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Shape selectivity is the most important feature and advantage of molecular sieve catalysis. Diffusion of
reactant and product molecules inside the confined environments with channels and cavities is the
essential aspect of shape selective catalysis of molecular sieve catalysts. Elucidating the diffusion mech-
anism of molecules in the confined space of catalysts is of great importance for the efficient utilization of
the porous materials in the catalytic reaction as well as the strategy proposal of reaction control in shape-
selective catalysis. However, it is still a great challenge to understand and quantify the diffusion behavior
at the molecular level for the establishment of the diffusion mechanism within the crystal of microporous
materials as so far. In this work, with advanced pulsed field gradient (PFG) NMR technique, self-diffusion
coefficients of alkanes (methane, ethane and propane) in three cavity-type molecular sieves (LEV, CHA
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Diffusion and RHO) with very close eight-membered ring (8-MR) windows were determined. Furthermore, molec-
Molecular dynamics ular dynamics (MD) simulations predicted the energy barrier for crossing 8-MR to be overcome. Based on
PFG NMR MD simulations and a continuous-time random-walk (CTRW) method, not only the diffusion trajectory of

the molecule can be visually displayed, but also the diffusion behavior is quantitatively described as the
inter-cavity hopping process with the success extraction of the jump frequency (f) and jump length (L).
The substantial role played by cavity structure and dimension in diffusion within cavity-type molecular
sieves with the close 8-MR windows were revealed in depth, which would help to reveal the mechanism
of cavity-controlled diffusion and propose the shape-selective strategy in the methanol-to-olefins
process.

© 2019 Elsevier Inc. All rights reserved.

1. Introduction

The well-defined pores, the high crystallinity and the tuneable
acidity have stimulated the growing attention in utilizing zeolite
and zeotype materials in chemical industry, especially for catalysis
and gas separation [1,2]. For these processes, understanding the
confinement effect imposed by zeolite topology on the guest spe-
cies is the key issue for shape-selectivity of adsorption, diffusion
and reaction on the microporous materials, which is also of great
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significance for understanding the mechanisms of catalytic reac-
tions and separation processes [3-5].

The significance of the shape-selectivity and the confinement
effect in the catalysis of zeolite and zeotype materials has been
substantially confirmed in the methanol-to-olefins (MTO) reaction,
the most successful catalytic process for the light olefins produc-
tion via non-petrochemical routes from abundant resources of nat-
ural gas or coal [6-10]. The application of shape-selective catalyst
with cavity structure and eight-membered ring (8-MR) channel,
such as H-SAPO-34 with CHA topology in the MTO reaction, gives
rise to highly-selective production of ethene and propene and also
makes H-SAPO-34 an excellent commercial MTO catalyst. Besides
H-SAPO-34, other 8-MR and cavity-type molecular sieves have
been also proved to be shape-selective catalysts, and interestingly,
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the unique product selectivity differs with the cavity type of the
catalyst [10-13].

For the MTO reaction conducted over 8-MR and cavity-type cat-
alysts, on one hand, the cavity geometry of these molecular sieves
controls the accommodation and stabilization of the confined crit-
ical intermediates of the hydrocarbon pool (HP) mechanism
[10,14-20], which varies the predominant route of olefin products
generation during the efficient reaction stage and catalyst deacti-
vation stage [9-11,13,21]. On the other hand, for the heteroge-
neous reaction catalyzed by aluminosilicates (zeolites) or
silicoaluminophosphates (SAPOs), the topology of the catalyst,
including the structure and dimension of the channel and cavity,
also greatly influences the mass transport of reactants and prod-
ucts inside the catalysts due to that the reactants need to diffuse
into the catalysts and contact with active sites and generated
hydrocarbons need to diffuse out of the catalysts as effluent prod-
ucts. 8-MR and cavity structure of zeolites or SAPO molecular
sieves work as the diffusion path or micro-reactor for mass trans-
port and reaction. The narrow and restricted 8-MR pore openings
of cavity-type molecular sieves limit the diffusion of higher hydro-
carbon products, leading to extremely high selectivity toward
lower olefins in the MTO process. As a result, for the important
MTO process catalyzed by zeolites or SAPOs, the issue of guest
molecular diffusion within confined surroundings goes beyond
the configuration diffusion from the point of mass transfer, and
plays a significant role in the achievement of high reaction activity
for reactant conversion and selective generation of the products
[22-26]. The strategy proposal for reaction control, the most criti-
cal issue of the important catalytic applications, requires the com-
plete comprehension combining the understanding of the reaction
and the diffusion of the reactant and product molecules in these
catalysts. The detailed study presented the shape selectivity for
ethene, propene and butene production can be varied with the
usage of 8-MR SAPO materials with different cavity type [10],
and revealed a special cavity-controlled intermediates formation
and reaction in the cavity-type catalytic environments [9,10]. The
catalysis and shape selectivity have been interpreted successfully
based on the intensive efforts on the reaction mechanism [9,10],
while the knowledge concerning the diffusion behavior in the cat-
alysts of the practical industry process have been still highly desir-
able in this field.

Aiming at the deeper insights of confinement effect imposed by
8-MR and cavity-type catalysts on the diffusion of guest hydrocar-
bons, three cavity-type molecular sieves with very close 8-MR win-
dows and different cavities (SAPO-35 with LEV, SAPO-34 with CHA
and DNL-6 with RHO topologies) are elaborately selected, which
are expected to present the diffusion behavior in the cavity-type
catalysts. The intracrystalline diffusion of guest molecule within
8-MR and cavity-type molecular sieves has been depicted as an
inter-cavity hopping process, which is a rare event that requires
overcoming the diffusion restriction to pass through the 8-MR win-
dows as revealed by computational studies [27-30]. It has been
noticed that the narrow 8-MR pore openings of zeolites or SAPOs
impose very strong steric hindrance for the inter-cavity hopping
[27,29-31], while the whole chemical environments for guest
molecular diffusion, originated from the cavity structure of the
molecular sieve has not been interpreted in depth. Revealing the
host-guest interactions along the intracrystalline diffusion path
and quantifying the confinement effect of the chemical environ-
ments with 8-MR and different cavity structure on diffusion behav-
ior would give deep insights of the diffusion mechanism and help
to propose the shape selective strategy for relative catalytic
reactions.

In this work, we intensively studied the diffusion of hydrocar-
bon molecules (methane, ethane and propane as the probe mole-
cules) in the confined surroundings of 8-MR and cavity-type

SAPO molecular sieves. The applications of spectroscopic
approaches [32,33] and theoretical simulations [5,34] for diffusion
measurements enable fundamental studies of mass transport in
confined environments and give more useful insights into the
effect of zeolite topology on diffusion from a microscopic point of
view. Pulsed field gradient (PFG) NMR, a well-suited tool for prob-
ing the diffusion in porous media [32,35,36], and molecular
dynamics (MD) used for the microscopic description of diffusion
mechanism inside microporous materials [5,24,37], have been
employed to reveal that how the cavity structure controls the
molecular diffusion through almost identical 8-MR windows. Com-
plementary and reciprocal results based on the applications of the
powerful tools present a very special cavity-controlled diffusion in
the cavity-type molecular sieves with 8-MR windows, with the
correlation of the diffusion of guest molecules to established
cavity-controlled intermediates formation and reaction during
the MTO process [9,10], an overall cavity-controlled shape selec-
tive reaction system could be constructed (Scheme 1). On one
hand, cavity structure controls the accommodation and stabiliza-
tion of the confined critical intermediates (see Scheme 1b) and
the reaction routes of olefins formation [9,10]. Larger cavity struc-
ture (CHA and RHO) favors the formation of bulky-sized hept-
methylbenzenium and pentamethylcyclopenyl cations as the
most important intermediates, while the spatial restriction
imposed by the smaller cavity (LEV) contributes to the generation
of small-sized intermediates (tetramethylbenzenium and
trimethylcyclopentadienyl cations) [9,10]. On the other hand, cav-
ity structure and dimension control the molecular diffusion, espe-
cially the reactant diffusion, in turn could significantly influence
the reactivity of hydrocarbons (see Scheme 1a). RHO with large-
sized Ita cavity greatly benefits the mass transport, while LEV with
small cavity structure imposes stronger diffusion restriction for
hydrocarbons. Therefore, both the confinement effect and diffu-
sional restriction imposed by cavity structure contribute to the
generation of desirable products, resulting in different MTO activ-
ity and product selectivity (see Scheme 1c) [10]. RHO exhibits the
highest activity and butene is the predominant product, while
LEV presents the lowest methanol conversion and ethene is the
main product. Ethene and propene are formed as the main prod-
ucts in CHA. The cavity-controlled diffusion, critical intermediates
formation and product generation explicitly present shape selec-
tivity in the methanol-to-olefins process by the usage of different
8-MR and cavity-type catalysts based on host-guest interactions.
The complete comprehension of the reaction mechanism and the
diffusion of the reactant and product molecules in these catalysts
would guide the proposal of reaction control for shape-selective
catalysis.

2. Experimental and computational methods
2.1. Experimental methods

2.1.1. Sample preparation

The SAPO molecular sieves (SAPO-35, SAPO-34 and DNL-6)
were synthesized as reported in the literature [38-40]. Detailed
procedures were performed as follows. SAPO-35 was synthesized
from a mixture gel composition of 1.5 hexamethyleneimine
(HMI): 1.0 Aly05:1 P,05:0.8 Si0,:55 H,0. Typically, pseudo-
boehmite (67.5 wt%), orthophosphoric acid (85 wt%), silica sol
(30 wt%), deionized water and HMI were added into a glass beaker
in a sequence and the mixture was stirred to form homogeneous
gel. Then the initial gel was transferred into a stainless steel auto-
clave and heated at 200 °C for 24 h under rotation. SAPO-34 was
hydrothermally synthesized from the gel ratio of 2.0 morpholine
(Mor): 1.0 Al;05:1.0 P,05:0.6 Si0,:60 H,0. The mixture of
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An overall cavity-controlled methanol-to-olefins reaction
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Scheme 1. Shape selectivity in the methanol-to-olefins process: cavity-controlled diffusion (a), critical intermediates formation (b, tetramethylbenzenium and
trimethylcyclopentadienyl cations in LEV; heptmethylbenzenium and pentamethylcyclopenyl cations in CHA and heptmethylbenzenium cations in RHO) [9] and product
generation (c, ethene, ethene and propene, butene are predominant products in LEV, CHA and RHO, respectively) [10] in the MTO process over cavity-type molecular sieves

with 8-MR windows.

pseudo-boehmite (67.5 wt%), orthophosphoric acid (85 wt%) and
deionized water were stirred for 1 h to form homogeneous aque-
ous. Then silica sol (30 wt%) and morpholine were added dropwise
into the aqueous. The resulting gel was aged under vigorous stir-
ring for 12 h at room temperature, then transferred into stainless
steel autoclave and heated at 200 °C for 48 h under rotation. The
gel ratio for the synthesis of DNL-6 is: 5.0 N,N’-dimethylethylene
diamine:1.7 Al;03:1.0 P,0s:1 Si05:167 H,0 prepared by the mix-
ture of aluminum isopropoxide, orthophosphoric acid (85 wt%),
tetraethyl orthosilicate and deionized water. After addition of
organic template agent N,N’-dimethylethylenediamine, the final
mixture was transferred into stainless steel autoclave, which was
heated at 200 °C for 12 h under rotation. All as-synthesized prod-
ucts were washed with distilled water and dried at 120 °C. The
three samples were calcined at 600 °C for 4 h to remove the organic
template, respectively.

2.1.2. Characterization

The powder X-ray diffraction (XRD) patterns were recorded on a
PANalytical X'Pert PRO X-ray diffractometer with Cu Ko radiation
(»=1.5418 A), operating at 40 kV and 40 mA. The morphology of
crystals was obtained using field emission scanning electron
microscopy (Hitachi SU8020). The chemical compositions were
determined by X-ray fluorescence (XRF) spectrometer (Philips
Magix-601). Nitrogen adsorption-desorption experiments were
measured at 77 K on Micromeritics ASAP 2020.

2.1.3. Adsorbates

Methane, ethane and propane, which are similar to methanol,
ethene and propene in molecular size, respectively, are chosen to
probe the vital role of cavity structure in mass transport solely
due to the small alkene oligomerization easily occurs on acid form
zeolites at room temperature [41,42].

2.1.4. Pulsed-field gradient (PFG) NMR
Prior to PFG NMR experiments, all calcined samples were acti-
vated at 673 K for 12 h on a vacuum system to completely remove

volatile matter adsorbed in pore space. Subsequently a known
amount of materials were transferred into the bottom of NMR
tubes with 5 mm outer diameter (Wilmad-LabGlass) filled with a
sealed quartz tube (diameter of ca. 3 mm) (see Scheme S1) in glove
box. The required adsorbate was introduced quantitatively into the
NMR tube on a homemade uptake apparatus, and the tubes were
sealed off. The change of pressure sensor represents the amount
of adsorbate in the samples. The loading of adsorbed molecules
was calculated by the ideal gas equation. All data were acquired
at equilibrium condition.

TH PFG NMR experiments were performed on a Bruker Avance
Il 600 spectrometer equipped with a 5 mm diff50 diffusion probe,
which provides the maximum gradient strength of 1800 G/cm in
the z-direction. A bipolar-gradient stimulated echo sequence
(STEBP, also called 13-interval sequence) [43] was applied in diffu-
sion measurements to eliminate the effect of magnetic susceptibil-
ity in the beds of porous materials. STEBP sequence is also less
susceptible to background effects which arises from probe and
interferes with the NMR signal than STE or STE-LED (See
Figs. S1-S2).

Typically, in the case of isotropic diffusion, self-diffusion coeffi-
cient D can be obtained by

I = Ipexp {—(yég)zD (A %)} (1)

where I and Iy is the signal amplitudes with and without g, respec-
tively. y is the gyromagnetic ratio of the 'H nucleus, ¢ is the effective
gradient pulse duration, g is gradient strength, A is the diffusion
time. Optimal parameters (5, A and g) were set for each sample in
the PFG NMR measurements, respectively. The echo signals decayed
exponentially with linearly increasing gradient strength while dif-
fusion time and gradient pulse duration kept constant.

For a two-dimensional anisotropic system [44,45], the NMR
echo attenuation can be described by

M(b) = M(0)exp(—bD) /] exp(bDx?)dx )

0
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where b:(yég)z(Afg), the integral equation is expressed as
follows:

- T erfi(x/ﬁ)
M(b) = M(0) =~exp(-bD) V5 3)

where erfi represents the imaginary error function [44] used to
mathematical analysis by MATLAB and obtain the self-diffusion
coefficients.

2.2. Computational methods

2.2.1. Molecular dynamics simulation

In the simulations, the rigid Al-P version of LEV, CHA and RHO
topologies was used. The initial framework structures of pure sili-
con were taken from the International Zeolite Associations data-
base [46], then subsequently were substituted by Al and P atoms,
and optimized by GULP [47] with SLC core-shell force field [48].
The Vdw force field parameters are assigned to €/kg (CH4-CHj,)
=147.9 [K], o (CH4-CH,)=3.73 [A] and g/kg (CH4-0,c,) = 160.9
[K], o (CH4-O,0)=3.218 [A]. The selected super cells are
3x3x2,3x3x3and3 x3x 3 for LEV, CHA and RHO, respec-
tively. These cell parameters were used in the molecular dynamics
(MD) simulation. The NVT ensemble, where the number of parti-
cles (N), volume (V) and temperature (T) keep constant, was used
in all the MD simulations. The simulated temperature was held at
298 K and controlled by a Nosé-Hoover thermostat with a coupling
time constant of 1 ps. The velocity Verlet algorithm was used to
integrate the Newton’s equations of motion with a time step of
1 fs. The Lennard-Jones interactions were calculated with a 12 A
cutoff radius and periodic boundary conditions were also used in
all three directions. Each MD simulation was equilibrated for
2 ns, then following 100 ns production for studying the diffusion
behavior of methane molecules. The trajectories were recorded
every 1000 steps and five independent MD simulations were car-
ried out for better statistics. The fluctuations of the temperature
and the stability of conserved quantity throughout the simulation
were checked (see Figs. S3 and S4). The parameters of force field
were given in the original reference by Sholl [49]. All MD simula-
tions were performed in the parallel general purpose
DL_POLY_2.20 code [50].

2.2.2. Calculation of pore diameters

Using the previous features of the identification of rings, ring
diameters have been implemented by calculating the distance
between two opposite oxygen atoms and subtracting twice the
IZA-recommended value of the oxygen radius (1.35A) [51,52].
The minimum and maximum diameters of 8-MR window were
recorded, respectively.

2.2.3. Diffusion coefficient
The mean square displacement (MSD) of an adsorbed molecule
is defined as the following equation:

Nm N
MSD(T) = 5 > v > lnlto +9) ~rio)? @
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 func-
tion of time determines the self-diffusion coefficient, Ds, defined
according to the so-called Einstein relation [53].

MSD(t) = 2nD,T + b (5)

where n is the dimension of frameworks (n = 2, 3 and 3 for LEV, CHA
and RHO, respectively), b is the thermal factor arising from atomic

vibrations. The diffusion coefficients were obtained by fitting the
MSD against time in the region of 1000-10,000 ps (linear region)
using a least-square fit. The reported MSD curves and correspond-
ing Ds values were calculated as the average of five independent
MD trajectories.

2.2.4. Interaction energy

Firstly, a methane molecule was placed into the center of one
cavity, and then systematically moved to another center of the
adjacent cavity following the diffusion path with 50 equi-spaced
steps. The interaction energy between framework and molecule
at each point was calculated and the energy barrier for crossing
8-MR was determined by the difference between the lowest and
highest energy along the diffusion pathway [54].

2.2.5. Diffusion radius

The diffusion radius of methane molecules can be extracted
from diffusion trajectory in three cavity-type molecular sieves,
respectively. The diffusion radius R is given by

1 N
R= N Z max{rl-(h — O,‘), Ti(tz — Oi)7 ri(t3 — Ol) cee ri(tmt — Ol)}
i=1

(6)

where N is the number of adsorbed methane molecules, O; is the
center of the i-st methane trajectory and r; is the distance between
methane (at any time t) and the center. Here, R represents the aver-
age diffusion radius of methane molecules. Firstly, the trajectory of
each methane was picked up and corresponding center was
recorded as position O0;. Then the distance between O; and each
point in the trajectory was calculated. After that, the diffusion
radius of the i-st methane is recorded as the longest distance among
these trajectories. Finally, the averaged radius of methane molecule
is recorded as R.

2.2.6. Monte Carlo simulation

Monte Carlo (MC) simulations were also performed in the
canonical ensemble (NVT). The parameters of force field are the
same as above molecular dynamics methods. The MC simulations
proceed for 100,000 cycles of equilibration followed by 100,000
of production. The structure was printed every 100 cycles after
equilibration to analyse the density maps. During Monte Carlo sim-
ulations, move types of translation, rotation, reinsertion and swap
with probabilities of 25%, 25%, 25% and 25% were used, respec-
tively. The simulations were performed by RASPA 2.0 simulation
package [55]. The density maps were shown by VTK software
(http://www.vtk.org).

2.2.7. A continuous-time random-walk (CTRW) coarse graining
method [56]
In coarse-graining time algorithm, the center of the k-th

dynamic basin of the tagged methane molecule, R (n),, is done iter-
atively as

R(n)k:(n_l)R(nr:])"+R(n) 7)

The average is updated until R(n+1) walks out of a certain
range:
= < Dnax update the basin center position
R(n+l)—R(n)k’ max UP . p
> Dpax Start the new basin
(8)
Dimax Was set to 8, 8 and 13 A, respectively, which was found to be a

reasonable value for the methane, as a threshold of the basin cross-
ing in LEV, CHA and RHO, respectively. The past n snapshots are
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defined as a dynamical basin centered at R (n),. If the labelled mole-
cule hops into a new basin according to Eq. (8), the running index n
is updated to 1. The hopping time 7 is defined as the average wait-
ing time of methane within dynamic basin, while the jump length L
is the average distance between two consecutive basin centers

<kk+1 - kk>
3. Results and discussion

3.1. SAPO-35 with LEV, SAPO-34 with CHA and DNL-6 with RHO
topologies

Configurational features of cavity-type molecular sieves with
LEV, CHA and RHO topologies, respectively, are shown in Table 1.
These topologies have different cavities connected via similar 8-
MR windows. The cavity size of the selected 8-MR molecular sieves
varies in topology and differs in dimension with an increased order
of LEV < CHA < RHO. SAPO-35, SAPO-34 and DNL-6 are expressed
as LEV, CHA and RHO in following text, respectively.

Powder X-ray diffraction (XRD) patterns and scanning electron
microscopy (SEM) clearly demonstrate the high-crystallinity and
pure-phase of SAPO molecular sieves (see Figs. S5-S6 in the Sup-
porting Information, SI), respectively. SAPO-35 (LEV) presents
diamond-shaped particles with crystallite size of 12 pm. SAPO-34
(CHA) is typical cuboid crystal in the range of 10-15 um, and
DNL-6 (RHO) with a particle size of 10 um exhibits rhombic dodec-
ahedral morphology. The large size of the crystals of SAPO-35,
SAPO-34 and DNL-6 ensures that molecules remain in the
intracrystalline space during the whole diffusion time of PFG
NMR measurements to obtain the intracrystalline diffusion coeffi-
cients without the influence of shape and dimension of crystals
under this study. Table ST summarizes the chemical compositions
and textural properties of SAPO molecular sieves. These character-
izations confirmed the crystallinity and purity of the selected
molecular sieves and allowed the appropriate comparability to
reveal the impact of topology alone on the molecular diffusivities.

3.2. Diffusion characteristics of methane in cavity-type molecular
sieves

Three SAPO molecular sieves with methane were prepared (see
Experimental methods). Methane was selected as a model probe to
quantitatively reflect the molecular diffusion due to its small size
(kinetic diameter 3.8 A) and stability. The typical 'H PFG NMR
spectra of methane adsorbed in cavity-type molecular sieves
(LEV, CHA and RHO) measured at 298 K as gradient strength (g) lin-
early increases were presented in Fig. 1(a)-(c), respectively. The
corresponding 'H PFG NMR spin echo attenuation decays as a func-
tion of *y°g%(A — 6/3) on a log-linear scale (Fig. 1d-f) for methane
in cavity-type molecular sieves, respectively. In the case of CHA
and RHO with three-dimensional channels, the linear fittings of
semi-logarithmic plots for the attenuation of I/I, (Fig. 1e,f) were
presented using the Stejskal-Tanner (Eq. (1)) for standard three-
dimensional isotropic diffusion [32,45]. For LEV, a nonlinear varia-
tion in semi-logarithmic plot of echo attenuation with 5%)%g*(-
A — §/3) on the log-linear scale was presented and Eq. (1) cannot
fully fit the PFG NMR data (black line in Fig. 1d). In the case of
LEV, molecular motions only occur along the [100] and [0 1 0]
directions. While along [0 0 1] direction, extremely narrow pore
size of 6-membered ring (6-MR) that is significantly smaller than
kinetic diameter of methane limits the diffusion of methane.
Therefore the anisotropic diffusion in LEV with two-dimensional
channels is to be expected [45]. For such a two-dimensional aniso-
tropic system, as shown in Fig. 1d, the PFG NMR spin echo attenu-

Table 1
Configurational properties of cavity-type molecular sieves.

LEV CHA
Topology 5%

& 5

{ ~

o
Molecular sieves SAPO-35 SAPO-34 DNL-6
Cavity dimension/A? 8.1x94 9.1 x 10.8 114 x11.4
Window size?/A? 3.2 x49 3.5 x 4.4 4.0x43
Cavity density”/10>A—3 1.69 1.21 0.59

¢ The minimum and maximum diameters of the 8-MR and the calculation details
in the Computational methods.
b The number of cavities per 1000 A® in framework.

ation could be well fitted by Eq. (2) (see details in the Experimental
methods) on the log-linear scale (the orange fitting line, Fig. 1d)
[44,45].

The self-diffusion coefficients, D, of methane within cavity-type
molecular sieves were extracted from PFG NMR echo attenuation
and presented in Fig. 1(g)-(i). A general comparison indicates that
self-diffusion coefficient of methane in RHO molecular sieve
(5.4 x 107'° m?|s) is notably higher than that in both CHA
(1.2 x 1071% m?/s) and LEV (2.7 x 10~'" m?|s) with two methane
molecules per cavity measured at 298 K in Fig. 1g. For LEV, self-
diffusion coefficient of methane exhibits a minimum value of
2.7 x 107" m?/s among the three cavity-type molecular sieves.
As shown in Table 1, an increase in self-diffusion coefficient of
methane inside cavity-type molecular sieves is clearly presented
with cavity dimension at the identical loading.

Furthermore, the self-diffusion coefficient is closely related to
the molecular concentration [29,57,58]. The loading dependence
of the self-diffusivities is strongly determined by pore properties
of zeolite (i.e., pore size, pore shape and pore type), and thus the
different loading-dependent diffusion coefficients have been con-
firmed in the previous work [29,57-59]. The loading dependence
of self-diffusion coefficients for cavity-type molecular sieves was
presented in Fig. 1h. In the case of LEV, a remarkable enhancement
about one order of magnitude in self-diffusion coefficient of
methane was displayed as loading increased from 0.4 to 2.1 mole-
cules per cavity. And for CHA, the increase of self-diffusion coeffi-
cient about 43% took place at loading in the range of 0.7-2.2
molecules per cavity. However, for RHO, self-diffusion coefficient
of methane exhibited the least sensitive with increasing loading
from 0.9 to 3.1 molecules per cavity. This loading dependence
clearly shows that the effect of loading on self-diffusion coefficient
is strongly dependent on the cavity dimension of the 8-MR and
cavity-type molecular sieves and the smaller the cavity is, the big-
ger variation in self-diffusion coefficient is, which is closely corre-
lated with the confinement imposed by cavity structure [58].
Moreover, for the methane loading in range of 0.5-2 molecules
per cavity, self-diffusion coefficient of methane always follows
the order of RHO > CHA > LEV, although the diffusion coefficients
change as the loading increases. Therefore, it is indicated that such
a reduction in diffusion within cavity-type molecular sieves can be
ascribed to the enhanced restriction or confinement from the envi-
ronments with cavity structure for the molecular diffusion from
RHO to LEV.

To further verify the aforementioned results, molecular dynam-
ics (MD) simulations was used to evaluate the effect of zeolite
topology on diffusion, which has contributed to obtain deep
insights into diffusion mechanism [5]. Since methane is a stable
and symmetric sphere molecule, and the weak interaction between
methane with acid site is presented when methane diffuses in the
pores [60], AIPO structure was selected as a model to quantita-
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Fig. 1. Diffusion characteristics of methane in cavity-type molecular sieves. (a-c) 'H PFG NMR signals decay with linearly increasing gradient magnetic field strength in 16
steps for LEV (a), CHA (b) and RHO (c) measured at 298 K. (d-f) The corresponding spin echo attention of PFG NMR as a function of 6*y?g%(A — §/3) on the log-linear scale for
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(g) The experimental (PFG NMR) and simulated (MD) self-diffusion coefficients of methane in LEV, CHA and RHO at the loading of two molecules per cavity at 298 K. (h) The
loading dependence of experimental and simulated self-diffusion coefficients for methane in cavity-type molecular sieves at 298 K. (i) The temperature dependence of self-
diffusion coefficients on the log-linear scale for methane within cavity-type molecular sieves in the temperature range of 298-328 K and corresponding diffusion activation
energies (E,) as well as pre-exponential factors (Dg) calculated by Arrhenius law. Open square and open cycle represent experimental and simulated values, respectively. Error
bars are marked on all the symbols. The error bars are based on the standard errors for PFG NMR and MD simulations.

tively reflect the substantial role of cavity structure in molecular
diffusion behavior. From the slope of mean square displacement
(MSD) curves (see Fig. S7 in the SI), the self-diffusion coefficients
of methane in aluminophosphates (AIPOs) with LEV, CHA, and
RHO topologies loaded with different loadings at 298 K, respec-
tively, was determined and displayed in Fig. 1h. As seen from
PFG NMR data and MD simulations, a consistent variation is noted
between the experimental and theoretical values of diffusion with
the increase of methane loading for three microporous materials,
respectively. Importantly, the diffusion in different materials
obtained by MD simulations leads to the conclusion that the diffu-
sion rate increases with an order of RHO > CHA > LEV in the range
of loading studied, which is well coincident with PFG NMR results.
It should be noted that the higher diffusion coefficient by MD sim-
ulation compared to that by PFG-NMR may be attributed to the
absence of acid sites.

Moreover, the self-diffusion coefficients of methane within
cavity-type molecular sieves in the temperature range of 298-

328 K were measured by PFG NMR experiments and plotted in
Fig. 1i, loaded with two methane molecules per cavity. The appar-
ent diffusion activation energies (E,) and pre-exponential factors
(Do) were calculated for methane on the basis of the Arrhenius
law [61]:

D = Doexp(—E,/RT) 9

The apparent activation energy corresponds to the barrier that
the diffusion of methane molecule needs to overcome on diffusion
pathways within molecular sieves [61]. When the three cavity-
type molecular sieves were evaluated, the calculated diffusion acti-
vation energies also vary with the molecular sieve used. Diffusion
activation energies, E,, exhibit a maximum (8.9 kJ/mol) for LEV and
a minimum (4.9 kJ/mol) for RHO. At the same time, the pre-
exponential factor, Dy, representing the diffusivity at infinitely high
temperature, is highly related to the geometrical restriction of
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guest molecules within the molecular sieves [61]. For methane in
RHO, the lowest value of activation energy together with the high-
est pre-exponential factor corresponds to the fastest methane dif-
fusion. Comparatively, the highest activation energy and the
lowest pre-exponential factor indicate the most dominant steric
hindrance originates from cavity structure of LEV molecular sieve
in intracrystalline diffusion process.

Although the diffusion is closely related to the loading and tem-
perature, methane diffusion increases in the order of RHO > -
CHA > LEV. Given this consideration, in the following content,
diffusion within the molecular sieves environments with the same
8-rings windows and varied cavity structure was evaluated by the-
oretical simulations in details from the view of cavity structure,
including adsorption structure, interaction energy and diffusion
trajectory as follows.

3.3. Adsorption structure

To disclose the molecular diffusion mechanism in cavity-type
molecular sieves, firstly, the adsorption structures of methane in
these molecular sieves were investigated theoretically. Monte
Carlo (MC) simulation is a reliable method to predict the distri-
bution of gas molecules inside porous materials [5]. Density
maps have been used to present the preferred adsorption sites
within pores, which can comprehensively rationalize the diffu-
sion process at the molecular level [62,63]. The map for methane
adsorption is drawn as 3D histogram with red density plot, and
the surface of material is depicted with a blue-white volume
rendering method. For LEV topology, it is observed that most
methane molecules are densely adsorbed at the top and bottom
of cavity (Fig. 2b) and near the center of six-membered ring
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Fig. 2. Density maps for methane in three cavity structures obtained from Monte
Carlo simulations with two molecules per cavity at 298 K. (a,b) The 3 x 3 x 2
supercell crystal structure of LEV are viewed along [001] (a) and [010] (b)
directions. (c,d) The 3 x 3 x 3 supercell crystal structure of CHA are viewed along
[001](c)and[01 0] (d) directions. (e,f) The 3 x 3 x 3 supercell crystal structure of
RHO are viewed along [00 1] (e) and [0 1 0] (f) directions. The material surfaces
(blue-white volume rendering), channels (goldenrod color) and density maps (red)
are drawn.

(6-MR) but not close to 8-MR (Fig. 2a), which means that
methane prefer to stay in the center of lev cage. While for
CHA topology, the most stable adsorption site is located at the
outer edge of cha cavity which is close to the 8-MR windows,
as shown in Fig. 2(c) and (d). In the case of RHO topology, the
density maps indicate that most favorable adsorption site for
methane is the center of double 8-MR region (Fig. 2e and f). It
should be noted that few methane molecules are concentrated
at the center of the cavity and the presented red colour at the
center is due to the overlapped projection from double 8-MR
region, which is further illustrated in Fig. S8 in the SI. By the
prediction of the distribution of methane inside cavity-type
materials with 8-MR windows, the preferred adsorption sites
that were attributed to structural features with different cavity
shape and size could be identified. In subsequent section, an
interaction between methane and framework was employed to
give a more detailed understanding of the preferred adsorption
sites and corresponding contribution to diffusion behavior.

3.4. Interaction energy

In order to understand the preferred adsorption sites and inter-
cavity motions process for methane diffusion, the interaction ener-
gies profiles between the frameworks and adsorbed methane
inside cavity-type molecular sieves is necessary. It is well known
that energy profiles present the variation of host-guest interactions
between molecular sieves and methane guest along the diffusion
pathways at molecular level and predict the energy barrier for
crossing 8-MR window, as the methane diffuses from one cavity
to adjacent cavity [64,65].

The interaction energy calculation was performed with a
methane molecule moving from the center of the one cage
toward the center of the eight-membered ring window and
finally to the center of the adjacent cage as diffusion path (See
Fig. 3a-c). For LEV with two types windows (6-MR window and
8-MR window), the interaction energy was predicted along two
pathways. As methane coordinate perpendicular to a 6-MR win-
dow, methane encounters the very high barrier (1130.2 kJ/mol)
for crossing the 6-MR window of LEV, which indicates that
methane cannot diffuse through the 6-MR (see Fig. S9 in the
SI). For the pathway through the 8-MR window between adjacent
cavities in LEV (Fig. 3a and 3d), the energy barrier is 23.9 kJ/mol.
Therefore, methane diffusion is energetically favorable through
the 8-MR windows in LEV during the inter-cavity motions. For
CHA and RHO topologies, the diffusion pathways and energy pro-
files of methane along this pathway is shown in Fig. 3b, e and c, f,
respectively.

Generally, low energy barrier for crossing 8-MR can effectively
facilitate the inter-cavity motions. According to the energy profiles,
among the three concerned topologies, LEV exhibits the highest
barrier of 23.9 kJ/mol for inter-cavity motions of methane, corre-
sponding to the lowest value of diffusion coefficient. The energy
barrier value (12.6 kJ/mol) in RHO for inter-cavity motions is
higher than that of CHA (6.7 k]/mol), however, methane diffusion
in RHO is faster than that in CHA as measured in PFG NMR exper-
iments and MD stimulations. Thus, it is indicated that the energy
barrier for crossing 8-MR in the inter-cavity motions is not the only
factor to control the methane diffusion inside cavity-type molecu-
lar sieves. Together with the feasibility of jump for inter-cavity dif-
fusion determined by energy barrier for crossing 8-MR, the length
of each inter-cavity jump, which is closely related to the dimension
and structure of the cavity, also may play a crucial role in the dif-
fusion behavior. Therefore, further exploration for more compre-
hensive diffusion characters was conducted at microscopic level
by the introduction of the molecular dynamics (MD) simulations.
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Fig. 3. Interaction energy profiles of methane in cavity-type molecular sieves. (a-c) Definition of diffusion pathways for the center of one cavity to the center of adjacent
cavity through the 8-MR window in LEV (a), CHA (b), and RHO (c), respectively. (d-f) Energy profiles of methane as a function of the distance while methane is pulled from the
center-of-mass of cavity (A) to the center-of-mass of adjacent cavity (A’) in LEV (d), CHA (e) and RHO (f).

3.5. Diffusion trajectory

It is well known that the MD simulations can display the visu-
alization of diffusion trajectory and provide detailed diffusion
characters in microscopic view that are inaccessible in experi-
ments and contribute to the understanding of diffusion mechanism
[37,66].

Fig. 4(a)-(c) show the representative diffusion trajectories in XY
plane (in [0 0 1] direction) of LEV, CHA and RHO topologies, respec-
tively, during diffusion time of 100 ns (two methane molecules per
cavity for simulations). The diffusion radius R (which is defined in
the Computational methods) of methane inside three cavity-type
materials in certain time can be extracted from the corresponding
diffusion trajectories and is presented in Fig. 4(a)-(c), respectively.
In the identical diffusion time (100 ns), the diffusion distance fol-
lows the order of LEV (41 A) < CHA (132 A)<RHO (184 A) in XY
plane and the same trends are also observed in XZ and YZ planes,
respectively (see Fig. S10 in the SI). The largest diffusion radius
in RHO indicates that methane goes through the longest diffusion
distance with the highest diffusion rate in this topology, which is
also well consistent with the aforementioned self-diffusion coeffi-
cients derived from PFG NMR and MD results. Detailed analysis of
methane diffusion trajectories clearly shows that methane diffuses
by hopping process in these cavity-type molecular sieves with 8-
MR windows. Preferential intra-cavity motions and occasional
inter-cavity jumps through 8-MR window generate the diffusion
trajectories at the time scale for methane diffusion in three molec-
ular sieves. Such an inter-cavity hopping process, in which the
methane jumps from one dynamic basin (e.g. cavity or adsorption
site) to another dynamic basin, is a probabilistic event which is
determined by the energy barrier for passing through the narrow
8-MR window between adjacent cavities. Therefore, the energy
barrier of inter-cavity jump is very significant. The high barrier
hinders the inter-cavity jump of methane through 8-MR windows,
therefore LEV exhibits relatively lower number of inter-cavity
jumps compared with CHA and RHO (see in Fig. 4a-c). Additionally,
as shown in Fig. 4(a)-(c), each jump of guest molecule has to cover
a certain distance to ensure that jump occurs from one dynamic
basin to another dynamic basin for inter-cavity hopping process.

Among the three topologies, RHO with the largest cavity dimension
exhibits the longest distance of jump between adjacent sites com-
pared to that of LEV and CHA, which is also consistent with the
results of varied adsorption structure of methane within the
cavity-type molecular sieves (Fig. 2).

3.6. The continuous-time random-walk (CTRW) coarse-graining
method

Based on the diffusion trajectory profiles for the cavity-type
molecular sieves (Fig. 4a—c), here, the inter-cavity hopping process
for the description of diffusion in 8-MR and cavity-type molecular
sieves can be regarded as ‘hurdle race’, which is directly deter-
mined by jump frequency and jump length. High jump frequency
and long jump length will lead to final success. Therefore, for the
first time, a continuous-time random-walk (CTRW) coarse-
graining method allowing for the determination of jump frequency
and jump length based on molecular dynamics simulations [56,67],
was introduced for quantitatively rationalizing diffusion character-
istic inside the cavity-type molecular sieves. In this model, using a
coarse-graining algorithm to identify dynamical basins, the single-
molecule MD trajectory can be described by hopping time t (or the
jump frequency f) and jump length L (see Computational methods).
The hopping time is defined as the average waiting time of
methane within a dynamic basin for each jump, while the jump
length is the average distance between two consecutive basin
centers.

Fig. 4(d)-(f) show the three-dimensional coordinates (X, Y and
Z) of methane in the inter-cavity hopping process as diffusion time
increases based on the MD trajectories and the corresponding cri-
terion of jump from the CTRW coarse-graining method in three
cavity-type molecular sieves, respectively. For LEV topology, the
diffusion trajectory of methane is only displayed in both X and Y
directions as methane cannot diffuse through the 6-MR along Z
direction, while diffusion trajectory of methane in CHA and RHO
is three-dimensional with X, Y and Z directions, respectively (see
Fig. 4d-f). Firstly, the validity of the CTRW coarse-graining method
was confirmed for the application in the mass transport within
cavity-type molecular sieves (see Computational methods). Briefly,
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Fig. 4. Diffusion trajectories of methane inside cavity-type molecular sieves. (a-c) Trajectories of the one representative methane molecules diffusion in aluminophosphates
LEV (a), CHA (b) and RHO (c) structure in XY plane at 298 K with loadings of two molecules per cavity and diffusion time of 100 ns, R represents the diffusion radius. (d-f) The

coordinates of one representative methane in X (orange), Y (purple),

Z (dark green) directions in the inter-cavity hopping process versus diffusion time and the corresponding

the criterion of jump (cream-coloured) based on the CTRW coarse-graining method in LEV (d), CHA (e) and RHO (f), respectively. (g-i) Enlarged views (diffusion time of 26 to
30 ns) are shown as LEV (g), CHA (h) and RHO (i), respectively. The criterion of jump (cream-colored) refers to the occurrence of inter-cavity jump using the CTRW method.

for a methane molecule, its average position k(n) of dynamic
basins (refers to a cavity) along the MD trajectory is calculated

by averaging its center of mass. If the length between R (n) and
R(n+ 1) is larger than the set distance Dy, it is assumed that
inter-cavity jump has occurred between basin n to n+ 1 dynamic
basins. For example, as depicted in Fig. 4d and g, the achievement
of the jump of methane from one basin to another basin at 26300,
26,900 and 29,100 ps (represented cream-colored) in LEV derived
from this algorithm is well corresponding to the diffusion behavior
of methane in LEV based on MD trajectories (Fig. 4a). This is also
confirmed in CHA (Fig. 4e and h) and RHO (Fig. 4f and i) topologies,
respectively. Therefore, the MD trajectory of methane in cavity-
type molecular sieves is successfully quantified using the CTRW
method with the extraction of the jump frequency and jump length
of inter-cavity hopping process, which provides the inherent prop-
erty of mass transport in cavity-type molecular sieves with 8-MR
windows.

As presented in Fig. 5, the jump frequencies of methane in LEV,
CHA and RHO are 0.4, 3.3 and 2.8/ns, respectively. The extremely

low methane jump frequency shows that methane molecules pre-
fer to stay in lev cavity for LEV. Comparing to LEV, the jump fre-
quencies in RHO and CHA are 7 to 8 times higher than that in
LEV, respectively. Combined with results of interaction energy,
the energy barriers for crossing 8-MR window allow us to explain
the difference in jump frequency in inter-cavity hopping process.
The low barrier for crossing 8-MR window leads to the frequent
occurrence of inter-cavity jumps, which thus shows a positive
contribution to the higher jump frequency. In the case of three
cavity-type molecular sieves, the highest barrier of 23.9 kJ/mol
was determined in the inter-cavity jump for LEV, corresponding
to the lowest jump frequency of methane, as presented in Fig. 5.
Combining the variation of jump frequency to the energy barrier
for crossing 8-MR of inter-cavity jump, it can be concluded that
cavity structures of CHA and RHO energetically favor the inter-
cavity jump through the 8-MR window, while small cavity struc-
ture of LEV depresses the inter-cavity motion. It is noteworthy
that the dimension of pore is also as one of contributor to low
jump frequency in LEV due to diffusion occurs only in XY plane
(See Fig. S10). These results of dynamic simulation also were
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Fig. 5. The average jump frequency (f) and jump length (L) of methane in LEV, CHA
and RHO extracted from diffusion trajectories via the CTRW coarse-graining
method and the corresponding energy barrier for crossing 8-MR of methane in the
inter-cavity hopping process.

checked (see Table S2) in 200 ns, which is in accord with that in
100 ns simulations.

It is noteworthy that besides jump frequency, the jump length
also plays a crucial role in the inter-cavity hopping process as
revealed by the MD trajectories in Fig. 4(a)-(c). Even the most fre-
quent inter-cavity jumps of methane occur in CHA with the high
jump frequency of 3.3/ns, compared with that in RHO (2.8/ns),
while the highest mass transport rate of methane was measured
in RHO. In the inter-cavity hopping process, although the jump fre-
quency of methane in RHO is slightly lower than that in CHA,
methane exhibits a longest jump length (14.8 A) in RHO compared
with that (9.1 A) in CHA. As a result, for the inter-cavity hopping
process, containing the jump frequency and the jump length of
each jump, RHO conquers CHA in term of diffusion rate. The length
of each jump between the adjacent sites in adjacent cavities
(Fig. 4a-c) is closely related to the cavity dimension. As shown in
Table 1, the cavity is sorted by size of LEV (8.1 x 9.4 A%) < CHA
(9.1 x 10.8 A2)<RHO (11.4 x 11.4A?) and the cavity density,
denoting the number of cavity per 1000 A® in framework, is con-
trary to the order of the cavity dimension (Table 1). In the present
study, the inter-cavity hopping of large cavity structure presents
long distance of each jump and the jump length follows the order
of LEV (8.0 A)<CHA (9.1 A)<RHO (14.8 A) with the increase of
cavity dimension, corresponding to the decline in cavity density.
Therefore, the variation in mass transport of methane within
molecular sieves can be correlated to the cavity structure of the
materials, which leads to the important conclusion of cavity-
controlled diffusion. This conclusion is by no means limited to
low temperature. Diffusion of methane within three cavity-type
molecular sieves was also predicted at 673 K by MD simulation
(see Fig. S11). A general comparison indicates that self-diffusion
coefficient of methane also follows the order of RHO > CHA > LEV
at 673 K although diffusion increases as temperature increases
from 298 to 673 K. The jump frequency increases from 0.4/ns to
7.8/ns for LEV, from 3.3/ns to 22.4/ns for CHA and from 2.8/ns to
18.1/ns for RHO, respectively. Therefore, the increase in tempera-
ture facilitates the inter-cavity jumps, while the jump length
almost kept constant which is close to the distance between two
cages.

Furthermore, based on the CTRW method, the loading depen-
dence of jump frequency and jump length for methane in cavity-
type molecular sieves also is shown in Fig. S12. The jump lengths
almost keep unchanged with loading for three molecular sieves,
while jump frequencies change obviously which is main responsi-

Table 2
The self-diffusion coefficients of alkanes (methane, ethane and propane) in LEV, CHA
and RHO measured at 298 K by PFG NMR*

D (CH4) m?/s D (C,Hg) m?/s D (CsHg) m?/s
LEV 2.7 x 10711 (2) - -
CHA 1.2 x10719(2) 6.0 x 1072 (0.9) -
RHO 5.4 % 10719 (2) 1.4 x 10719 (2) 54 %1073 (2)

¢ The number in bracket is the loading per cavity.

ble for the variation of diffusion coefficient of methane with load-
ing. The decreased jump frequency and jump length are
responsible for the reduction in diffusion coefficient of methane
with loading in RHO. In the case of CHA and LEV, an increased dif-
fusivity with loading can be attributed to an increased jump fre-
quency. At high loading, a small decrease in diffusivity for CHA is
probably due to larger sorbate-sorbate repulsions as saturation is
approached.

3.7. Diffusion characteristics of alkanes in cavity-type molecular sieves

To reveal the shape selectivity of the cavity type and 8-MR cat-
alysts for the diffusion of molecules with different size, the
intracrystalline diffusion was also probed by some other alkanes
(ethane and propane) with relatively large molecular size (Table 2).
The alkane diffusion in the same cavity-type molecular sieves var-
ies with the guest molecular dimension and propane exhibits the
lowest value of diffusion rate, indicating the increased diffusion
restrictions. It is worthy to mention that, since the diffusion of pro-
pane in CHA, as well as ethane or propane in LEV encounter more
severe diffusion restrictions than that in RHO, the extremely low
diffusion coefficients cannot be measured by PFG NMR technique.
The diffusion of ethane in CHA-type molecular sieves is in reason-
able agreement with Dai et al. work [68]. The high diffusion rate of
ethane and propane was presented in RHO compared to CHA and
LEV. This indicates that RHO with relatively large-sized Ita cavity
greatly benefits the mass transport of guest molecules and small
cavity structure imposes stronger diffusion restriction for larger
hydrocarbons, which would contribute to the product shape-
selectivity in the MTO reaction.

The comprehensive analysis for diffusion of alkanes (methane,
ethane and propane) within cavity-type molecular sieves demon-
strated the strong correlation of inter-cavity diffusion and cavity
structure, leading to the cognition of cavity-controlled diffusion.
This indicates that the application of cavity-type and 8-MR molec-
ular sieves would change the light olefins distribution by the cavity
structure variation of the catalysts. This has been clearly presented
in the previous work, in which the critical intermediates identifica-
tion, predominant reaction route determination, olefin precursor
formation and product distribution in this kind of SAPO or zeolite
catalysts with varied cavity type has been studied in detail
[9,10]. Cavity-controlled shape selectivity has been revealed in
these works. Beside the reaction aspect, the present study reveals
the substantial role of cavity structure in the molecular mass trans-
port inside the confined environments of molecular sieves, in
which the cavity would control the diffusion of the guest mole-
cules, including reactant or product molecules in varied reaction
systems, therefore mass transport is the other essential aspect that
must be considered in shape selectivity of catalysis.

4. Conclusions

As one of the important aspect of shape selective catalysis, mass
transport in cavity-type molecular sieves with very close eight-
membered ring (8-MR) windows and varied cavity structure was
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presented by means of pulsed-field gradient (PFG) NMR and
molecular dynamics (MD) simulations. The diffusion performances
of alkanes within cavity-type molecular sieves with the diffusion
rate order of DNL-6 (RHO) > SAPO-34 (CHA) > SAPO-35 (LEV), are
correlated to the cavity structure of the 8-MR SAPO molecular
sieves. Diffusion feasibility is theoretically evaluated by tracing
guest molecule along the diffusion path. Inter-cavity hopping pro-
cess is visually displayed and is employed to describe the diffusion
behavior of methane in the cavity-type molecular sieves. For the
first time, the jump frequency (f) and jump length (L) are extracted
successfully from diffusion trajectories of methane via the
continuous-time random-walk (CTRW) coarse-graining method,
through which both the feasibility and distance of hopping process
are quantitatively disclosed to interpret the diffusion behavior in
the cavity-type molecular sieves at the microscopic level. The
quick diffusion of methane in RHO is synergistically attributed to
the high jump frequency and long jump length, which is closely
related to the less restriction or confinement from the large Ita cav-
ity environment with 8-MR windows as well as the long distance
of each jump between adjacent sites. In case of LEV, its lowest dif-
fusion coefficient with the feature of the low jump frequency and
short jump length results from the strong confinement or restric-
tion of the small cavity structure with 8-MR windows as well as
the short distance of adjacent cavities. The substantial role of cav-
ity structure in mass transport in 8-MR and cavity-type molecular
sieves discloses the cavity-controlled diffusion in this kind of
microporous materials. Cavity-controlled diffusion, together with
the established cavity-controlled reaction will deepen and enrich
the mechanism understanding of shape selective reaction and help
to propose the optimized reaction strategy in the field of zeolite
applications.
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