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CHEMICAL PHYSICS

Synergistically enhance confined diffusion by
continuum intersecting channels in zeolites

Zhigiang Liu’, Jiamin Yuan'?, Jasper M. van Baten?, Jian Zhou*, Xiaomin Tang"?, Chao Zhao®,
Wei Chen', Xianfeng Yi', Rajamani Krishna®, German Sastre®, Anmin Zheng'*

In separation and catalysis applications, adsorption and diffusion are normally considered mutually exclusive.
That is, rapid diffusion is generally accompanied by weak adsorption and vice versa. In this work, we analyze the
anomalous loading-dependent mechanism of p-xylene diffusion in a newly developed zeolite called SCM-15. The
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obtained results demonstrate that the unique system of “continuum intersecting channels” (i.e., channels made
of fused cavities) plays a key role in the diffusion process for the molecule-selective pathways. At low pressure, the
presence of strong adsorption sites and intersections that provide space for molecule rotation facilitates the
diffusion of p-xylene along the Z direction. Upon increasing the molecular uptake, the adsorbates move faster
along the X direction because of the effect of continuum intersections in reducing the diffusion barriers and thus
maintaining the large diffusion coefficient of the diffusing compound. This mechanism synergistically improves

the diffusion in zeolites with continuum intersecting channels.

INTRODUCTION

Diffusion is a common physical phenomenon that affects mass,
heat, or momentum and that occurs at both microscopic and mac-
roscopic scales (I). In condensed state materials, diffusion may oc-
cur in the bulk phase or inside the confined space. The bulk phase
diffusion of molecules (or atoms) is often stochastic and is generally
referred to as “Brownian movement” (2-4). However, diffusion in-
side the confined space is quite different (5-12).

“Single-file diffusion” is one type of diffusion movement ob-
served inside the confined space (13), and it takes place in one-
dimensional (1D) channels where the molecules cannot pass each
other. Previously, single-file diffusion had been detected in the 1D
channels of zeolites using nuclear magnetic resonance (NMR) anal-
ysis (14-16). Molecular dynamics (MD) is another technique that
had been used by Sastre and Corma to study the single-file diffusion
of benzene and n-butane in ITQ-4 and L zeolites. The obtained re-
sults demonstrate that in ITQ-4 1D channels, the molecules cannot
pass each other, and so, diffusion is single file. However, the wider
pores in L zeolite allow for the passage of more than one molecule
at a time, resulting in normal diffusion (17). In general, single-file
diffusion is implicated in 1D channel catalysis and the hydrocarbon
traps used in automobiles (1, 6, 18, 19). Besides single-file diffusion,
“incommensurate diffusion” (20, 21), “levitation effects” (22, 23),
“molecular traffic” (24), and “inverse shape selectivity” (25) have
also been observed inside the confined space; however, the mecha-
nisms underlying these effects remain unclear.
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The transport of adsorbates in confined channels is controlled
by the interplay between adsorbent-adsorbate and adsorbate-adsorbate
interactions, as so, molecular diffusion through pores via different
mechanisms (6, 26-34). Normally, adsorption and diffusion, two
primary aspects of practical multidisciplinary applications such as
gas separation and heterogeneous catalysis, are considered to be
mutually exclusive (i.e., rapid diffusion is generally accompanied by
weak adsorption and vice versa). Here, we show that the recently
synthesized 3D zeolite SCM-15 (12 x 12 x 10 ring size) (35) exhibits
unique diffusional behavior compared to other channel-type zeo-
lites (36, 37), with a nonmutually exclusive relationship between
adsorption and diffusivity. On the basis of the energy profile and
the distribution of adsorption configuration, the role of continuum
intersections (i.e., channels made of fused cavities) is established,
and the correlation between the unique framework and diffusion
behavior is analyzed. The obtained results provide insights into
the mechanism of diffusion processes occurring inside confined
systems.

RESULTS
Diffusion behavior
The diffusion behavior of molecules inside confined channels is
strongly affected by the zeolite framework. As shown in Fig. 1 and
fig. S1, the 3D channels of SCM-15 include 12-ring channels along
the X (6.1 x 6.9 A), Y (5.6 x 6.7 A), and Z (5.9 x 6.3 A) directions, as
well as 10-ring channels along the Y (5.1 x 5.5 A) direction. Nota-
bly, two intersections appear in the XY and XZ planes, and they
form “continuum intersecting channels” (i.e., channels made of
fused cavities; Fig. 1B) along X. The XY intersection contains 10-
and 12-ring channels along Y, both of which cross the 12-ring chan-
nels along X, resulting in a 12/(10 + 12) ring intersection [6.1 x 6.9/
(5.1 X 5.5+5.6x6.7A)] (fig. S2). Meanwhile, the XZ intersections
are attributed to 12-ring/12-ring channels (6.1 x 6.9/5.9 x 6.3 A).
Unlike the X channels, the Y and Z channels do not intersect, and
so, the intersections along Y and Z axes are discrete (Fig. 1, Cand D).
To analyze the movement of guest molecules inside confined
channels, the self-diffusion coefficient (D) was calculated (36, 37)
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Fig. 1. Channels and diffusion coefficients in the SCM-15 zeolite. (A) 3D channels in the SCM-15 zeolite. 1D channels along the (B) X, (C) Y, and (D) Z directions. The
silver balls represent intersections. The green, blue, and orange cylinders represent channels along the X, Y, and Z directions, respectively. The small blue and orange balls
represent atoms in the Y and Z channels, respectively (discrete intersections). All atoms in the X channels are located in the intersections (continuum intersections), and
50, no small green balls are shown. (E) Variations in the anisotropic diffusivity of p-xylene molecules inside the SCM-15 zeolite as a function of loading (pressure) along the
X, Y, and Z directions and as a function of total loading (S) at 298 K. (F) Variations in anisotropic diffusion coefficient ratio of p-xylene molecules as a function of loading

(298 K).

using MD. Figure 1E depicts the variation in D; values of p-xylene
inside the SCM-15 zeolite as a function of loading (298 K). As
shown in the figure, all values are in the order of 107 m*/s, which
is larger than the D; values calculated for p-xylene molecules in
silicate-1 (3D 10-ring channel zeolite, pore size = 5.5 A, Dy in the
order of 1072 m%/s) (38). The difference in self-diffusion coefficient
is attributed to the larger pore size of SCM-15 compared to silicate-1.
Dy increases at low loading (up to five molecules per cell), and then,
it decreases. This behavior is different from that observed in other
channel-type zeolites, such as MTW, LTL, AFI, BOG, and MFI,
where the diffusion coefficient monotonically decreases with in-
creasing loading (36, 37).

The favorable pathway of p-xylene diffusion varies depending
on loading. Figure 1F shows that at low loading (0.5 molecules per
cell), diffusion in the Z direction is about three times faster than that
in the XY plane (Dz/Dxy ca. 3). However, at high loading (eight
molecules per cell), Dz/Dxy markedly changes to 1/5 and Dx/Dy;
reaches the high value of ca. 6. Besides p-xylene, other molecules
such as methane, n-butane, and n-octane exhibit similar anomalous
diffusion behavior inside the SCM-15 zeolite, albeit at varying
degrees (fig. S3). Overall, the results show that the preferential pathways
of certain molecules inside a zeolite with 3D intersecting channels
depend on loading (fig. S4).

Free energy

To understand the effect of loading (pressure) on diffusion behav-
ior, the free energy profile of the diffusing molecule must be ana-
lyzed (25, 39). Considering that the diffusion coefficient of p-xylene
varies only slightly with loading along Y (Fig. 1E), the free energy
profile corresponding to this direction is not discussed. In the X
direction, the free energy profile shows two local minima, one in
the 12/(10 + 12) ring intersection (qA, qE) and the other in the
12-ring/12-ring intersection (¢°) (Fig. 2A), which contribute to AE;
and AE, energy barriers, respectively. Similarly, the free energy
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profile along the Z direction comprises two energy barriers, AE;’
and AE,’, corresponding to diffusion in the 12-ring straight chan-
nels and the 12-ring/12-ring intersection, respectively (Fig. 2B).
Figure 2 (C and D) depicts the profiles of AE;, AE,, AE,’, and AE;’
variation as a function of loading. In the channels along the X direc-
tion, where more molecules are adsorbed in the 12-ring/12-ring and
12/(10 + 12) ring intersections, AE; and AE, initially decrease with
increasing loading, resulting in an increased diffusion coefficient of
p-xylene. At high loading (more than five molecules per cell),
p-xylene diffusion slows down a bit because of the increase in AE,
(Fig. 2C). In the Z direction, AE,’ is practically independent of load-
ing; however, AE,’ increases continuously with increasing loading,
resulting in slower p-xylene diffusion.

Interaction energy

The free energy profiles discussed above provide an understanding
of the mechanism underlying loading-dependent p-xylene diffu-
sion in different directions. However, they do not explain why
diffusion along Z is favored at low loading, while at high loading,
p-xylene diffuses more favorably along X (Fig. 1E). The tentative
explanation that we propose is that at low loading, the smaller chan-
nels along Z (5.9 x 6.3 A) provide a better fit for molecules, whereas
at high loading, the larger channels along X (6.1 x 6.9 A) provide
more space.

In addition to the free energy profiles, the interaction energy
(preferred adsorption sites and interaction energy barriers) and dis-
tribution of channel occupancy are important factors affecting
p-xylene diffusion in different channels. In general, the interaction
energy (or adsorption energy) is strongly correlated with the zeolite
framework, and thus, variations in local structure lead to differenc-
es in interaction energies. The adsorption energy values of p-xylene
at different locations in SCM-15 are given in Table 1. These values
indicate that p-xylene is weakly confined in the XY and XZ intersec-
tions where the adsorption energy is lowest (ca. —50 kJ/mol) [points
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Fig. 2. Free energy profiles and barriers. Free energy profiles of p-xylene diffusion along the (A) X (points A and E located at the 12/(10 + 12) ring intersection and point
Clocated at the 12-ring/12-ring intersection) and (B) Z (points A and E located at the 12-ring/12-ring intersection and point C located in the 12-ring channel) directions.
Variations in the free energy barriers as a function of loading along the (C) X and (D) Z directions.

Table 1. Adsorption energy. Adsorption energy of p-xylene at selected
locations in SCM-15 (locations are shown in Fig. 3).

Point in graph Location Ene':‘gg;)(k‘l/
12/(10+12) ~
A(CandE) intersection Sl
Fig'3(Aand D) .................................................. 2 /2 ..............................................
121
i) intersection —S
A (E) 12-ring -60.3
. 12/(1 12
Fig.3 (BandE) B (D) 12/10+ 12 528
C 10-ring =735
12/12
Fig.3 (Cand F) A(CandE) intersection =528
B (D) 12-ring —67.5

A and B in Fig. 3 (A and D) and fig. S1A]. In the 12-ring channel
segments (not intersection), the adsorption strength is intermedi-
ate, with values of ca. —60 kJ/mol along the Y direction [5.6 x 6.7 A;
point A in Fig. 3 (B and E) and fig. S1B] and ca. —65 kJ/mol along
the Z direction [5.9 x 6.3 A; point B in Fig. 3 (C and F) and fig. S1C].
Last, strong adsorption (ca. =75 kJ/mol) is detected in the 10-ring
channels along Y [5.1 x 5.5 A; point C in Fig. 3 (B and E) and fig.
S1B]. Knowing that molecules are more likely to be located at sites
where adsorption is strongest, p-xylene only shows large occupancy
of the X channels in SCM-15 (lowest adsorption energy) at high
loading for its widest sizes.
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As shown in Fig. 2 (B and D), the free energy barriers of diffu-
sion along Z increase with increasing loading because of the aug-
mentation of the AE, component (40, 41). Consequently, the
diffusivity of p-xylene along this direction (Dz) decreases (Fig. 1E).
Along X, both energy barriers (AE; and AE,; Fig. 2, A and C) slight-
ly decrease at higher loading, resulting in increased diffusivity
Dy (Fig. 1E). In addition, the order of increasing interaction energy
barriers along the X (Ex), Y (Ey), and Z (Ez) directions is AEx
(2 kJ/mol) < AEz (15 kJ/mol) < AEy (30 kJ/mol). This suggests that
p-xylene molecules can more easily diffuse along the X direction
than along the Y and Z directions because of the presence of continuum
intersecting channels.

Distribution of channel occupancy

The diffusion behavior of p-xylene is also affected by the distribu-
tion (location) of molecules in different channels (Fig. 4). Within
the investigated loading range (0.5 to 8 molecules per cell), p-xylene
adsorption in Z channels is consistently more favorable than ad-
sorption in X and Y channels (Fig. 4, A to C), as evidenced by the
occupancy distribution presented in Fig. 4D (66 to 56% occupancy
in Z channels). Note that the distribution of channel occupancy is
governed by adsorption energy and entropic factors. Figure 3 shows
that, except for the less accessible 10-ring segments along Y (ad-
sorption energy, —75 kJ/mol), the 12 rings along the Z direction
present the large adsorption energy. The large population of
p-xylene molecules in Z channels can thus be explained by strong
adsorption and the high accessibility of these channels. Meanwhile,
the channels along the X direction exhibit the least occupancy due
to weak adsorption (adsorption energy, —50 kJ/mol) in the loading
range of 0.5 to 8 molecules per cell.
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Fig. 3. Diffusion pathways and interaction energy profiles. Definition of p-xylene (center of mass) diffusion pathways (points A to E) along the (A) X, (B) Y, and
(€) Z directions. The orange, white, and black balls represent C, H, and the center of mass of p-xylene, respectively. Interaction energy profiles of p-xylene along the

(D) X, (E) Y, and (F) Z directions.

Calculations of p-xylene molecule orientation in the different
channels at different loading (Fig. 5 and fig. S5) further confirm the
conclusions drawn above. Considering the large size of intersec-
tions, the molecules are preferably oriented in a direction perpen-
dicular to the channel axis, allowing for more effective packing (figs.
S6 and S7). This indicates that SCM-15 is a highly tunable zeolite in
terms of adsorbate channel distribution at different loadings, which,
in turn, affects diffusivity and selectivity. Although temperature
(298, 373, and 573 K) does not notable affect channel occupancy
(fig. S8), it influences the threshold loading at which diffusivity
along the Z direction is overtaken by diffusivity along X. The tem-
perature profile of equivalent anisotropic ratio of diffusion coeffi-
cients indicates that the threshold loading increases at higher
temperatures. At the largest temperature investigated here (573 K),
D, and D, are similar, irrespective of loading. This shows that when
the temperature is high, p-xylene molecules will preferably diffuse
through the largest channels (X and Z channels) of SCM-15. Com-
pared to p-xylene, other similar molecules such as o-xylene and
m-xylene exhibit different threshold loading, which indicates that
selectivity toward p-xylene molecules is high (fig. S9).

Figure S3 presents the profiles of methane, n-butane, and n-
octane diffusion in SCM-15 at 298 K. On the basis of these profiles,
it may be concluded that larger sorbates are characterized by greater
ratios of diffusion coefficients over different channels. In the case of
methane, the change in anisotropic diffusion coefficient ratio is
small because of the small size of the molecule with respect to the
channel. Compared to p-xylene, the diffusion behavior of n-butane
and n-octane is quite different, as both compounds preferably
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diffuse along the Y direction at low loading. As loading increases,
n-octane diffuses primarily along Z, with practically no diffusion in
the X channels that are too long for rotation. Again, the variation in
the diffusion behaviors of different compounds allows for greater
selectivity of channel occupancy when analyzing mixtures (e.g.,
p-xylene/n-octane mixtures).

DISCUSSION

The results reported in this study demonstrate that the SCM-15
porous material characterized by multiple heterogeneous channels
along different directions exhibits selective diffusion. The Z chan-
nels are rich in strong adsorption sites, but they have high diffusion
barriers. Meanwhile, the adsorption sites in X channels are weak,
but diffusion through these barriers requires relatively low energy
(low diffusion barrier). The rotation of p-xylene molecules in inter-
sections alters the diffusion pathway of these molecules, as shown in
Fig. 6. At low loading, diffusion occurs almost exclusively along
the Z channels comprising many strong adsorption sites (Fig. 6,
A and B), while at high loading, diffusion through the X channels
characterized by low energy barriers (i.e., continuum intersecting
channel direction) is favored (Fig. 6, C and D). Such anomalous
loading-dependent diffusion behavior can be explained by the par-
ticular synergy between adsorption and diffusion.

Furthermore, the diffusion of p-xylene molecules in POS and
BEC zeolites was also analyzed. These zeolites were chosen because
they have continuum intersections similar to those observed in
the SCM-15 zeolite (42, 43). The 3D channels in POS are 12-ring
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Fig. 4. Channel occupancy in SCM-15 zeolite. Adsorption sites of p-xylene inside the SCM-15 zeolite at (A) 0.5, (B) 4, and (C) 8 molecules per cell loading and at 298K
(obtained from MD trajectories; H atoms are omitted for clarity). (D) Molecular percentage of p-xylene molecules located in X, Y, and Z channels at different loading. Green,
blue, and orange colors are used to indicate the locations of p-xylene in X, Y, and Z channels, respectively.

channels (7.5 x 6.7 A) along the Z direction and 11-ring channels
(4.6 x 6.7 A) in the XY plane. Meanwhile, BEC has 12-ring channels
along the X (6.0 x 6.9 A), Y (6.0 x 6.9 A), and Z (6.3 x 7.5 A) direc-
tions. Note that two intersections appear in the XZ and YZ planes of
the zeolites and that these intersections form continuum intersect-
ing channels (Fig. 7, A and B). The existence of such channels indi-
cates that similar to the SCM-15 zeolite, the POS and BEC zeolites
exhibit pressure-dependent diffusion behavior (Fig. 7, C and D, and
fig. S10).

The quick transport of molecules, even small ones such as meth-
ane, through microporous channel-type zeolites is considered a
great challenge due to the sharp decrease in diffusion coefficients at
high loading (fig. S11) (36, 37). Compared to the conventional
channel-type zeolites, nanolayer or hierarchical zeolites exhibit im-
proved diffusion; however, their channels cannot be accurately
tuned during the synthesis process (44, 45). Therefore, the develop-
ment of new types of microporous zeolites with excellent diffusion
performance is essential. Considering that continuum intersecting
channels can substantially reduce the diffusion barrier, regulate mo-
lecular rotation, and enhance adsorption at weak adsorption sites,
zeolites with such channels (e.g., SCM-15, BEC, and POS zeolites)

Liu etal., Sci. Adv. 2021; 7 : eabf0775 12 March 2021

are highly efficient in separation or catalysis (e.g., xylene and al-
kanes) applications, especially at high pressure (figs. S7, S9, and S12).

Notably, the anomalous diffusion behavior of hydrocarbons in
microporous materials has been reported previously; however, the
experimental verification of such behavior constitutes an additional
challenge, considering that various effects may be at play, all at
once. One of the effects implicated in anomalous diffusion behavior
is the “window effect” that describes the unexpected increase in dif-
fusivity of alkanes with growing chain lengths, beyond a certain
point (46). On the basis of the original work, the diffusivity values
reported by Gorring are indirect because these values are extracted
from experimental uptake curves without taking into consideration
the nonlinearity and thermal effects. A few theoretical models pro-
pose alternative means for determining the diffusivity values. For
example, Ruthven suggests that the oscillation behavior of apparent
diffusivity with carbon number may be accounted for by consider-
ing the effects of isotherm nonlinearity and the finite rate of heat
dissipation on the adsorption rate. When these effects are taken into
account, the unusual profiles of diffusivity or adsorption equilibri-
um constant variation as a function of carbon number are no
longer observed (47). Recently, Hwang and coworkers (48) have
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experimentally confirmed the anomalous dependence of transport
diffusion coefficients on alkane chain length using infrared micro-
imaging and interference. They successfully recorded images of
microscopic diffusion under nonequilibrium conditions, with no
restrictions regarding the upper limit of the observation time. Using
this technique, it was made possible to extend diffusivity measure-
ments to arbitrarily small values. Unlike macroscopic uptake,
microimaging measurements are unaffected by the thermal and ex-
ternal transport resistance effects that influence the experimental
data in the original interpretation of the window effect. This is
mainly due to the fact that in microimaging measurements, diffu-
sion occurs through a bed of crystals. The diffusivities of alkanes
comprising two to six carbon atoms in ZIF-4 follow the usual chain-
length dependence trend, with n-pentane showing maximum diffu-
sivity. The high diffusivity of n-pentane may be related to the
existence of a window opening wherein configurational shifts facil-
itate molecular propagation at particular chain lengths.

All the proposed theoretical models agree that the increasing
trend in diffusivity at higher alkane chain lengths can only be
observed when diffusion occurs in host materials characterized by
pore sizes similar to the diameters of the guest molecules. This in-
commensurate diffusion concept explains why certain long-chain

Liu etal., Sci. Adv. 2021; 7 : eabf0775 12 March 2021

alkanes that are larger than the cage shape exhibit high self-diffusivity,
while the smaller hydrocarbons that commensurate with the cage
shape remain entrapped and so have low self-diffusivity (20, 21).
Although the proposed theoretical models agree considerably well
with Gorring’s experiments, self-diffusivity (calculated) and trans-
port diffusivity (measured) cannot be directly compared. For in-
stance, the calculated values do not account for the influence of
surface effects such as surface barriers (49). Other anomalous or
rather curious effects such as the levitation effect (22, 23), molecular
traffic (24), and inverse shape selectivity (25) may also influence dif-
fusivity. However, further research is needed to fully comprehend
them and to understand how they affect hydrocarbon diffusion in
microporous materials. Diffusion in porous media is commonly
studied using the well-suited pulsed field gradient (PFG) NMR
technique. Notably, this technique has very strict requirements re-
garding the quality of the sample. For example, PFG NMR requires
that the size of the analyzed SCM-15 zeolite crystals be notably
larger than 5 pm because self-diffusivity (D) in this material is in the
order of 107" m?*/s [according to the Einstein equation: D =
< x> 2/6A; A is the observation time (ca. 40 ms)] (50, 51). So far,
large-particle SCM-15 sample with good crystallinity for PFG NMR
experiment is a challenge for synthesis, and it is still under progress.
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In summary, the 3D intersecting channels in SCM-15 zeolite
synergistically enhance the confined diffusion of p-xylene. At low
loading, the presence of strong adsorption sites and intersections
that provide a space for molecule rotation facilitates the diffusion of
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p-xylene molecules along the Z direction. Meanwhile, at high load-
ing, p-xylene preferentially diffuses along the X direction, and it re-
tains its high diffusion coefficient. On the basis of the energy profiles
and the adsorbent distribution determined here, the effect of zeolite
framework on diffusion has been estimated. The dependence of dif-
fusion behavior on loading has been attributed to the presence of
continuum intersecting channels in zeolites with weak adsorption,
low diffusion barrier, and large space. This further confirms that
continuum intersecting channels promote diffusion at high loading
by efficiently reducing the diffusion barriers and by regulating mo-
lecular traffic. Consequently, zeolites with continuum intersecting
channels (e.g., SCM-15, BEC, and POS) can be tuned for use in the
fields of catalysis and separation by controlling the loading and
crystal morphology.

METHODS

MD simulation

The initial structure of SCM-15 was taken from the International
Zeolite Association database (52) and then optimized by GULP
(53, 54) using the SLC core-shell force field (55, 56). The supercell
dimensions were set at 2 by 2 by 4 unit cell, and p-xylene loading
was varied between 0.5 and 8 molecules per cell. MD simulations
were performed in the canonical ensemble (NVT), where the num-
ber of particles (N), volume (V), and temperature (T) are kept con-
stant. The Nosé-Hoover thermostat algorithm was used to control
the temperature during simulation and keep it at 298 K (coupling
time constant, 0.1 ps). Newton’s equations of motion were inte-
grated using the leapfrog Verlet algorithm (time step, 0.5 fs). The
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TraPPE-UA (57) and TraPPE-zeo (58) force fields were used for
hydrocarbons and zeolites, respectively (table S1). The Lennard-
Jones cross-interaction parameters were determined according to
the Lorentz-Berthelot mixing rules, and the cutoff radius was 14 A.
Each MD simulation was equilibrated over 2 x 10° steps, and
then, the following 4 x 107 steps were used to study the diffusion
behavior of adsorbate molecules. The trajectories were recorded
every 1000 steps, and 3 to 15 independent MD simulations were
conducted for better statistics. All MD simulations were performed
using the DL_POLY 2.0 code (59).

Diffusion coefficient
The mean square displacement (MSD) of alkanes is defined by the
following equation

N N
MSD() = =33 Elrito + 7) —ritto) (1)

i T

where Ny, is the number of gas molecules, N; is the number of time
origins used to calculate the average, and ; is the coordinate of the
ith molecule. The self-diffusion coefficient, D;, may be determined
by calculating the slope of the Einstein relation describing the vari-
ation in MSD as a function of time, as shown in Eq. 2

MSD(t)=2nDst+b 2)

where n is the dimension of the zeolite (n = 1 for 1D diffusion, i.e.,
along the X, Y, or Z directions; n = 2 for 2D diffusion, i.e., along the
XY, XZ, or YZ planes; n = 3 for 3D total diffusion). The Ds values
reported here were calculated as the average of 3 to 15 independent
MD trajectories.

Interaction energy profiles

The interaction energy profiles (40, 41) were determined along the
X, Y, and Z directions. To calculate the energy values, a p-xylene
molecule (center of mass) was first placed in the center of a straight
channel; then, it was systematically moved to the center of the adja-
cent unit cell, following the diffusion path in 40 equidistant steps
(Fig. 3). The interaction energy between the framework and p-xylene
was calculated at each step, and the energy barrier for crossing the
channels was determined by calculating the difference between the
lowest and highest local energies along the diffusion pathway.

Free energy profile

To explain the diffusion behavior of hydrocarbon molecules pass-
ing through the zeolite, the free energy profiles (60) were also deter-
mined. First, the reaction coordinate of the molecule was chosen
along the direction of a unidimensional channel in the zeolite, start-
ing with zero and ending at the extremity of the unit cell (two unit
cells in the Z direction). Then, the normalized histogram of the tra-
jectory E(t) was established on the basis of the probability distribu-
tion P(&) of the gas with respect to the direction of channels
(& represents the coordinate of the center of mass of the molecule).
By taking the logarithm of P(§), the free energy was obtained, as
shown in Eq. 3

F(§)=-Kg TInP(§) 3)
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where T and Kp are the temperature and Boltzmann’s constant,
respectively.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabf0775/DC1
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