
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Despite the good agreement between both analytical sokitising the surface-barrier bound-
ary conditions and TrMD simulation data, the corresponditigd transport coefficients reveal
two peculiarities (Table 1). First, diffusion coefficiemtstermined by the integral solution deviate
strongly from the EMD concentration-averaged valDe, but, interestingly, in different manners
for the two zeolites. In contrast to AFI, for which the fittedlwes DiT”t) are smaller thar by
a factor of two on the average, fitted LTA diffusivities are, average, 1000 times larger than.
Note that we consideD" obtained from the thinnest AFI sheet as an outsider for reagiven
below (second peculiarity). However, using concentragimofiles to describe the transpoD'ﬁC)
yields a good match between TrMD and EMD data. This implies #tcurate modeling of guest
transport into nano-scale host materials is achieved ongphtially resolved analytical solutions
of the diffusion equations. The argument is all the moredvas we have similar indication from
the surface permeability.

Only recently, we have provided an accurate prediction@stirface permeabilitif as, which
applies to tracer-exchange and thus self-diffusion saunat hence subscript “S”. Using the data
from ref 16 for AFIl and calculating fresh tracer-exchanggaae permeabilities for methane in
LTA (SI3), we obtain concentration-averaged values,of 7.6 m/s and 0.383 m/s, being in good
agreement with the values from fitting concentration prsfi{°c in Table 1). However, surface
permeabilities from fitting uptake curveg'{!) tend to over- and underrate the equilibrium sim-
ulation predictionas by average factors of 1.8 and 1.9 for AFI and LTA, respecjivehich we
regard as further evidence of the inappropriateness ofjugitake curves.

Finally, the parameter spaces are also indicative of thel@no because a well-localized min-
imum of Ure|(D'T°°, a'°%) is observed foc-profile fitting (orange region in Figure 2c). By contrast,
the optimum parameter region of the integral solution iy Vit and L-shaped, indeed stretching
along the axis of both parameters as a red stripe in Figura@e (he several orders of magnitude
displayed forDiT“t). Therefore, if one were to use integral analytical sohsi@f the diffusion
equations to analyze guest transport d&fa in nano-scale host objects by applying automatic

optimization algorithms our results give clear evidenca ttare must be taken because such al-
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gorithms are prone to oscillations in flat parameter spaces.

The deficiency of uptake curves to accurately describe Hresport progress into nanoscale
objects may be grounded on the statistical noise of the Trifa.dOur previous work on tracer-
exchange transpdit has shown that diffusivities and surface permeabilitiesggnerally extract-
able from uptake curves when the data exhibit virtually ragistical noise. The analysis of our
TrMD simulations was indicative of decreasing noise witbr@asing sheet thickness. For this
reason, we think that once the noise has fallen below a oetita¢shold it is possible that the
transport coefficients obtained from uptake-curve and eotnation-profile fitting, respectively,
will agree with one another. This, however, would be obdde/above a “threshold” thickness
only.

Focusing in the remainder on the spatially resolved suffeczger model for the reasons given
above, the second peculiarity deduced from the fitted tiamsiata lies in the following. AFI dif-
fusion coefficientsD!?¢, and surface permeabilities!°c, distinctly decrease with increasing sheet
thickness. They slowly approach the (concentration-wigseaged) values from EMD simulations
where the deviation between the thinnest sheet and EMD vao®unt to factors of 3 and 1.5
for D'TOC and a'°¢, respectively. The diffusivity deviations are in fact sisttong that, except for
the thickest nanosheet, d@I°° exceed the maximur®dt from EMD in the concentration range
of interest, which clearly highlights that the concentratdependence of the diffusion coefficient
cannot be the reason for the deviations. The trend is hovesteely absent for LTA. In a previ-
ous work!® we have observed a similar decrease of methane-tracesidiffcoefficient with AF|
sheet thickness. In that case, we could attribute the deeteghe influence of lower methane ad-
sorption in the solid-gas interface region as comparedaattsorption in the bulk solid spaé@34
For this study, however, we circumvented this influence lojuekng the interface region (external
surface-adsorption layer and outermost zeolite cage) thenconcentration profiles that were fit-
ted to the analytical solutions (SI1.1). Therefore, thgiorof decreasing diffusion coefficients in
AFI must have other reasons. We hypothesize that this iseohdeving to the exceptionally thin

host structure in conjunction with the shape of the pores.
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To understand the mechanism behind our hypothesis, coresisiagle molecule entering an
empty nanopore (Figure 3). That situation is encounteredidy stages in our TrMD simulations.
In the case of LTA, a molecule that has just entered the firgeé ¢&igure 3a) will immediately
loose its memory where it came from because of high entroiffiesibn barriers3! The quick
loss of memory is a prerequisite for applying random-wabaotly on the length scale of a single
zeolite cage. The smooth AFI pore shape (Figure 3b), on tier tiand, does not cause as large
diffusion barriers between adjacent cages as in LTA. Bexaidighe low barriers which range
around kgT,%232the molecule is unlikely to equilibrate in the first cage amehps immediately
into the next cage and even further to undertake a cascadenglsj As a result of these multi-
jumps 32 the diffusivity, at low loading, is higher compared to freeergy barrier estimates. This
phenomenon, called kinetic jump correlatiols’® implies that whilst random walk theory is not
applicable on the length scale ofimgle cage it just takes the molecule more time and therefore
a longer distance to loose its memory where it came ff@mbsence of any systematic deviation
of the mean-squared displacement (MSD) from ideal seffisiibn behavior® that is, MSDO t,
serves yet as strong evidence of the existence of an unaigiifarkovian chain orsome length
scale. Obviously, the smallest sheet thicknesses used ifrblD simulations are just within this
“randomization” length scale because the first moleculésrary the sheet at low concentrations
do not have enough time to loose their memory. This givestadaster filling and thus larger
diffusivities with decreasing sheet dimension. We attietibhe similar though more subtle trend for
the surface permeability;'°C, to exactly the same reason. Crucially, this “nano effecthifests a
size limitation to describing guest transport into porowgenals with Fick’s laws in such a sense
that the transport coefficients depend on the geometricahpeters of the host.

As mentioned earlier, interferenteand infrared® 11 microscopy measurements have un-
raveled that the transport-diffusivity and the surfacemnability of hydrocarbons follow the same
concentration dependence in the case of the metal-orgameivork Zn(tbip) and zeolite AP
LTA. However, we have recently showhthat this correlatioh’ between the two transport coef-

ficients is not unique. While the tracer-exchange surfacenpability, as, of methane in AFI
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Figure 3: A molecule (red circle) looses its memory immegliaprovided it enters a cage-type

zeolite pore (a). If the pores are however rather smoothhéoirtolecule will have a high likelihood
to perform a series of multi-jumps over several cages urifibrgets” where it came from.

increased with concentration, the self-diffusivity dexsed'® Here, we can directly compare the
permeability-to-diffusivity ratio over concentrationrfFIl and LTA using the data from equilib-
rium molecular simulations (SI3). As seen from Figure4correlates witlDs in the case of LTA
but not for AFI where the permeability is markedly smalleanithe diffusivity. The correlation
might lead to the impression that surface barriers are npbrtant to methane transport into LTA
nanosheefs becausars andDg are alike. However, recall that increasing the thicknesthef
LTA nanosheet by a factor of 5.4 yields a 3.3 times largercgiife transport-diffusivity (Table 1)
which is still only half of the true transport-diffusiviil;)'{’c. Hence, accurate modeling of molecu-
lar transport into nanosheets always needs to employ tifecgdbarrier boundary condition which

is due only to the exceptional small thickness of the hosensdt

Conclusions

Three central consequences follow from our results to ptiediprocess design where guest trans-
port into nanoobjects plays a critical role. First, we haeady shown the imperative of modeling
transport with spatially-resolved modelsrofiles) that are grounded on an explicit description
of the transport in the boundary layer between sheet andfluidkphase §), irrespective of the
guest-host matck32° Second, our work indicates that rapid equilibrium simalasi can be used

to predict both the diffusion coefficiekt and the surface permeabilit§,provided that the sheet
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Figure 4: Ratio of methane-tracer surface permeablfitys, to diffusivity, Ds, normalized by
distancelcage and plotted as a function of relative concentratiogy/cinal, for the two zeolite
materials studied. Note that the subscript “eq” signified the data and thus the concentration
dependence was obtained from equilibrium molecular sittmuia and not from TrMD simulations.

thicknesses are larger than 100 nm or guest diffusivitieetdhan~ 10-8 m?/s. Rare event tech-
niques’ and histogram re-weighting methotisnay in this context be used to push the prediction
range even further to cases of extremely high diffusion amthee barriers. This may ultimately
permit automate?? high throughput in-silico screening studt@so account also for (surface)
transport influences. However, we need to point out that we havestigatedingle-component
transport only. Most applicatioR> have yet to deal with a mixture of various guest species. It
will hence be necessary to test the applicability and ptability of the surface permeability in
multi-component situations, too. Incorporation into the Mav@efan formulatio 13 seems to
be a valuable starting point which, in our opinion, représeme of the future key challenges in
diffusion theory in order to meet the needs of nanotechnologm a process design perspective.
Third, we have detected a limitation to applying Fick’s lat@wshano-scale objects which is due
to the combination of their exceptional size and memoryotdfef the diffusing guest molecules.
Owing to the crucial role of nanopore shape, we expect tigptlenomenon will be even stronger
in carbon nanotubes than in the AFI-type zeolite studie@.hdihis would, for example, imply
that predictive design of future gas-sensing devige=eds to account for CNT-length dependent
diffusion coefficients, in the context of which transientletular dynamic®® will be a useful

complementary design tool.
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