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ABSTRACT: Diffusion is a ubiquitous process that is strongly
correlated with concentration. Based on developed three-dimensional
free energy and a continuous-time random-walk coarse-graining
method, we found the optimal diffusion pathway under confinement,
determined all diffusional energy barriers, and identified the major
units of zeolite where molecular diffusion is limited. Interestingly, a
novel diffusion mechanism was determined in the nanopore of a
zeolite catalyst by molecular dynamics simulation, pulsed field
gradient, and 2D exchange spectroscopy (EXSY) NMR experiments.
We describe a “molecular self-gating effect” that effectively
predominates the diffusion process in cage-type (e.g, RHO and
MER) zeolites through a “traffic jam” and a “smooth traffic” process.
Initially, transport is hindered by molecules forming a gate (traffic
jam); then, as the number of molecules reaches a certain threshold, diffusion increases rapidly due to the synergistic collisions of
aggregated molecules upon the gate (smooth traffic). This unique diffusion behavior is observed here for the first time and illustrates
a microscopic mechanism dictated by the molecular self-gating effect in a confined space. The exploitable diffusion disclosed herein
should shed new light on the fundamental understanding of transport, as well as enrich diffusion behavior under confinement.

1. INTRODUCTION upon further increasing concentrations) diffusion, respectively.
An example of Type 4 diffusion was shown by Schmid et al.
where the diffusion of benzene in MOF-S$ first increased and
then decreased as loading increased.”* In addition, the self-
diffusion coefficients of ethane and propane in zeolite Na,Ca A
show a monotonical increase with increasing concentration
(see Type S in Figure 1)."” Overall, the relationship between
diffusion and concentration is very complex: it is not only
related to the size of the adsorbed molecules and the pore size
of porous materials but also depends on the interaction

Diffusion of mass, heat, and momentum, which ranges from
the microscopic to macroscopic, is encountered throughout
the world and plays an important part in our lives.' ™ This is
particularly true of the channels of nanopores, such as metal—
organic frameworks (MOFs) and zeolites.*”® MOFs are a class
of crystalline nanoporous materials formed by the assembly of
inorganic nodes and organic linkers,” whereas zeolites are
microporous crystalline aluminosilicates.'” The constrained

channels of nanoporous materials and their high inner-surface .
- . . . between molecules and the framework of porous materials, as
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Figure 1. Types of the concentration dependence of self-diffusion coefficient. Types 1—5 are found in the literature, and a new type (Type 6) is

proposed in this work. D,, self-diffusion coefficient; C, concentration.

molecules,”” and Nag et al. illustrated the efficacy of the
levitation effect for separating real mixtures of both linear n-
pentane and its branched isomer.”® Here, a novel diffusion
behavior as a function of loading (see Type 6 in Figure 1) was
detected, where the diffusion decreases and then increases
inside RHO- and MER-type zeolites due to a “molecular self-
gating mechanism”. In addition, by combining three-dimen-
sional (3D) diffusion free energy and continuous-time random-
walk (CTRW) coarse graining, we developed new methods
that can quantitatively correlate diffusion and zeolite topology.

2. RESULTS AND DISCUSSION

2.1. Diffusion Behavior. The diffusion behaviors of
molecules inside the confined channel are strongly correlated
with the zeolite framework, as Beerdsen et al. showed that
Type 1 diffusion and Type 4 diffusion are prone to occur in
channel/intersecting channel-type and cage-type zeolites,
respectively.'® Figure 2a shows the 3D channels of RHO
cage-type zeolite, which possess Linde type A (lta) cages
connected with each other by a double eight-member ring
(d8r) (Figure Sla in Supporting Information).”” To determine
the following unique diffusion behaviors, we also investigated
the other cage-type zeolite (LTA) that consists of lta cages
bridged by a single eight-member ring (s8r; see Figures 2b and
S1b in Supporting Information). Here, we used molecular
dynamics (MD) to calculate the self-diffusion coefficient (D),
which can quantitatively describe the movement of guest
molecules inside confined channels.”® Details of the MD
calculations are presented in Computatinal and Experimental
Methods. With methane (CH,) as a model, the D, of CH,
inside the RHO at 298 K as a function of loading is plotted in
Figure 2c.

Interestingly, a novel kind of diffusion behavior where the D,
first decreases and then increases as the concentration
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increases is observed for the RHO-type zeolite (see Type 6
in Figure 1). For example, the D, is 6.5 X 107" m*/s at the
loading number of one molecule per cage, and then it
monotonically decreases to 0.9 X 107'° m*/s at 9 molecules
per cage and then again increases to 4.4 X 10710 mz/s at 12
molecules per cage (Figure 2c). For comparison, the
dependence of D, on the methane loadings in LTA zeolite is
also shown in Figure 2¢; D, is 22.7 X 1071° 33,7 x 107 and
12.6 X 107" m?/s at loadings of 1, 7, and 10 molecules per
cage, respectively. Clearly, D, first increases and then decreases
(see Type 4 in Figure 1), which agrees with the result of Smit
et al.” It should be noted that the loading-dependent diffusion
of molecules in RHO (lta and d8r) and LTA (lta and s8r)
zeolites is completely reversed, which we ascribe to the
difference in composite building units between d8 and the s8r.

To understand the difference in the type of diffusion of
methane molecules in RHO and LTA zeolites, we obtained
visual and quantitative information on the diffusion trajectories
on the microscopic scale.’® As shown in Figure 2d, the
diffusion of CH, in cage-type zeolite has a “jump-like” motion,
which includes intracage motions and occasional intercage
jumps through eight-member ring. Figure 2e,f shows the
representative diffusion trajectories of RHO and LTA in the
XY plane during a diffusion time of 100 ns (1 molecule per
cage; see Figures S2 and S3 for other planes and loadings), and
Figure 2g presents the diffusion radius (R; see Methods in
Supporting Information) in RHO and LTA zeolites as a
function of loading at 298 K. R first decreases (e.g, R is 152
and 60 A at 1 and 9 molecules per cage, respectively) and then
increases (e.g,, R is 141 A at 12 molecules per cage). However,
for LTA zeolites, R first increases and then decreases: R is 281
A for a single molecule per cage, 369 A for 7 molecules per
cage, and 241 A for 10 molecules per cage (Figure 2g), and all
the diffusion radii are larger than that in RHO. These results
agree well with the order of Dj as a function of loading in both
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Figure 2. Three-dimensional (3D) channels of (a) RHO-type zeolite, which possesses lta cages (silver) and double eight-member ring (d8r,
orange) structures and (b) LTA-type zeolite, which possesses lta cages (silver) and single eight-member ring (s8r, blue) structures. (c) Self-
diffusivity (D,) of methane (CH,) inside RHO and LTA zeolite as a function of loading at 298 K. (d) 3D jump-like diffusion in cage-type zeolite;
the trajectories were colored with time proceeding (red—yellow—green—blue). Trajectories of one representative methane diffusion in (e) RHO
and (f) LTA zeolite in the XY plane at the loading of 1 molecule per cage during 100 ns. (g) Diffusion radius (R), (h) jump frequency, and (i) jump

length in zeolites as a function of loading at 298 K.

RHO and LTA zeolites, further indicating that the diffusion
trajectories can be used to analyze the diffusion behaviors.
Furthermore, the diffusion in a cavity-type zeolite could be
regarded as a “hurdle race” that is directly determined by jump
frequency (f) and jump length (d) between two neighboring
basins or cages.’” Generally, high f and long d values between
two cages lead to fast diffusion with a longer diffusion radius.
As presented in Figure 2i and Table S3 in Supporting
Information, the d does not change much as the loading is
varied (ca. 14 and 12 A for RHO and LTA, respectively),
indicating that d is not the main factor for the diffusion
differences. Fortunately, the trend of the f (Figure 2h and
Table S3 in Supporting Information) is identical to that of the
diffusion coefficient (Figure 2c¢) and diffusion radius (Figure
2g). For example, during 100 ns diffusion time, fis 181,27, and
131 at the loading number of 1, 9, and 12 molecules per cage,
respectively, in RHO zeolite (first a decrease and then an
increase), whereas f is 881, 1128, and 551 at the loading
number of 1, 7, and 10 molecules per cage (Figure 2h and
Table S4 in Supporting Information), respectively, in LTA
zeolite (first an increase and then a decrease). Overall, this
suggests that the diffusion in cage-type zeolites can be regarded
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as a “hurdle race”, and the loading-dependent diffusion is
mainly due to the jump frequency between two neighboring
cages.

2.2. Interaction Energy. Our observations suggest that the
eight-membered ring affects diffusion by the jump frequency.
Thus, we ascribe the unique movement of guest molecules
inside the confined channels of the RHO to interaction energy
and free energy, which are important factors affecting diffusion
behavior (e.g, diffusion barrier and jump frequency) in
different channels.>’ Here, interaction energy is used to
study the diffusion properties at low concentrations and allows
for a comparative analysis of the diffusion difference in zeolites
with different topologies, whereas the free energy analysis is
performed to elucidate the mechanism of diffusion upon
various loadings in the same zeolite.

Generally, the interaction energy (or adsorption energy) is
strongly correlated with the zeolite framework, thus leading to
differences in interaction energies due to local-structure
variations.”’ The interaction energy profiles of CH, in RHO
and LTA zeolites are shown in Figure 3c,d and Table SS in
Supporting Information. These values indicate that CH, is
impeded from attaching to the center (see points A and A’ in

https://doi.org/10.1021/jacs.4c17510
J. Am. Chem. Soc. 2025, 147, 61266136
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Figure 4. (a) 3D free energy map of diffusion for 1 methane per cage in RHO zeolite. The purple balls represent Si atoms for one cage. (b) 2D free
energy of diffusion extracted from 3D free energy map. The blue—green—yellow—red color indicates free energy from low to high, and the purple
dots indicate the minimum free energy diffusion path. (c) State of 1D local minimum free energy extracted from 2D free energy map, and (d) free

energy barriers for varied loadings in RHO zeolite at 298 K.

Figure 3a,b) due to weak adsorption energy (ca. —6 kJ/mol),
but CH, tends to locate in the edge of the lta cage in both
RHO (see points B and B’ in Figure 3a) and LTA (see points
B and B’ in Figure 3b) zeolites because of stronger adsorption
energy (about —18 kJ/mol). Interestingly, the strongest
adsorption point (ca. —29 kJ/mol) is only detected at the
center of d8r (see point C in Figure 3c) for RHO zeolite, while
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a low adsorption site is located (ca. —15 kJ/mol) at the center
of s8r (see point C in Figure 3d). Note that strong adsorption
sites slow diffusion, and thus the diffusion of CH, in RHO is
slower than that in LTA zeolite at low loading. The results
show that the existence of d8r and s8r structures will affect the
diffusion behavior by generating different interaction energy

profiles.

https://doi.org/10.1021/jacs.4c17510
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2.3. Free Energy. To understand the effect of loading on
diffusion behavior, the free energy profile of the diffusion
molecule must be analyzed.m'32 Here, we developed a 3D
diffusion free energy method (see Computatinal and
Experimental Methods), which can provide information for
realistic diffusion paths and diffusion energy barriers as well as
consider effects of temperature and concentration, to reveal the
diffusion mechanism in cage-type zeolites. Figure 4a shows the
3D free energy map of diffusion for 1 methane per cage in
RHO zeolite at 298 K. This indicates that methane migrated
along the pore wall of zeolites with low free energy. Based on
the 3D free energy maps, the 2D free energy map (Figure 4b)
was extracted to quantify the diffusion paths and diffusion free
energy barriers. The 2D free energy map indicates that CH,
moves along the wall (purple dots) rather than the center of
the lta cage (with high free energy), which is consistent with
the interaction energy profile (Figure 3c). In addition, it should
be noted that d8r is the only channel between two neighboring
Ita cages for molecules to pass (Figure 3a), which is like a door
between rooms. Based on the 2D free energy map, we plotted
the 1D free energy profile along the diffusion pathway, and the
corresponding local minima sites are presented in Figure 4c.
Three different adsorption sites are clearly presented: at the
center of d8r (sites a and a’), at the mouth of the Ita cage (sites
cand ¢’), and at the corner of the Ifa cage (site e) (Figure 4b).
Apparently, the preferential adsorption site in d8r possesses the
lowest free energy, consistent with the interaction energy
(Figure 3¢).

As for the free energy at various loadings, the 1D maps are
very similar but the free energy barriers are different. As shown
in Figure 4d, there are four different diffusion barriers
codetermine the free energy profile. Obviously, the diffusion
barriers from d8r (a to b) and the variations of diffusion
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barriers from the mouth of the /ta cage (b to c) are the largest.
At lower loading (e.g., 1—9 molecules per cage), the diffusion
coeflicient decreases because the diffusion barrier from the d8r
(see a to b in Figure 4d) is almost the same, whereas that from
the eight-member ring to the mouth of the Ita cage (b to c)
increases. Thus, more methane molecules tend to locate at the
mouth of the lta cage after collision with the molecule
preferentially occupying the d8r. Therefore, the molecules
hinder each other by forming gates themselves. However, as
more molecules aggregate, the diffusion accelerates due to the
rapid drop of the free energy barrier from d8r (see a to b in
Figure 4d), which indicates that the molecules will cooperate
with each other and pull the gate open. Due to the absence of
the d8r from the LTA zeolite, the diffusion trend is reversed
(Figure S4 in Supporting Information). Overall, the diffusion
behaviors are strongly correlated to the eight-membered ring
of RHO and LTA zeolites.

2.4. Distribution of Cage Occupancy and Residue
Time. In addition, we also studied the number of molecules
(population) located in both the lta cage and d8r, which was
previously shown to affect diffusion as a function of loading.”'
Within the investigated loading range (1—12 molecules per
cage), a competitive adsorption phenomenon is observed
(Figure Sa—c). For example, CH, molecules prefer adsorption
in d8rs (orange) at low loading (Figure Sa), while they tend to
locate in Ita cages (blue) due to the saturation of d8r at high
loading (Figure Sb). We ascribe the preferential adsorption in
d8r to the strong adsorption structure at a low loading.
Meanwhile, the large population of CH, molecules in the Ita
cage is due to accessibility at high loading (Figure Sc, >9
molecules per cage). Interestingly, the turning point of
diffusion (Figure 2c) corresponds to a lta/d8r population
ratio equal to 2 (Figure Sc, 9 molecules per cage), indicating

https://doi.org/10.1021/jacs.4c17510
J. Am. Chem. Soc. 2025, 147, 61266136
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Figure 6. Mechanism of molecular self-gating controlled diffusion in RHO zeolite at low loading (a—c) and high loading (d), along with the

variation of diffusion coefficient (e).

that more than two molecules located in the lta cage will
synergistically open the door (one molecule located in d8r)
and then promote diffusion, which was confirmed by the
following analysis of the radial distribution function and
residue time.

The residue time (T,), where one molecule continuously
stays in lta or d8r of the RHO zeolite, was obtained (Figure
5d). Surprisingly, the T, in d8r remains almost constant (ca.
300 ps), while it monotonically increases in the Ita cage when
the loading is less than 9: the T\ in lta is 81, 269, and 566 ps at
loadings of 1, 5, and 9 molecules per cage, respectively. Thus,
the molecules may obstruct each other and cause a “traffic jam”
that increases the residence time in the lta cage, whereas there
is no such effect in d8r. The radial distribution function
indicates that methane molecules are more dispersed when the
loading is less than 9 (Figure SS in Supporting Information).
However, as the loading increases to greater than 9 molecules
per cage, molecules are more concentrated in the first peak
near 4 A (Figure SS in Supporting Information), which
presents “smooth traffic” as the residue time in both Ita (from
531 to 87 ps) and d8r (from 309 to 29 ps) is decreased sharply
(Figure Sd). Overall, the D, first decreases due to the
increasing residue time in the lta cage with a more
decentralized state, but D, increases as the loading increases
because of the decreasing residue time in both Ita and d8r with
a more centralized state.

2.5. Molecular Self-Gating Controlled Diffusion. It is
well-known that zeolites experience a phenomenon called the
“molecular trapdoor” or “molecular gate effect”, in which a
cation located in an energetically favorable site near the
window forms a trapdoor or the window is changed to
selectively admit gases.””~*’ Most examples of the “molecular
gate effect” have been induced by external conditions, such as
adding other cations or changing the temperature. In
electrocatalysis, He et al. found that the electrocatalytic
reaction itself can strongly modulate the surface conductance
of semiconductor electrocatalysts in a process defined as “self-
gating”."! Here, the diffusion was spontaneously induced by
the adsorbate itself, leading us to suggest a novel mechanism to
explain the diffusion behaviors by a unique “molecule self-
gating effect.”
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At very low loading (e.g., 1 molecule per cage), the transport
of methane (see orange ball A in Figure 6a) is fast, as there is
no obstacle from other molecules on the diffusion path.
Importantly, d8r, which connects two adjacent lta cages, is the
only composite building unit for molecule transport. Based on
the unique structure (Figure 2a) and interaction energy profile
(Figure 3c) of RHO, the molecule preference for binding
inside the d8r (see blue ball A in Figure 6b) is due to a
stronger interaction (Figure 3c), which, as loading increases,
forms a gate that obstructs the diffusion of other molecules
(see orange ball B in Figure 6b). Then, the diffusion slows as
more gates form (blue balls A and B in Figure 6¢). However, as
the loading increases to some threshold value (i.e., 9 molecules
per cage), the diffusion coefficients increase because several
molecules (see orange balls D and C in Figure 6d)
synergistically open the gate (see orange and blue balls A in
Figure 6d). This self-gating controlled diffusion with a “traffic
jam” and “smooth traffic” has also been verified by the free
energy and residue time. Figure 5d shows that, at low loading
(less than 9 molecules per cage), the residue time (T,) of the
molecule in d8r is almost constant because the free energy
barrier jumping out of the d8r is invariant (see a-b in Figure
4d), while T, rapidly increases in the Ita cage because of the
increasing corresponding energy barrier (see b-c in Figure 4d).
This result indicates that the time for the door opening and
closing was invariable because of the “traffic jam” at low
loading. However, as the loading increases to 9, the free energy
barriers for the d8r and Ita immediately drop (Figure 4d), and
the residue time for both the d8r and Ita cage decreases,
indicating the “smooth traffic” caused by the opened gate.

In addition, the robustness of this diffusion behavior was
investigated. As shown in Figure S6 in Supporting Information,
the molecular self-gating controlled diffusion was also present
at other temperatures (e.g, 150 and 450 K), which supports
our speculation that molecular self-gating effect is not only
present at normal temperature, it can occur at other
temperatures as well. The flexibility of the framework has
been considered”*** the diffusion coefficient in flexible RHO
zeolite is 2.55 X 107°, 0.48 x 107° and 1.43 X 10~° m’/s at the
loading number of 1, 9, and 12 molecule per cage, respectively
(Figure S7 in Supporting Information). Besides CH,, the
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Figure 7. '"H PFG NMR attenuations of (a) DNL-6 (RHO) and (b) SAPO-42 (LTA) molecular sieves under 1.0 bar methane adsorption at 298 K
as a function of (yég)z(A — g), respectively. 7, 5, g and A represent the gyromagnetic ratio of the 'H nucleus, effective gradient pulse duration,

gradient strength, and diffusion time, respectively. (c) Loading dependence of self-diffusion coefficients for methane in the two molecular sieves at
298 K by the PFG NMR experiment. (d) 2D '*?Xe EXSY NMR spectrum of Xenon in the DNL-6 molecular sieve acquired at 154 K using a mixing
time of 500 ys. The xenon gas enriched with '*Xe (80% enrichment) was introduced into a 5 mm pressure-valved NMR tube to a pressure of 0.9

bar at 298 K.

diffusion also occurred for other molecules such as Xe (Figure
S8 in Supporting Information). Furthermore, it also happened
in AIPO-type (different composition) RHO (Figure S8 in
Supporting Information) and MER (different topology, see
Figure Slc in Supporting Information) zeolites with d8r
(Figure S9 in Supporting Information), which indicates the
robustness of molecular self-gating control diffusion in zeolites
with a d8r structure (as the only access). However, due to the
absence of the d8r structure, there is no molecular self-gating
control diffusion in zeolites with UFI (Figures S1d and S10 in
Supporting Information), CHA (Figure S1la,c in Supporting
Information) and FAU topologies (Figure S11b,d in
Supporting Information).

To further prove the molecular self-gating controlled
diffusion in RHO topologic zeolite, pulsed field gradient
(PFG) NMR, a well-suited tool for intracrystalline D,
measurement,”™** was utilized to measure the self-diffusion
coefficient of methane in RHO (DNL-6) and LTA (SAPO-42)
topological silicoaluminophosphate (SAPO) molecular sieves.
Figure 7a,b displays the typical "H PFG NMR attenuations of
methane in DNL-6 and SAPO-42 molecular sieves as a

function of (}/(Sg)2<A - g), respectively, demonstrating that

the methane D, in DNL-6 is smaller than that in SAPO-42 as
methane in DNL-6 requires a stronger strength of gradient

field (i.e., larger value of (y&g)z(A - g)) at an equivalent

degree of attenuation. In both cases of DNL-6 and SAPO-42,
the attenuations fit well with the Stejskal—Tanner equation (eq
S). The loading dependences of the self-diffusion coefficients
for methane in two molecular sieves at 298 K are shown in
Figure 7c. The D, in DNL-6 decreased with the increasing
pressure from 0.5 to 13.0 bar, while that in SAPO-42
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monotonically increased (consistent with the diffusion
behavior for general cage-type zeolite'®). Although the
methane adsorption amounts of samples could not be achieved
at higher loadings due to the pressure limitations of the NMR
tube, the trends in D, for both molecular sieves align closely
with the MD simulations at low methane loadings. In addition,
the “traffic jam” effect resulting from the confinement within
d8r is validated by '*?Xe NMR experiments.

It is noteworthy that, the "H and *C chemical shifts of CH,
are not sensitive to the adsorbed environment; fortunately,
2Xe NMR was alternatively selected to confirm the “traffic
jam” effect of d8r on adsorption and diffusion behaviors due to
its large electron cloud density and high susceptibility to
polarization from the zeolite framework.”™** As shown in
Figure S14, SAPO-42 consistently displays a single '**Xe signal
under 0.9 bar (the pressure measured at 298 K), as the Ita cage
is the sole adsorption site in the framework. The higher
chemical shift of the 'Xe NMR signal results from the
increased xenon adsorption numbers with decreasing temper-
ature. In contrast, the sharp '*?Xe NMR signal in DNL-6
broadens and gradually separates into two signals, located at ca.
175 and 240 ppm, respectively, with temperature decreased to
153 K, demonstrating Xe atoms are exclusively adsorbed in Ita
and d8r environments, respectively. At a lower Xe pressure of
0.5 bar (the top red line, adsorption pressure was measured at
298 K and '**Xe NMR spectrum was acquired at 151 K), the
relative content of Xe molecule in the d8r increases and
exceeds that in lta cages. It agrees with the calculations that Xe
molecules preferentially adsorb in the d8r prism and are ready
to form a “traffic jam” in the diffusion process. Furthermore,
2D '*’Xe exchange spectroscopy (EXSY) NMR was employed
to provide dynamic information about the motions of xenon in
d8r and Ita cages.”” Figures 7d and S15 display the 2D 'Xe
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EXSY NMR result of xenon in DNL-6 molecular sieve at 154
K with various mixing times. A very weak and separate cross
peak in the off-diagonal of spectra emerges with a mixing time
of 200 us (Figure S1Sb) and the cross peaks become
pronounced as the mixing time increases to 500 us (Figure
7d), indicating extremely slow exchange between Xe atoms in
d8r and Ita adsorption sites because of the “traffic jam” effect.
It is noteworthy that the more interesting experimental
evidence of diffusion behavior (smooth traffic) has remained
a great challenge thus far due to the extremely high-pressure
NMR instrumentation limitations.

3. CONCLUSIONS

In summary, we have developed a method to quantitatively
correlate zeolite structure and diffusion behavior based on 3D
free energy and CTRW coarse-graining method, which does
not require a prespecified diffusion path and is able to consider
the effect of temperature and concentration. Based on this
method, we found a novel loading-dependent diffusion
behavior where the self-diffusion coefficient first decreases
and then increases, and we investigated the mechanism of
molecular self-gating control diffusion in RHO cage-type
zeolites based on the interaction energy profile, free energy,
jump frequency, and residue time. At low loading, the
adsorbates will spontaneously form a gate by themselves in
the double eight-member ring (d8r), which inhibits the
movement of other molecules, while the diffusion will be
promoted by the effect of synergistically opening the gate at
high loading. The novel diffusion has a strong correlation to
the composition and topology of zeolite, adsorbent, and
temperature. This new transport will enrich the present
diffusion behavior. We anticipate that this self-gating effect
will be widely adopted to study the selective adsorption and
separation as well as be applied in high pressure sensing and
storage.

4. COMPUTATIONAL AND EXPERIMENTAL
METHODS

4.1. MD Simulation. The initial framework structures of pure
silicon (ie, RHO, LTA, MER, and UFI) were taken from the
International Zeolite Associations database®® and optimized by
GULP*"** with SLC core—shell force field.**** The selected super
cellsare 3 X 3 X 3,4X4X4,4X4X2,and 4 X 4 X 4 for RHO,
LTA, MER, and UFI, respectively (see Table S1 in Supporting
Information). These cell parameters were used in the MD simulation.
All MD simulations were performed in the canonical ensemble
(NVT), where the number of particles (N), volume (V), and
temperature (T) were kept constant. The simulated temperature was
held at 300 K and controlled by a Nosé—Hoover thermostat with a
coupling time constant of 1 ps. The velocity Verlet algorithm was
used to integrate Newton’s equations of motion with a time step of 1
fs. Each MD simulation was equilibrated for S ns, followed by 100 ns
of production for studying the diffusion behavior of methane
molecules. The trajectories were recorded every 1000 steps, and 3—
17 independent MD simulations were carried out for better statistics.
The parameters of force field (see Table S2 in Supporting
Information) were given in the original reference by Sholl,”>*® and
the validity has been verified in our previous work.”’ The Lennard-
Jones cross-interaction parameter for Xe and zeolite was determined
by the Lorentz—Berthelot mixing rules. All Lennard-Jones interactions
were calculated with a 12 A cutoff radius, and periodic boundary
conditions were also used in all three directions. MD simulations were
performed in the parallel general purpose DL_POLY code.”’

4.2. Diffusion Coefficient. The mean square displacement
(MSD) of adsorbed molecules is defined as the following equation
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1 &
Fz [ty + 1) = 1(ty)]

Tto

1 &
MSD(7) = —)°
N 3 (1)

where N, is the number of adsorbed molecules, N, is the number of
time origins used in calculating the average, and r; is the coordinate of
the center-of-mass of molecule i. The slope of the MSD as a function
of time determines the self-diffusion coeflicient, D,, defined according
to the so-called Einstein relation®

MSD(r) =2nDz + b (2)
where  is the dimension of frameworks (n = 3, 3, 3, and 1 for RHO,
LTA, UF], and MER, respectively), and b is the thermal factor arising
from atomic vibrations. The line was fitted in the range of 1000—5000
ps using a least-squares fit. The reported MSD curves and
corresponding D, values were calculated as the average of 3 to 17
independent MD trajectories.

4.3. Free Energy. The free energy profile is a reliable method to
explain the diffusion behavior of a hydrocarbon molecule passing
through zeolites. First, the 3D probability density was generated from
the trajectories of 51° point meshes. To improve the statistics of our
calculations, all densities were projected into one unit cell. The
normalized histogram of trajectory {(t) is the probability distribution
P({) of the gas. Here, { represents the 3D coordinate of the center of
mass of the molecule. By taking the logarithm of P({), the free energy
profile F({) = —kgT X In P({) is obtained up to an arbitrary constant,
where T and kg are the temperature and the Boltzmann constant,
respectively. Then, the 2D free energy map was extracted from the
center of the 3D free energy maps. Finally, the 1D free energy curve
along the diffusion path with 51 local minimum points was extracted
from the 2D free energy map.

4.4. Continuous-Time Random-Walk Coarse-Graining Meth-
0od.”™”” In the coarse-graining time algorithm, the center of the k-th
dynamic basin of the tagged methane molecule, R(n),, is done
iteratively as

(n — 1)R(n — 1), + R(n)

n

K(”)k =

)

The average is updated until R(n + 1) walks out of a certain range

IR(n + 1) — I_Q(n)kl{

< D, update the basic center position}

> D, .. start the new basin
(4)

D0 Was set to 11 and 13 A, which was found to be a reasonable value
for methane, as a threshold of the basin crossing in LTA and RHO,
respectively. The past n snapshots are defined as a dynamical basin
centered at R(n),. If the labeled molecule hops into a new basin
according to eq 4, the running index # is updated to 1. The hopping
frequency f is defined as the number of jumps for methane from one
dynamic basin to another, while the jump length L is the average
distance between two consecutive basin centers (R, ; — R).

4.5. Pulsed-Field Gradient NMR. The scheme outlining the
sample preparation process for NMR experiments is presented in
Supporting Information Figure S16. PFG NMR measurements were
conducted on a Bruker AVANCE III 600 spectrometer equipped with
a 14.1 T wide-bore magnet. A 5 mm diffSO probe was used, providing
the maximum gradient strength of 1800 G/cm in the z-direction. A
bipolar-gradient stimulated echo sequence (STEBP)*®" was applied
in diffusion measurements to eliminate the effect of magnetic
susceptibility in the beds of SAPO materials (Figure S17a). Optimal
parameters (5, g and A) were set for each PFG NMR test. The
intracrystalline D; is determined using eq 5,°" as the linear fittings of
semilogarithmic plots for the attenuation of I/I; are shown in Figure
S17b,c.

1= Ioexp[—(}’5g)2D(A - g)} (3)
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where I and I; are the signal amplitudes with and without gradient
field strength, respectively. The echo signals decayed exponentially as
the gradient strength (g) increased linearly, while the diffusion time
(A) and effective gradient pulse duration (§) remained constant. y is
the gyromagnetic ratio of the 'H nucleus. The attenuations of I/1, for
both samples fitted well with the Stejskal—Tanner equation, indicating
a standard three-dimensional isotropic diffusion.
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