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We employ high-temperature molecular dynamics to investigate self-transport and cooperative transport of
benzene in NaX (Si:Al) 1.2). We have refined the benzene-NaX force field for use with our previously
developed framework force field for aluminosilicates, which explicitly distinguishes between Si and Al atoms
in the frame, and also between oxygen atoms in Si-O-Si and Si-O-Al environments. Energy minimizations
and molecular dynamics simulations performed to test the new force field give excellent agreement with
experimental data on benzene heats of adsorption, benzene-Na distances, and Na distributions for benzene
in NaY (Si:Al ) 2.4) and NaX (Si:Al) 1.2). Molecular dynamics simulations are performed over a range
of temperatures (600-1500 K) and loadings (infinite dilution to four benzenes per supercage) to evaluate
simultaneously the self-diffusivities and cooperative (alternatively Maxwell-Stefan) diffusivities. The simulated
diffusivities agree well with pulsed field-gradient NMR and quasi-elastic neutron scattering data. Despite
this agreement, we show in the following companion paper that membrane fluxes calculated with our
diffusivities overestimate experiments by 1 order of magnitude when support resistance is accounted for in
the transport model, and by about 2 orders of magnitude when support resistance is neglected. This discrepancy
may arise from the polycrystalline nature of present-day NaX membranes.

I. Introduction

Zeolites offer useful properties such as highly selective
adsorption, diffusion, and reaction;1 although their small pore
sizes and complex transport pathways provide significant
resistances to molecular motion.1-3 Computational studies can
elucidate the mechanisms of transport, thereby helping to
optimize the balance between high selectivity and high flux.4-9

Such studies are especially timely given the importance of
zeolite membranes, which promise novel applications but suffer
from structural disorder.10 In the present article we apply high-
temperature molecular dynamics (MD) to elucidate the tem-
perature and loading dependencies of self-diffusion and coop-
erative diffusion of benzene in NaX zeolite. In the companion
article that follows, we use these diffusivities to estimate benzene
fluxes through NaX membranes, for comparison with perme-
ation measurements.

Significant effort has been devoted to understanding benzene
adsorption and diffusion in NaX and NaY, because of persistent,
qualitative discrepancies between different experimental probes
of the loading dependence of self-diffusion.11 Pulsed field-
gradient (PFG) NMR self-diffusivities for benzene in NaX
decrease monotonically with loading,12 whereas tracer zero-
length column (TZLC) dataincrease monotonically with
loading.11 This discrepancy casts doubt on using experimental
diffusivities for designing processes in zeolites. In previous
work, we have endeavored to shed light on this problem by

simulating the loading dependence of benzene self-diffusion in
NaX as accurately as possible. This task is challenging because
(i) benzene diffusion is dominated by rare site-to-site jumps,
which are most efficiently captured by lattice models, and (ii)
benzene-benzene attractions, which are relatively strong, are
most conveniently treated by off-lattice models. We thus set
out to develop a realistic lattice model of benzene in NaX with
guest-guest attractions,13 parametrized by accurate transition
state theory calculations.14 Our previous lattice model results
were found to be in excellent qualitative agreement with PFG
NMR, and in qualitative disagreement with TZLC.15

Although such lattice models are conceptually illustrative,
they often require approximations that one would eventually
like to relax. In particular, one often assumes (i) a temperature-
and loading-independent lattice of sites, (ii) no influence from
cation dynamics, and (iii) an approximate treatment of guest-
guest interactions. In the present work, we relax these assump-
tions by performing high-temperature MD. High temperatures
provide enough thermal energy to surmount relatively large
barriers, whereas MD provides a natural treatment of guest-
guest interactions. The disadvantage of this approach is that
temperatures relevant to membrane permeation measurements
are usually much lower than those required for simulating
diffusive motion in cation-containing zeolites. Extrapolating
diffusivities to lower temperatures assuming an Arrhenius
temperature dependence is valid if the basic mechanism for
diffusion does not change from high to low temperature. At
lower temperatures we surmise that benzene makes rare jumps
among supercage Na cations. At higher temperatures, it is
possible that cooperative benzene-Na motions may become
activated. In the present article, we explore whether such
cooperative motions are important for benzene in NaX, and
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hence whether high-temperature MD can be used to simulate
accurate diffusivities in cation-containing zeolites.

To address such issues, a force field that provides a faithful
representation of cation locations and motions must be used.
We have previously reported such a force field, which explicitly
distinguishes Si and Al atoms in the frame, and also between
oxygen atoms in Si-O-Si and Si-O-Al environments.16 In
the present article, we report a refined benzene-NaX force field
for use with the explicit aluminosilicate framework force field.
Although all these improvements are welcomed, they also
present a conceptual problem. In particular, relative to our
previous simulations of benzene self-diffusion in NaX, we
improve both the force field and the dynamics in the present
article. That makes comparison with old results ambiguous,
because we do not know whether discrepancies arise from the
improved potential or dynamics. It would be optimal to run high-
temperature MD using both the old and new force fields, to
disentangle the effects of improving both the force field and
the dynamics. However, calculating statistically converged
diffusivities with the new force field already sequestered our
computational resources. This is especially true for the Maxwell-
Stefan diffusivities, which are crucial for calculating membrane
fluxes (see following paper for details), but which are difficult
to converge because they probe cooperative motions of the
adsorbed phase. In future work, we plan to complete this
stepwise improvement by running high-temperature MD using
the old force field model.14,17,18Nonetheless, the present work
represents perhaps the most accurate simulations to date of
hydrocarbon motion in cation-containing zeolites, which we
utilize in the companion paper that follows for computing
benzene fluxes through NaX membranes.

Below we show that our MD simulations produce diffusivities
in excellent agreement with microscopic measurement tech-
niques such as PFG NMR and quasi-elastic neutron scattering
(QENS).1 On the other hand, in the companion paper we find
that membrane fluxes obtained from our simulated diffusivities
overestimate experimental values, a discrepancy reminiscent of
that between PFG NMR and TZLC noted above. Vasenkov et
al. recently reported PFG NMR self-diffusivities that depend
on the length scale probed,19 demonstrating that zeolites may
not be as ordered as we surmise them to be. Instead, they may
suffer from subtle patterns of disorder that impact transport in
measurable ways. Such disorder may lie at the heart of
discrepancies between simulated and measured fluxes through
zeolite membranes.

The remainder of this article is organized as follows: section
II describes the simulation methods, section III gives results
and discussion, and in section IV we summarize and give
concluding remarks.

II. Methods

In this section, we describe the systems simulated, and the
force fields employed to carry out the simulations, including
the optimization of the new benzene-NaX force field. We also
detail the molecular dynamics calculations, and how we use
these to compute self-diffusivities and Maxwell-Stefan diffu-
sivities.

A. System.The FAU pore topology consists of sodalite cages
(also calledâ cages) connected by double six-membered-rings
(6MR), each with six tetrahedral atoms (Si or Al) and with a
free aperture diameter of ca. 0.22 nm. This creates a large cavity
or supercage with four tetrahedrally located 12MR pore openings
(free aperture diameter of ca. 0.74 nm) and a three-dimensional
channel system (Figure 1). The FAU unit cell has cubic

symmetry and consists of eight supercages and eight sodalite
cages.20 The number of cations in the system depends on the
Si:Al ratio, as each Al atom brings in a negative charge to be
compensated by an extraframework Na cation. In this work,
we have simulated two FAU-type zeolites: (i) NaY: Si:Al)
2.43, 56 Na cations per unit cell,Fd3m (cubic) symmetry, lattice
parametera ) 24.85 Å; and (ii) NaX: Si:Al) 1.23, 86 cations
per unit cell,Fd3 (cubic) symmetry,a ) 25.099 Å.27,28

B. Force Field. The force field used in the present study is
based on the explicit T-atom model developed by Jaramillo and
Auerbach for modeling Na cation motion in aluminosilicates.16

This choice was made to allow for a faithful representation of
Na-benzene motions, should such motions become important
at higher temperatures. The explicit T-atom model provides the
flexibility to generate force fields for systems with widely
different Si:Al ratios, by distinguishing between Si and Al in
the framework as well as oxygen atoms in Si-O-Si and Si-
O-Al environments.

The intramolecular guest (benzene) potential is taken from
our earlier work on benzene in NaX and NaY.17 Guest-guest
interactions are represented by Coulombic and Lennard-Jones
potentials according to

where i and j refer to atoms belonging to different benzene
molecules. The guest-guest Coulombic energy is evaluated
using Ewald sums. The intermolecular interaction parameters
for benzene are chosen from Catlow et al.21

Perhaps the most important part of the force field is the host-
guest (NaX-benzene) contribution, which needs to be re-
optimized for use with the explicit T-atom model. We perform
re-optimization using energy minimization methods,16,17 for
comparison with experimental benzene adsorption heats. Al-
though adsorption heats are measured at finite temperatures,
whereas energy minimization corresponds to zero temperature,
we perform such minimizations because they are typically faster
than finite-temperature simulations. Such computational speed
is particularly important when a new potential is optimized,
which requires many calculations for different potential param-
eters.

We estimate finite-temperature adsorption enthalpies from
energy minimizations using harmonic-oscillator and ideal-gas
approximations. To see how, we begin with the molar adsorption
energy, given by∆Uads ) 〈V(zg)〉 - [〈V(z)〉 + 〈V(g)〉], where
〈V(zg)〉, 〈V(z)〉, and〈V(g)〉 are the average potential energies of
zeolite+guest, bare zeolite, and isolated guest, respectively, all

Figure 1. Framework structure of FAU with different cation types.
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averaged in the canonical ensemble at temperatureT. Assuming
that the zeolite+guest, bare zeolite and isolated guest are all
classical harmonic oscillators,22 the molar adsorption energy
becomes∆UadsV0(zg) - [V0(z) + V0(g)] + 3RT, whereV0(zg),
V0(z), andV0(g) are the respective minimum potential energies,
and R is the gas constant. This result is obtained because (i)
the canonical average of each harmonic mode is 3RT/2,
independent of frequency, and (ii) the six free translation/rotation
modes in the gas phase are presumed to become vibrations in
the adsorbed phase, yielding a net thermal energy of 3RT. The
adsorption enthalpy is given by∆Hads) ∆Uads+ ∆pV ) ∆Uads

+ p∆V ) ∆Uads+ p(Vads- Vgas) ≈ ∆Uads- pVgas≈ ∆Uads-
RT. The second equality arises from assuming adsorption at
constant pressure; the first approximation ignores the adsorbed-
phase volume compared to the gas-phase volume, and the final
approximation assumes the ideal-gas equation of state for the
gas. Putting these results together yields:∆Hads ≈ V0(zg) -
[V0(z) + V0(g)] + 2RT. The experimentally reported heat is
just -∆Hads.

In practice,V0(g) ) 0 with our valence-bond force field for
benzene;V0(z) is calculated once only because it is independent
of the updated host-guest potential. The quantityV0(zg) is thus
the main result from host-guest energy minimization. Using
the MD-DOCKER module of the DIZZY program,23 a minimum
of 150 independent energy minimizations are first performed
on the bare zeolites NaX and NaY, keeping the framework

atoms fixed and allowing the cations to obtain the most stable
distributions. A typical minimization run consists of at least 1000
MD steps at 1000 K, followed by system cooling using the
dynamic minimization algorithm developed by Snyman.24-26

Minimizations are then performed for a benzene loading of eight
molecules per unit cell, i.e., an average of one benzene per
supercage of NaX and NaY. These minimizations are performed
without guest-guest interactions, to enhance the efficiency of
sampling minimum-energy sites at infinite dilution. Host-guest
Lennard-Jones interaction parameters are adjusted to fit (a)
experimentally observed heats of sorption and (b) zeolite-guest
binding locations measured by powder neutron diffraction
studies on benzene in NaX and NaY.27,28

C. Molecular Dynamics.We performed molecular dynamics
in the NVE ensemble using periodic boundary conditions for
benzene in NaX.29 Keeping the framework atoms fixed and
allowing the cations and benzene molecules to move, the system
is equilibrated for about 100 ps and dynamics continued for
about 0.5-5 ns atT ) 600-1500 K using 1 fs time steps to
generate equilibrium data. The center of mass (COM) locations
of benzene are stored every 5-10 fs, whereas cation locations
are stored every 50 fs. The system temperature and energies
are reported every 25 fs to check the stability of the molecular
dynamics runs, and to evaluate useful thermodynamic properties.

As discussed above, we allow for cation motion alongside
benzene motion in our MD simulations. On the basis of
experimental observations, the motion of cations in zeolites is
understood to be based on two mechanisms: (a) migration of
cations from site to site (highly correlated cation motion) and
(b) restricted or local cation motion (cation relaxation).30 The
observed activation energy for Na ion relaxation in NaX (30
kJ/mol)31 is considerably lower than that reported for ionic
conduction or migration (52.3-56.8 kJ/mol).30 Studies based
on magic angle spinning NMR spectroscopy and dielectric
spectroscopy30,32-34 show a wide range of activation energies

TABLE 1: Optimized Lennard-Jones 6-12 Model
Parameters for Benzene-FAU Interactions

atom pair type σ (Å) ε (eV)

Os-C 3.007 7.67× 10-3

Oa-C 3.007 7.67× 10-3

Os-H 2.606 6.139× 10-3

Oa-H 2.606 6.139× 10-3

Na-C 3.545 1.324× 10-3

Na-H 2.944 1.255× 10-3

Figure 2. Mean-square displacement charts for the self-diffusivities of benzene in NaX.
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for cation motion in zeolites, e.g., an activation energy ofEact(Li)
) 13 kJ/mol for Li motion in dehydrated LSX zeolite34 to
Eact(Cs)) 109 kJ/mol for Cs in analcite.33 Considering the range
of activation energies observed for cation motion in zeolites,
we allowed the cations to move during the dynamics of benzene
to determine if Na cations diffuse alongside benzenes, or
whether cations remain localized at sites. Cation dynamics also
serve as an effective heat bath for the system, because of the
strong coupling among cations and benzenes. We checked the
effectiveness of this heat bath by computing the relative-root-
mean-square temperature fluctuations,T/〈T〉, during MD simula-
tions. Typical values are found to be 0.06 for temperatures
around 1000 K, thus confirming that the statistics of the
canonical ensemble are captured during the simulations.

Minimum-energy configurations were generated using the
minimization procedure discussed above. Dynamics runs were
initiated from such configurations at different temperatures
(600-1500 K) and benzene loadings (infinite dilution to four
benzenes per supercage). The simulations were performed at
high temperatures to produce reliable estimates for the mean-
square displacements of benzene molecules for the whole range
of loading conditions.

D. Dynamical Information Derived from MD: The random
motion of benzene diffusion is characterized by the self-diffusion
coefficient Ds, and the Maxwell-Stefan diffusion coefficient
DMS.35,36 These diffusivities are computed from mean-square
displacements (MSD) using the Einstein relations according
to1,4,37

whererbl(t) is the three-dimensional sorbate position at timet
and N is the component loading. Under conditions when
correlations between different molecules are unlikely, it can be
easily seen from eqs 2 and 3 thatDMS ) Ds. Equation 2 shows
that self-diffusion is a property of an individual, tagged diffusant,
whereas eq 3 shows that the Maxwell-Stefan diffusivity reflects

TABLE 2: Summary of Sorption Energies and Cation Occupancies for Minimized Configurations of Benzenein NaY and NaX
(Infinite Dilution Loading)

NaY NaX

criterion simulation experiment simulation experiment

Heat of adsorption (kJ/mol @ 323 K) 80.4( 2.49 79.5( 0.742 84.3( 2.97 83.5( 0.742

7854,55 7354,55

dCOM-Nac (Å)
Site II cation 2.72( 0.015a 2.7027 2.72b 2.7027

Site III cation 2.72a 2.68( 0.033 2.7228,43

a Out of eight benzenes in a NaY unit cell, seven were located near the SII cations and one near the SIII cation.b Out of eight benzenes in a NaX
unit cell, one was located near the SII cations, five near the SIII cations, and two near SIII′. c Distance of benzene center-of-mass to Na cation.

Figure 3. Mean-square displacement charts for the Maxwell-Stefan diffusivities of benzene in NaX.
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a cooperative transport property of all diffusants in the system.
This makes converging the self-diffusion coefficient easier
because each guest contributes its own set of statistics, whereas,
in Maxwell-Stefan diffusion there is only one set of statistics
regardless of loading. To enhance convergence, and to provide
straightforward error bars, we performed three independent runs
for each value of loading and temperature.38,39 The standard
deviation in the temperature for each MD run is estimated from
the average fluctuation about the meanT along the whole length
of the simulation. The standard deviation in the diffusivity is
estimated from averaging the results from the three identical
MD runs performed from different starting configurations of
the benzene-NaX system. With the above error bars in the
temperature and diffusivity, the error bars in the activation
energies and Arrhenius preexponential factors are determined
using the statistical analysis program,40 which incorporates the
error in both temperature and diffusivity while the average slope
(related to activation energy) and intercept (related to preex-
ponential factor or site-to-site jump frequency) and their
respective standard deviations are estimated.

To evaluate diffusion coefficients representative of long-range
motion, mean-square displacements are consistently sampled
in the range 500 Å2 e MSD e 1500-3000 Å2, which
corresponds to observation lengths at least as large as the
simulation box. Sampling the entire simulation cell, and not
just cage-to-cage length scales, is important when an explicit
Si/Al framework model is used. This is because electrostatic
disorder in the framework can lead to electrostatic traps41 that
all molecules need to sample.

To summarize, we generate statistics for single-molecule and
cooperative motion (for self-diffusivities and Maxwell-Stefan
diffusivities, respectively) through MD simulations at various
temperatures and loadings. Below we present the results for the
transport coefficients of benzene in NaX,Ds(T,Θ) andDMS(T,Θ),
and the respective activation energies,Eact

s (Θ) andEact
MS(Θ).

III. Results and Discussion

In this section, we discuss the re-optimized host-guest
potential, the cation dynamics, and the diffusion dynamics of
benzene in NaX.

A. Re-optimized Host-Guest Potential. We performed
energy minimizations on NaY (Si:Al) 2.42) and NaX (Si:Al
) 1.23) with a loading of one benzene per supercage without
guest-guest interactions (see section IIB), adjusting host-guest
Lennard-Jones 6-12 parameters to fit experimental adsorption
heats and guest binding configurations. The Lennard-Jones 6-12
parameters for the benzene-zeolite interactions for the newly
optimized potential are listed in Table 1. The binding energies
estimated from our force field show excellent agreement with
the experimental heats of sorption for benzene in NaY and NaX
reported by Dzhigit and co-workers42 (Table 2). In addition, as
shown in Table 2, the estimated benzene-cation distances
(averaged over all benzenes at the specific cation site) at the
SII site for NaY, and the SII and SIII sites for NaX, are in
excellent agreement with experimental neutron diffraction

Figure 4. Arrhenius temperature dependence of the self-diffusivities of benzene in NaX. Error bars shown for our MD results are occasionally
found to be smaller than the size of the legend symbols used.

Figure 5. Loading dependence of the energy of activation for self-
diffusion of benzene in NaX.
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data.27,28,43,44Consistent with powder neutron diffraction studies
for NaY27 and NaX,28,43 we found benzene to be located
predominantly near SII cation sites for NaY, and near SII, SIII
and SIII′ cation sites for NaX.

B. Dynamics of Cation Motion. The mean-square displace-
ments of representative cations initially located at sites I, I′, II,
II ′, III, and III′ (see Figure 1) are analyzed for temperatures in
the range 578-1067 K during dynamics at infinite benzene
dilution. Only in-site vibrations are observed for cations at sites
I, I ′, and II′ for all temperatures studied; their mean-square
displacements are found to be on the order of 1 Å2. Most site
II cations were found to exhibit similar sluggish motion, though
a few showed displacements on the order of 10 Å2, with an
activation energy ofEact(Na,II) ) 42 kJ/mol. For the case of
site III and III′ cations, we observed mean-square displacements
on the order of 50-150 Å2 for temperatures in the 850-1100
K range, giving activation energies in the rangeEact(Na,III/III ′)
) 36-46 kJ/mol. Thus, even at elevated temperatures, our
simulations suggest that cation motion is localized at sites or
within supercages, in contrast to guest motion, which spans
many cages over comparable time scales (see below). These
results lend credence to our overall approach of using high-
temperature MD to extract low-temperature diffusivities in
cation-containing zeolites.

C. Diffusion of Benzene in NaX.Figures 2 and 3 show the
individual tagged molecule mean-square displacements (MSDs)
for self-diffusion and the collective MSDs for Maxwell-Stefan
diffusion, respectively, for various temperatures in the range
725-1463 K, and benzene loadings (Θ ) 1-4 molecules per
supercage). The superior statistics obtained for self-diffusion
is exhibited in the generally better linearity of long-time MSDs

in Figure 2, as compared with that in Figure 3. In all cases,
diffusivities were extracted from MSD slopes in the range 500
Å2 e MSD e 1500-3000 Å2. Final diffusivities were obtained
by averaging over three distinct runs, with the same loading
and approximate temperature.

In Figure 4, we compare the estimated temperature depen-
dence of benzene’s self-diffusivity in NaX with experimental
data from pulsed field-gradient NMR (PFG-NMR)12,45-47 and
quasi-elastic neutron scattering (QENS).48,49As expected for a
guest-zeolite system where guest motion is dominated by jump
diffusion, the self-diffusivity obeys the Arrhenius temperature
dependence. Extrapolating our high-temperature MD diffusivi-
ties to the experimentally probed temperatures gives excellent
agreement in both the order of magnitude and activation energies
of diffusion.

Figure 5 shows the estimated loading-dependent activation
energies,Eact

s (Θ), for comparison with data from PFG-NMR
and QENS experiments. From our MD simulations, the mean
value ofEact

s (Θ) shows a sharp increase from 22 kJ/mol (Θ )
0, infinite dilution) to 33 kJ/mol (Θ ) 1), followed by a decrease
to ∼24 kJ/mol atΘ ) 2 and an approximately constant value
of ∼27 kJ/mol for higher benzene loadingsΘ ) 3, 4. However,
due to the significant overlap between the error-bars,Eact

s (Θ)
could also be interpreted as being independent of loading.
Nevertheless, the order of magnitude of the MD-simulated
activation energies is reasonably close to the experimental data.
Our simulations overestimate PFG-NMR results46 for Θ ) 1
and QENS data49 at Θ ) 1.5, 4. Considering the range of
loadings investigated, such remarkable agreement between our
MD simulations and experiment is very encouraging.

In Figure 6, we show the temperature dependence of
Maxwell-Stefan diffusivities for benzene in NaX. These also
exhibit Arrhenius temperature dependence, though with activa-
tion energies different from self-diffusion values. Figure 7 shows
the loading dependence of the activation energy for Maxwell-
Stefan diffusion of benzene in NaX. As observed for the self-
diffusion process, we obtain a strange trend forEact

MS(Θ), for
which a simple interpretation is not obvious to us at present.
Nevertheless, the similarity in the trends shown byEact

s (Θ) and
Eact

MS(Θ) may follow from the equivalence in the underlying
jump-diffusion mechanism controlling both self-diffusion and
Maxwell-Stefan diffusion.

In Figure 8A,B, we compare the loading dependencies of the
MD-simulated self-diffusivities and Maxwell-Stefan diffusivi-
ties for benzene in NaX at temperatures in the range 755-1094
K. We observe in Figure 8A that the self-diffusivities decrease
with loading, consistent with a picture of jump diffusion with
site blocking. In Figure 8B, we see that the Maxwell-Stefan

Figure 6. Temperature dependence of the Maxwell-Stefan diffusivities of benzene in NaX. Error bars shown for our MD results are occasionally
found to be smaller than the size of the legend symbols used.

Figure 7. Loading dependence of the energy of activation for
Maxwell-Stefan diffusion of benzene in NaX.
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diffusivities do not decrease as strongly as the self-diffusivities.
This is consistent with the notion that Maxwell-Stefan diffusion
is less susceptible to vacancy effects than is self-diffusion.1,37

Figure 8B suggests that an increasing loading dependence at
low loadings may be present for the Maxwell-Stefan diffu-
sivities at 854 and 944 K. However, the shallow increase from
zero to one benzene per supercage may not be statistically
significant, given the relatively large error bars on these
diffusivities.

In Figure 9A-C, we compare our simulated self-diffusion
coefficients for benzene in NaX with the kinetic Monte Carlo
(KMC) results of Saravanan and Auerbach,15,50 and with
experimental diffusivities from microscopic and macroscopic

methods. In Figure 9A, the simulated diffusivities at 468 K are
compared with PFG-NMR,12 QENS,49 frequency response
(FR),51 and tracer zero-length column (TZLC)11 data. In Figure
9B, diffusivities at 403 K are compared with PFG-NMR46,47

and QENS49 measurements and in Figure 9C, diffusivities at
360 K are compared with PFG-NMR,46 QENS,49 and sorption
uptake measurements (353 K).47,52The MD-simulated benzene
self-diffusivities have been extrapolated to the temperatures of
interest assuming an Arrhenius temperature dependence (as
discussed earlier with reference to Figure 4). Our MD diffu-
sivities are found to be in reasonably good agreement (within
1 order of magnitude) with PFG-NMR,12,46,47QENS,49 and FR51

data, while being significantly lower than Saravanan and

Figure 8. Isotherms representing loading dependencies of the (A) self-diffusivities and (B) Maxwell-Stefan diffusivities of benzene in NaX.
Lines connecting points are shown to guide through discussion in text. Error bars shown for our MD results are occasionally found to be smaller
than the size of the legend symbols used.

Figure 9. Comparison of diffusion isotherms extrapolated from high-temperature MD simulations with experimental diffusion isotherms of benzene
in NaX at (A) 468 K, (B) 403 K, and (C)∼360 K. Lines connecting points are shown to guide through discussion in text.
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Auerbach’s KMC estimations.15,50 These KMC simulations
involved a primitive treatment of guest-guest interactions,
assuming that activation energies for site-to-site jumps could
be estimated by nearest-neighbor bond-counting arguments. It
is thus not surprising that the present MD simulations give
results much closer to the truth. Inconsistent with all these,
however, sorption uptake47,52and TZLC11 experiments indicate
a broadly increasing loading dependence. It remains to be
discovered why these macroscopic methods show such different
loading dependencies for benzene in NaX.53

IV. Summary and Concluding Remarks

We have revisited the problem of estimating benzene diffu-
sivities in NaX through high-temperature molecular dynamics
(MD) simulations. We re-optimized the guest-zeolite force field
for use with our previously published explicit Si/Al framework
model. We performed equilibrium molecular dynamics simula-
tions at high temperatures and a wide range of loadings to
simulate self-diffusion and Maxwell-Stefan diffusion of ben-
zene in NaX. We found that Na cations remain largely immobile,
even at elevated temperatures, lending credence to our approach
of extrapolating high-temperature diffusivities to lower tem-
peratures. The estimated temperature and loading dependencies
of benzene self-diffusivities are in good agreement with PFG-
NMR and QENS measurements. The MD-estimated self-
diffusivities and Maxwell-Stefan diffusivities exhibit the
Arrhenius temperature dependence, with activation energies in
good agreement with available experimental data. Despite this
agreement, we show in the following companion paper that
membrane fluxes calculated with our diffusivities overestimate
experiments by about 1 order of magnitude when support
resistance effects are accounted for in the transport model, and
by about 2 orders of magnitude when such resistances are
neglected. This discrepancy may arise from the polycrystalline
nature of present-day NaX membranes.
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