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Modeling the diffusion behavior of nonuniformly distributed systems ethylene/propylene
at the mesoscopic scale presents significant challenges. In this study, we investigate ratio: 8/24:
how the nonuniform mesoscale spatial distribution of aromatic compounds, i.e., the empry zoge - boundary
hydrocarbon pool, affects olefin selectivity during the methanol-to-olefins (MTO) ,“*1;:,,
process. Ab initio molecular dynamics with enhanced sampling methods and kinetic ~ € p i }»(’“
Monte Carlo techniques were employed to analyze olefin diffusion in a “fully filled g VK/“ L
from the outside to the inside” distribution model. Our results reveal that while the ~ § v {:(} ’
coexistence of olefins with aromatic compounds hinders olefin diffusion, it @ . }{ o
simultaneously enhances ethylene selectivity. Further analysis of diffusion rate ® / A [
control and olefin residence time distributions within the zeolite model identifies key , C /\ ‘{j“
elementary diffusion processes and elucidates why aromatic compounds preferen- : -~

tially form at the rim of the SAPO-34 zeolite during the MTO process. This
integrated approach enables the simulation of catalytic systems over larger spatial and
temporal scales, providing a comprehensive understanding of the underlying mechanisms and facilitating the design of more efficient
and ethylene-selective catalysts.

Distance from the center of zeolite

ab initio molecular dynamics, diffusion, zeolite, olefin, kMC

mechanism involves the growth of the alkyl chain through ring
contraction/expansion reactions.

The MTO process occurs in acidic zeolite and zeotype
catalysts, with SAPO-34 zeolite demonstrating high selectivity
toward light olefins due to its unique structure.'” SAPO-34
features the CHA topology, characterized by spacious cages
connected by small eight-membered-ring (8MR) windows.
The presence of large aromatic compounds within its spacious
cages, coupled with the limiting diffusion of large species
through the 8MR window, contributes to the achievement of a
high selectivity for light olefins. In SAPO-34 zeolite, the
aromatics-based cycle is preferred, and the active HCP species
is methylbenzenes (MBs), with calculations performed by
Wang et al. indicating that tetramethylbenzene (TMB) is the
most active species.” Experimental results suggested that these
aromatic compounds tend to form at the rim of the SAPO-34
zeolite, inhibiting both the diffusion of the reactant (methanol)
into the zeolite and the diffusion of the products (olefins) out

Light olefins (C,~ ~ C,”) play a crucial role as industrial raw
materials, serving as the building blocks for the production of
various chemicals, including synthetic textiles and packaging
materials." Traditionally, light olefins have been predominantly
derived from steam cracking and fluid catalytic cracking of
naphtha in the petroleum industry.z_4 However, given the
depletion of fossil fuels, there is a pressing need to explore
nonpetroleum pathways for the synthesis of light olefins. One
such alternative route is the methanol-to-olefins (MTO)
process, which utilizes methanol produced from either natural
gas, coal, or biomass as a reactant to produce ethene and
propene.

The widely accepted reaction mechanism for the MTO
process is the hydrocarbon pool (HCP) mechanism, where
trapped organic molecules serve as cocatalysts in the formation
of olefins.”~"" This mechanism comprises two reaction cycles:
the olefin-based cycle, in which olefins undergo methylation
and cracking reactions to generate more olefins; and the cycle

involving aromatic compounds as HCP species, which January 14, 2025
encompasses two different reaction mechanisms, namely, the February 28, 2025
side-chain mechanism and the paring mechanism. In the side- March 3, 2025

chain mechanism, an alkyl chain is formed through April 1, 2025

methylation reactions, followed by the elimination of the
alkyl chain to form olefin molecules. In contrast, the pairing
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Figure 1. Identification of the stable sites of olefins coexisting with different aromatic compounds in the SAPO-34 cage. The distance between the
olefins and the six 8MR windows (w; ~ w) in the SAPO-34 cage varies with the MD simulation time when olefins coexist with different aromatic
compounds: (a) ethylene, (b) ethylene and benzene, (c) ethylene and naphthalene, and (d) propylene and TMB. The yellow sticks in the inserted

zeolite models represent the closest 8MR windows to the olefin.

of the zeolite. Obviously, the product selectivity will be
influenced due to the different diffusion resistance to different
products.* ™"

As the reaction time increases, MBs are further converted to
polycyclic aromatic hydrocarbons (PAHs), such as naphtha-
lene, phenanthrene, and anthracene, and the ethylene/
propylene ratio also increases simultaneously.”®'® These
PAHs are considered precursors of carbon deposits.'”"
Recent results reported by Zhou et al. have indicated that
polymethylnaphthalene can also act as an HCP species and
participate in the MTO process, achieving high ethylene
selectivity through the coupling of reaction and diffusion."’

In HSAPO-34 zeolite, a typical three-dimensional (3D)
porous material, the simultaneous occurrence of reaction and
diffusion poses significant challenges in isolating their
individual effects through experimental methods. While
theoretical simulations can provide insights into the free
energy profile and reaction rate of elementary reactions,
determining the influence of the nonuniform distribution of
aromatic compounds within zeolite on reactivity and product
selectivity at the mesoscopic scale remains problematic.

The conventional approach to investigating diffusion
behavior over large spatial scales involves constructing a cell
containing a finite number of molecules, conducting force field
molecular dynamics (FF-MD) with periodic boundary
conditions, and calculating the self-diffusion coefficient of the
molecule from the mean square displacement.lg’20 However,
the simulation results of FF-MD are not sufficiently accurate.
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Cnudde et al. have pointed out that FF-MD is unable to depict
the promotional effect of acid sites in the 8MR window on the
diffusion of olefins.”' Furthermore, the impact of the mesoscale
spatial pattern of aromatic compounds within the zeolite on
olefin diffusion cannot be adequately considered due to the
limited cell size. Therefore, a new approach to simulate the
evolution of nonuniform distributed system over larger spatial
and temporal scales is urgently needed.

In the previous literature, the impact of the reaction process
on product selectivity has been extensively studied.”®’
However, the effect of the mesoscale spatial pattern of
aromatics on the diffusion process is still unclear. In the
current work, ab initio molecular dynamics (AIMD) is utilized
to identify the elementary diffusion processes when olefins
coexist with different aromatic compounds within SAPO-34
zeolite, and the corresponding free energy profiles are obtained
through enhanced free energy sampling methods. Then the
free energy barriers are integrated with the kinetic Monte
Carlo (kMC) method to assess the quantitative impact of
different mesoscale spatial patterns of aromatic compounds on
olefin diffusion and ethylene/propylene selectivity.

In order to investigate the states in which olefins coexist with
different types of MBs and PAHs, including benzene,
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naphthalene, phenanthrene, anthracene, and TMB (the
formers are typical monocyclic, bicyclic, and tricyclic
aromatics, and TMB serves as a highly reactive intermediate
in the MTO process), in the cage of SAPO-34, regular AIMD
simulations were performed. The 1 X 1 X 1 and 1 X 2 X 1
SAPO-34 models were employed to simulate diffusion
processes within the cage and between adjacent cages,
respectively (see Figure S1). The effect of Brensted acid
sites (BAS) is not considered in this work due to the complex
interactions between BAS and both olefins and benzene
rings.ZI’22

Initially, a series of 10 ps regular AIMD simulations were
conducted to gather key structural information in the 1 X 1 X
1 SAPO-34 model. Subsequent enhanced sampling simulations
confirm that 10 ps AIMD simulations are sufficient to sample
the stable sites of olefins in SAPO-34. Figure 1 depicts the
distances between the centroid of olefin and the six 8MR
windows as a function of simulation time. Figure la illustrates
that when ethylene is present in an empty cage, it can move
freely within this cage and has an equal probability of
contacting all six SMR windows. Due to the high free energy
barrier for intercage diffusion, the unhindered movement of
ethylene in the cage can be considered a rapid process.
Therefore, ethylene has only one stable site in the empty cage
and can diffuse through one of the six 8MR windows to
another stable site in the adjacent cage. This site-to-site
hopping process can be regarded as an elementary diffusion
process.

In accordance with the work of Cnudde et al,** the height of
the olefin centroid from the plane in which the 8MR window is
located was utilized as the collective variable (CV) (Figure
2a,b), and the free energy profiles of the intercage diffusion of
olefins between two adjacent empty cages, defined as the
“empty—empty” process (Figure 2e), were obtained and are
presented in Section S2 of Supporting Information. The
diffusion free energy barriers of ethylene and propylene for the
“empty—empty” process are 31.1 and 42.7 kJ/mol, respectively,
consistent with the fact that propylene is larger in size than
ethylene.

When ethylene and benzene coexist in a cage, as depicted in
Figure 1b and the corresponding structure, it is observed that
ethylene and benzene are situated on opposite sides of the
cage. This arrangement is due to the comparable size of
benzene (7.0 A based on the Fisher—Hirschfelder—Taylor hard
sphere molecular model) to the size of the cage (10 X 6.7
A).***> Ethylene has an equal probability of contacting the
three 8MR windows on the same side, indicating that it has
two equivalent stable sites in the cage. Ethylene or propylene
can reach the stable site of adjacent cages through intercage
diffusion via the closest three 8MR windows; the diffusion free
energy barriers of “benzene-empty” process are 20.4 and 29.1
kJ/mol, respectively. The diffusion free energy barriers of its
inverse process (“empty-benzene” process) are 33.1 and 50.7
kJ/mol, respectively. These barriers are higher than those of
the “empty—empty” process (31.1 and 42.7 kJ/mol), which
may be attributed to the interaction between the olefins and
benzene.

It should be noted that ethylene or propylene can also swap
positions with benzene through an intracage diffusion process
(see Figure S6). However, due to the relatively high diffusion
free energy barrier of this process, it is difficult to observe in a
10 ps MD simulation. Therefore, an enhanced sampling
method is applied, and the centroid of the olefin along the z-
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Figure 2. Elementary diffusion processes and corresponding collective
variables. (a—d) Schematic diagram of the collective variables applied
in blue-moon sampling of the free energies based on AIMD
simulations. The gray sticks represent the zeolite framework, while
the yellow 8MR window and olefin in the ball-and-stick model
represent atoms associated with the collective variables. (e) Schematic
diagram of the five elementary diffusion processes.
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(iii) aromatics - empty

axis is set as the CV (Figure 2c). The diffusion free energy
barriers of ethylene and propylene are 20.7 and 28.6 kJ/mol,
respectively, for the intracage-benzene process, which are
similar to the barriers of the “benzene-empty” process (20.4
and 29.1 kJ/mol). This similarity indicates that when ethylene
or propylene coexists with benzene in the cage, the
probabilities of intercage diffusion and intracage diffusion are
similar.

As the size of aromatic compounds increases, the space for
the free movement of olefins is further compressed when
olefins coexist with naphthalene, phenanthrene, or anthracene
in a cage. In Figure 1g, it is observed that ethylene is localized
around one of the six 8MR windows, with the same distance
from the four adjacent windows and the farthest distance from
the opposite window. This indicates that there are six
equivalent stable sites for olefins in the cage. It can reach the
adjacent stable sites by an intracage diffusion process, and due
to the low diffusion free energy barrier, this process occurs at 2
ps, as shown in Figure lc. Olefins can also diffuse to the
adjacent cage through the closest 8MR window, and this
process occurs at 9 ps in Figure 1lc. The diffusion free energy
barriers of the “empty—aromatics” process for ethylene with
the aromatic compounds being naphthalene, phenanthrene,
and anthracene are 35.5, 37.4, and 33.2 kJ/mol, respectively.
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The corresponding free energy barriers of the “intra-cage-
aromatics” process are 9.4, 19.9, and 13.2 kJ/mol, respectively.
The free energy barriers of elementary diffusion processes
involving phenanthrene are the highest. The same result is also
present when propylene is applied as the diffusion molecule,

which may be due to the larger kinetic diameter of
phenanthrene.

When ethylene and TMB coexist in a cage, ethylene is also
localized around one 8MR window. However, when propylene
coexists with TMB, its stable site changes. Figure 1d shows that
the stable site is located in the middle of the two adjacent MR
windows and propylene has the same probability of touching
the two closest 8MR windows. This means that it can diffuse
through these two windows to the adjacent cage or diffuse to
another equivalent stable site through intracage diffusion. The
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diftusion free energy barriers of “TMB-empty” and “intra-cage-
TMB” processes are relatively low (9.6 and 5.2 kJ/mol,
respectively).

Based on the above results, when only one olefin molecule
and several aromatic compounds are present in SAPO-34, and
assuming that aromatic compounds cannot diffuse through the
narrow 8MR window and that one cage can only accommodate
one aromatic molecule, the entire diffusion process of olefin
can be divided into a finite number of elementary diffusion
processes. These elementary diffusion processes can be
categorized into five distinct types, as shown in Figure 2e,

namely “empty—empty,” “empty—aromatics,” “aromatics—
empty,” “aromatics—aromatics,” and “intra-cage-aromatics”
processes. When only one type of aromatic compound is
contained in SAPO-34, the number of elementary diffusion

https://doi.org/10.1021/jacsau.5c00045
JACS Au 2025, 5, 1791-1802


https://pubs.acs.org/doi/10.1021/jacsau.5c00045?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00045?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00045?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.5c00045?fig=fig3&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://doi.org/10.1021/jacsau.5c00045?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

processes is further reduced to S, and all of the free energy
barriers calculated are listed in Table S1. This approach can
simplify the diffusion behavior of olefins and assist in
considering the diffusion of olefins at mesoscale.

If the diffusion process of olefins in SAPO-34 can be divided
into finite hops from one stable site to an adjacent stable site,
then the free energy barriers of these elementary diffusion
processes can be used in combination with the kinetic Monte
Carlo technology to further investigate the influence of the
mesoscale spatial pattern of aromatic compounds on the
diffusion of olefin.

As mentioned above, SAPO-34 features the CHA topology,
in which spacious cages are connected by small SMR windows
and each cage contains six 8MR windows. Therefore, it is
reasonable to apply the “cubic” model to represent SAPO-34
zeolite (see Figure 3a). To further simplify the model, only one
kind of aromatic hydrocarbon is placed in the “cubic” model
each time the kMC simulation is performed, resulting in only
five elementary diffusion processes in the event list.

The mesoscale spatial pattern of aromatic compounds in the
“cubic” model is based on the experimental results in the
literature,'>'* specifically the “fully filled from the outside to
the inside” distribution (Figure 3b), with further details
provided in the Methods section. The unfilled area inside is
named “empty zone,” and the filled area on the outside is
named “aromatics zone”, and these concepts will be used in the
subsequent discussion. The percentage of aromatic layers in
the total number of layers in the “cubic” model is varied to
observe changes in olefin diffusion time. According to the
literature, the maximum proportion of HSAPO-34 cages
occupied by MBs reaches 25% during the MTO process,
with polycyclic aromatics present at 3—6 times higher (in wt
%) than that amount of MBs.” Therefore, when the percentage
of aromatics layers is 0.1—0.2, zeolite can be considered with
high activity.

The effect of different mesoscale spatial patterns of various
aromatic compounds on the diffusion time of olefins is
considered first, and the corresponding results are shown in
Figure 3c. The 99 X 99 X 99 “cubic” model is employed here,
and the diffusion time of the corresponding olefin in the empty
“cubic” model is used as the reference to obtain the reduced
unit diffusion time. Figure 3c illustrates that as the percentage
of aromatics layers increases, the diffusion time (reduced unit)
exhibits a peak-shaped curve.

The impeding effect of benzene on ethylene or propylene
diffusion is weak, with peak values of the diffusion time
(reduced units) at only 1.2 and 2.1, respectively. This is
attributed not only to the similarity of the free energy barriers
of the “empty—empty” (31.1 and 42.7 kJ/mol) and “empty—
benzene” processes (33.1 and 50.7 kJ/mol) but also to the
presence of more intercage diffusion paths for olefins, allowing
them to diffuse through the benzene region even without
undergoing the “intra-cage-benzene” process.

When the aromatic compounds in the “cubic” model are
naphthalene, phenanthrene, anthracene, or TMB, the olefins
must undergo continuous “empty—aromatics” and “intra-cage-
aromatics” processes to cross the interface of the empty zone
and aromatics zone, resulting in a higher effective free energy
barrier than the “empty—empty” process and a longer diffusion
time. However, for ethylene, except for phenanthrene, the
diffusion resistance from other aromatic compounds is limited
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and the highest peak value is only 2.5. For propylene, the
diffusion resistance is stronger, indicating that the introduction
of aromatic compounds will improve the selectivity of ethylene.

The effect of different mesoscale spatial patterns of various
aromatic compounds on olefin selectivity is further explored.
The size of the “cubic” model ranges from 9 X 9 X 9 to 99 X
99 X 99, and the olefin selectivity is demonstrated by the ratio
of the diffusion time of propylene to ethylene. The higher this
ratio is, the higher the selectivity of ethylene will be. Figure 3d
illustrates that in the empty model the diffusion time ratio is
about 8.0, indicating that the introduction of aromatic
compounds does improve the selectivity of ethylene. For
benzene, naphthalene, phenanthrene, and anthracene, with
different sizes of the “cubic” model, the diffusion time ratio
curves with the percentage of aromatics layers are almost
overlapped. This indicates that the selectivity may be
independent of the size of SAPO-34 zeolite but only
dependent on the percentage of aromatics layers when olefins
coexist with the above aromatic compounds.

When the aromatic compound is benzene, the curve of the
diffusion time ratio is also peak-shaped, with the peak value at
15.3 occurring at a percentage of benzene layers of about 0.4.
When the aromatic compound is naphthalene, phenanthrene,
or anthracene, the curve is plateau-shaped, and the diffusion
time ratio fluctuates only slightly over a wide range, between
0.2 and 0.7 of the percentage of aromatics layers. This means
that as long as these percentages of aromatics layers reach the
threshold, the highest ethylene selectivity can be maintained
over this wide range. When the aromatic compound is TMB,
the situation is slightly different. The diffusion time ratio
decreases as the size of the “cubic” model increases, and the
results are shown in Figure 3e.

A series of supplementary kMC simulations are performed,
and the size of the “cubic” model is further increased to 199 X
199 X 199—499 X 499 X 499. Considering that the zeolite has
high activity when the percentage of aromatics layers is 0.1, the
diffusion time ratio of propylene to ethylene with the size of
the “cubic” model is collected at this percentage of aromatics
layers (0.1) and shown in Figure 3f. When the zeolite model
size is increased to 499, the diffusion time ratio decreases from
~80 to 21.9, although it is still higher than the diffusion time
ratio of the empty model (~8.0). Considering that TMB is a
highly active HCP species as reported in the literature,” the
degree of diffusion resistance of TMB to olefins will greatly
affect the product selectivity during the steady-state period of
the MTO process.”® The simulation results show that the use
of a smaller size SAPO-34 zeolite will further improve the
selectivity of ethylene, coupled with a slower deactivation rate
that smaller size SAPO-34 zeolites show. Additionally, it
should be noted that the distance between the centroids of two
adjacent cages is approximately 9.3 A; therefore, the 499 X 499
X 499 model corresponds to a SAPO-34 crystal with an
approximate size of 0.46 pum.

One can find from the above results that the introduction of
aromatic compounds will hinder the diffusion of olefins but
will also improve the selectivity of ethylene. For example,
phenanthrene has the strongest ability to hinder diffusion but
can also achieve the highest ethylene selectivity (24.0). The
introduction of naphthalene is a better choice to achieve high
ethylene selectivity (20.5), while it only slightly interferes with
olefin diffusion, which is consistent with experimental results.”?

https://doi.org/10.1021/jacsau.5c00045
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Figure 4. DDRC analysis of different elementary diffusion processes. (a—e) DDRC values of five elementary diffusion processes vary with the
percentage of aromatics layers. (f) Within the uncertainty range, the diffusion time ratio of propylene to ethylene varies with the free energy barriers

of different elementary diffusion processes.

In order to explore the influence of these elementary diffusion
processes on diffusion time, we introduce a new indicator. The
degree of rate control (DRC) is a parameter often used to
evaluate the influence of changes in the barrier of a given
elementary reaction on the total reaction rate in a complex
reaction network. Here, this concept is borrowed to evaluate
the effect of the perturbation of the free energy barrier of the
elementary diffusion process on the diffusion time, which is
named the degree of diffusion rate control (DDRC, for the
elementary diffusion process i, DDRC; = (d1n(1/t)/0(-G,,/
RT))GW)) with further details provided in the Methods

section. Because the DDRC values of olefins are similar
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(Figure S7), only the case of propylene is considered here, and
the corresponding results are shown in Figure 4.

As illustrated in Figure 4a—d, when the aromatic compounds
are naphthalene, phenanthrene, anthracene, or TMB, the
DDRC results exhibit similar trends, and their values are found
to be independent of the percentage of aromatic layers over a
wide range (0.2—0.9). The “empty—aromatics” and “aro-
matics—empty” processes have the most significant impact on
the diffusion time. This is because these two processes are
effectively the inverse of each other; an increase in the free
energy barrier of the former will lead to an increase in the
diffusion time, while the latter has the opposite effect. The
DDRC value of the “empty—empty” process is 0. From a
macroscopic perspective, the diffusion of olefins away from the
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corresponding ethylene residence time distribution variation.

“cubic” model necessitates sequential passage through the
empty and aromatic zones, and the process of crossing the
interface between these two zones resembles a rate-controlling
step. The residence time of the olefin in the empty zone
depends solely on the rate of the crossing process;
consequently, the perturbation of the free energy barrier of
the “empty—empty” process has no impact on the diffusion
time. The DDRC values of the intracage—aromatics and
“aromatics—aromatics” processes are positive, as both
processes macroscopically impede the passage of olefins across
the aromatic zone.
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When the aromatic compound is benzene, the situation
exhibits some distinctions. As depicted in Figure 4e, there is a
correlation between the DDRC values and the percentage of
aromatic layers. The “empty—benzene” and “benzene—empty”
processes continue to have the most significant impact on the
diffusion time. However, the DDRC values of the “intra-cage-
benzene” process drop to 0. This is because olefins do not
need to undergo the “intra-cage-benzene” process to diffuse
away from the zeolite structure. Instead, the DDRC values of
the “benzene—benzene” and “empty—empty” processes are
positive, and with the increasing aromatic zone, the former
increases, while the latter decreases.
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Error analysis of a series of free energy profiles indicates that
the error in the free energy barriers of these elementary
diftusion processes is primarily within the range of +4 to +6
kJ/mol (Table S1). Therefore, in the case of aromatic
compounds, such as naphthalene, the “empty—naphthalene”
process, which has the greatest impact on the diffusion time, is
selected, and the influence of its free energy barrier within the
uncertainty range on the selectivity of olefins is further
explored. As shown by the blue curve in Figure 4, the response
of the diffusion time ratio of propylene to ethylene is nonlinear
as the free energy barrier of this process changes. The lowest
diffusion time ratio is 7.9, which is similar to the diffusion time
in the empty model (8.0), while the highest is $8.5. This
indicates that increasing the free energy barrier of the
propylene “empty—naphthalene” process can effectively
improve the selectivity of ethylene.

It is important to note that the free energy barriers of the five
elementary diffusion processes are often interdependent. For
instance, if the free energy barrier of the “empty-naphthalene”
process is adjusted by changing the free energy of the initial
state (olefin in empty cage), then the free energy barrier of the
“empty—empty” process will also be adjusted simultaneously
due to the changes in the free energy of the olefin in the empty
cage. Nonetheless, since the perturbation of the free energy
barrier in the “empty—empty” process has a negligible effect on
the diffusion time, the results of the orange and blue curves in
Figure 4f almost overlap.

Alternatively, if the free energy barrier of the “empty-
naphthalene” process is adjusted by changing the free energy of
the transition state, then the free energy barrier of its reverse
process (“naphthalene-empty” process) will be adjusted
simultaneously. Since the free energy barrier of the
“naphthalene—empty” process is only 1.3 kJ/mol, only the
increase of free energy of the transition state is considered
here. As these two processes have opposite DDRC values, the
change in the free energy of the transition state has a negligible
effect on the selectivity of the olefins, as shown by the red
curve in Figure 4f.

Given the possible interdependence of these elementary
diffusion processes, it poses a significant challenge to
selectively regulate the free energy barrier of a single process
when modifying the zeolite structure by experimental means.
Furthermore, the changes in the free energy barrier of certain
processes may not necessarily translate to meaningful impacts
on the final results. Therefore, it is prudent to first identify the
key processes through computational simulations and sub-
sequently focus on selectively modifying these critical
processes in experimental studies. This strategic approach is
more likely to yield the desired outcomes in terms of achieving
high formation rates and selectivities for the target product.

The prolonged residence time of olefins increases the
probability of their further conversion to aromatic compounds.
However, due to the inherent complexity of the reaction
network involved, the distribution of the residence time of
olefins in the “cubic” model can be employed as a rough
representation of the probability of olefin conversion to
aromatic compounds.

Prior to the steady state of the MTO process, olefins can
diftuse freely within the SAPO-34 framework, while aromatic
compounds have not yet formed. According to the existing
literature, the zeolite framework possesses a stabilizing effect
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on olefins, resulting in an adsorption energy that impedes the
diffusion of olefins away from the zeolite and into the gas
phase.””” This may lead to the formation of initial aromatic
compounds by these trapped olefins in the subsurface pores of
SAPO-34. Furthermore, the literature has reported that in
some cases, the density of BAS in the outer layer of the zeolite
is higher than that on the inside, and”*~>” this may also result
in preferential formation of initial aromatic compounds at the
rim of the zeolite. Once the initial aromatic zone is formed, the
interface between the aromatic zone and the empty zone
further acts as a grain boundary, thereby hindering the
diffusion of olefins away from the zeolite.

In order to verify this hypothesis, the “cubic” model
containing ethylene and naphthalene is selected, and the
schematic diagram of the distribution of the ethylene residence
time in the model is shown in Figure Sa. This figure illustrates
that ethylene is predominantly trapped in the empty zone, and
once it crosses the interface, it quickly diffuses away from the
zeolite. The crossing process can be considered analogous to
the rate-determining step in the reaction; consequently, olefins
are uniformly distributed within the empty zone. In the cubic
model, as one approaches the surface, the volume of the shell
layer per unit distance increases, thereby favoring the
localization of olefins at the interface, as shown in Figure Sa.
Subsequently, the residence time distribution of ethylene was
tested in models with varying thicknesses of the naphthalene
zone, as depicted schematically in Figure Sb. The residence
time distribution results (Figure Sc) indicate that regardless of
the thickness of the naphthalene zone, the closer ethylene gets
to the interface, the longer it resides there. This suggests that
the interface sites hinder the diffusion of olefins and lead to an
increased residence time in the vicinity of the interface, which
in turn enhances the probability of further conversion of olefins
to aromatic compounds and extends the aromatics zone
inward.

From the above observations, it can be reasonably inferred
that even if there are some voids within the aromatics zone,
this area can be considered as a small “fully filled from the
outside to the inside” distribution region, where olefins will
also be trapped and converted to aromatic compounds at the
interface, eventually filling these voids. To further validate this
hypothesis and align it with the experimental observations, a
new model is adopted (Figure S5d), in which alternating
aromatic zones and empty zones are represented, with the
aromatic compounds arranged in the order of increasing size
from the inside to the outside, i.e., benzene, TMB,
naphthalene, anthracene, and phenanthrene.

As shown in Figure Se, when empty zones are contained
within the aromatic zones, olefins will be trapped in these
empty zones. Furthermore, the closer the olefins are to the
grain boundary, the longer their residence time, indicating that
olefins are preferentially converted to aromatic compounds and
fill the empty zones of the outer layer, thereby eliminating the
voids in the aromatic zone.

These results not only illustrate the rationality of the “fully
filled from the outside to the inside” distribution model but
also explain the observed tendency of aromatic compounds to
form at the rim of the zeolite during the MTO process. The
mesoscale spatial pattern of aromatic compounds governing
the residence time and conversion of olefins within the
heterogeneous zeolite system plays a crucial role in
determining the evolution of the aromatics zone and, as
introduced above, the selectivity of ethylene.
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In summary, the results show that when olefins coexist with
aromatic compounds such as benzene, naphthalene, phenan-
threne, or anthracene, the mesoscale spatial pattern of aromatic
compounds, while hindering the diffusion of olefins, can also
help improve the selectivity of ethylene. Importantly, the
selectivity depends only on the percentage of aromatic layers
but not on the size of the SAPO-34 zeolite when olefins coexist
with the above aromatic compounds. However, when olefins
coexist with TMB, the selectivity of ethylene decreases with an
increase in the size of the SAPO-34 zeolite. This suggests that
the use of smaller SAPO-34 zeolites not only helps to slow the
deactivation rate but also contributes to enhancing the
selectivity of ethylene. A new indicator, DDRC is proposed,
and the analysis indicates that the perturbation of the free
energy barriers of the “aromatics—empty” and “empty—
aromatics” diffusion processes has the greatest impact on the
diffusion time. Therefore, manipulating the free energy barriers
of these key elementary diffusion processes, such as by
adjusting the pore size, can be a viable strategy to improve the
formation rate and selectivity of the target product. And the
residence time distribution of olefins in the model is analyzed
to explain the experimental observation that aromatic
compounds are preferentially formed at the rim of SAPO-34
zeolite, as well as to validate the rationality of the “fully filled
from the outside to the inside” distribution model. The
combination of AIMD and kMC technologies can effectively
explore the influence of mesoscale nonuniform species
distribution on target molecule diffusion behavior, and this
method helps to study more realistic diffusion behavior within
zeolite and improve catalyst performance.

The AIMD simulations were performed using the CP2K software
package33 at a temperature of 670 K in a constant volume and
constant temperature (NVT) ensemble. The temperature was
controlled by a Nosé—Hoover thermostat with three chains.>**
The revPBE functional was selected for the DFT calculations because
of its improved performance for solid-state calculations; this
functional has been extensively utilized in recent theoretical
investigations of zeolite-catalyzed processes.”®”” The combined
Gaussian and Plane Wave (GPW) basis sets approach was used.*®
The DZVP-GTH basis set and pseudopotentials were used with an
energy cutoff of 320 Ry,””** and Grimme D3 dispersion corrections
were incorporated.”' =" A time-step of 0.5 fs was employed in the
MD simulations.**

The free energy samplings of olefin diffusion between adjacent cages
and within the cage in SAPO-34 were carried out using the blue-
moon sampling method.**~*” For the elementary diffusion processes
between adjacent cages, CV is illustrated in Figure 2b, representing
the height of the olefin centroid from the plane in which the 8MR
window is situated. For intracage elementary diffusion processes when
olefins coexist with benzene, the reaction coordinate is the olefin
centroid along the z-axis, as depicted in Figure 2¢. In most intracage
elementary diffusion processes, the reaction coordinate (Figure 2d) is
the distance difference between d,, 5, (the distance between the
olefin centroid and the 8MR window centroid) and d,, ., (the
distance between the olefin centroid and the adjacent 8MR window
centroid).

The constraint force F, required to constrain the reaction
coordinates at each l-value was evaluated as a function of | from
individual AIMD trajectories. To obtain the diffusion free energy
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profiles, the potential of mean force (PMF) was calculated by
integrating (F.) over the reaction coordinate according to the
following equation

AA = f(E)dl (1)

In order to obtain accurate diffusion free energy profiles, a sampling
density of 0.5 A on the reaction coordinate was employed and each
simulation was conducted for 10 ps. The initial 2.5 ps was used to
equilibrate the system, and the constraint forces were collected from
the last 7.5 ps. The corresponding error analysis is presented in
Section S2 of Supporting Information.

As mentioned above, the SAPO-34 zeolite features CHA topology, in
which spacious cages are connected by small 8MR windows, with
each cage containing six 8MR windows. These structural character-
istics allow for the simulation of SAPO-34 zeolite using a “cubic”
model, as depicted in Figure 3a.***’ In this model, the faces of the
cube represent the 8MR windows, and olefins can diffuse through the
face from one cube to an adjacent cube. Diffusion within a cube can
also occur as olefins migrate from one stable adsorption site to an
adjacent stable site. However, when olefins coexist with different
aromatic compounds, the stable adsorption sites of olefins may
change, and these details are discussed in the above sections. The
distance between the centroids of the two adjacent cages is
approximately 9.3 A. Therefore, even when a 99 X 99 X 99 “cubic”
model, the grid size remains representative of small SAPO-34 crystals.
Most of the conclusions obtained from the current work are found to
be independent of the model size, as elaborated upon in above
discussions.

Experimental observations have indicated that aromatic com-
pounds have a tendency to preferentially form at the rim of SAPO-34
zeolite catalysts.'>'* Therefore, for the mesoscale spatial pattern of
aromatic compounds within the “cubic” model, a schematic
representation is presented in Figure 3b, which depicts the aromatics
zones being filled from the outer subsurface layer to the innermost
layer, with the same aromatic compounds occupying each cube. This
distribution is referred to as the “fully filled from the outside to the
inside” model. The unfilled area inside is designated as the “empty
zone,” while the filled area on the outside is termed the “aromatics
zone.” The percentage of aromatic layers is utilized as a parameter to
represent the degree of filling within the model. As for the olefin
species, in the initialized model, an olefin molecule is placed at the
center of the “cubic” model.

After completion of the initial setup of the model, the possible
diffusion processes are considered. Given that aromatic compounds
are too large to diffuse into adjacent cages, they will always remain in
their initial cages. Consequently, only the diffusion processes of
olefins are taken into account in the subsequent analysis. The
diffusion behavior of olefins between adjacent stable sites is regarded
as a series of site-to-site hops, and the rate constant for each hop can
be calculated from the corresponding diffusion free energy barrier
obtained from the free energy profile.

There are five elementary diffusion processes to be examined: (i)
diffusion from one empty cage into an adjacent empty cage (empty—
empty); (ii) diffusion from one empty cage into an adjacent cage
containing an aromatic molecule (empty—aromatics); (iii) diffusion
from a cage containing an aromatic molecule to an adjacent empty
cage (aromatics—empty); (iv) diffusion from a cage containing an
aromatic molecule to an adjacent cage also containing an aromatic
molecule (aromatics—aromatics); and (v) intracage diffusion when
coexisting with aromatic compounds in a cage (intracage—aromatics).

The kMC iterations were performed according to the following
steps:>°~>” (1) the net rate constant for all possible diffusion
processes is calculated using the formula
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k= n X kemptyfempty + ny X kempW*arOmatics

+ny Xk +n, Xk

aromatics —empty aromatics —aromatics

+ ng X kinfra-cage

where n; to ng represent the number of diffusion directions for the
specified elementary diffusion processes, and these five k,_, values
correspond to the diffusion rate constants of the respective elementary
diffusion processes.

(2) The type of diffusion attempt that will occur is selected based
on the relative weights of each process, and then the diffusion
direction is selected randomly. For instance, the probability for an
empty—empty diffusion process is n; X keppy—empty/ks and the
diffusion direction will be selected randomly based on the probability
of 1/n,.

(3) The selected diffusion process is then executed, modifying the
position of the olefin molecule within the “cubic” model. The time
interval for this attempt is calculated as At = —In(x)/k, where x is a
random number between 0 and 1.

After one attempt is completed, the simulation checks whether the
olefin has left the “cubic” model. If the olefin has left, the total time
tow = DAt is calculated and stored, and the “cubic” model is
reinitialized. Otherwise, the algorithm returns to step (1) and
continues the kMC simulation. The kMC simulation is terminated
after 20,000 parallel tests, and the average diffusion time is then
calculated. The details of the convergence test are provided in Section
SS in the Supporting Information.

The DRC is a frequently employed concept to quantify the influence
of the free energy barrier of a reaction within a complex reaction
network on the overall reaction rate.** " In the context of this study,
this concept is adapted to gauge the effect of the free energy barrier of
the elementary diffusion processes on the diffusion rate, which is
referred to as the degree of diffusion rate control (DDRC), for
elementary diffusion process i, its DDRC value is expressed in the
following equation

a(_ Ga,i/RT)

DDRC, = [
0 j#i

01n(1/t) ]
(2)

where t represents the diffusion time, G,; represents the diffusion free
energy barrier of process i, R represents the ideal gas constant (8.314
J/(mol'K)), and T represents the temperature (670 K). The DDRC
value is analogous to the DRC value, which generally ranges between
—1.0 and 1.0. When the DDRC value is positive, it indicates that the
higher the free energy barrier of the elementary diffusion process, the
longer the diffusion time and the larger the value, the greater the
influence on the diffusion time. When the DDRC value is close to 0, it
suggests that the disturbance of the free energy barrier has no
significant effect on the diffusion time. Conversely, when the DDRC
value is negative, it implies that the higher the free energy barrier is,
the shorter the diffusion time.

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacsau.5c00045.

NPT optimization of lattice parameters and the model of
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cage-aromatics” diffusion processes, DDRC analysis, and
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