Microporous and Mesoporous Materials 333 (2022) 111705

Contents lists available at ScienceDirect

MICROPOROUS AND
MESOPOROUS MATERIALS

Microporous and Mesoporous Materials

journal homepage: www.elsevier.com/locate/micromeso

ELSEVIER

Check for

Predicting diffusion barriers and diffusivities of Cs—Cy2 methylbenzenes in |
MFI zeolites

Mykela DeLuca, David Hibbitts

Department of Chemical Engineering, University of Florida, Gainesville, FL, 32608, USA

ARTICLE INFO ABSTRACT

Keywords: Mass transport plays an important role in zeolite catalyzed reactions and catalyst deactivation, yet experimental
Diffusion measurement of mass transport, particularly ultra-slow diffusion processes (e.g., of bulky aromatics), is limited
:/[r:lmancs because of time scale restraints. Here, we use density functional theory to overcome these limitations and

calculate diffusion barriers of benzene and all twelve C;-C;2 methylbenzenes through the straight and sinusoidal
channels of silicalite-1 (MFI framework). Straight and sinusoidal diffusion barriers are well-predicted by a critical
diameter describing the minimum width of the molecule, where benzene, toluene, and para-xylene (all 6.6 A)
diffuse through both channels with barriers 200 kJ mol~! lower than those of pentamethylbenzene (8.2 A). The
MFI framework distorts to accommodate species with larger critical diameters and this distortion correlates to
activation barriers where smaller molecules, such as benzene, distort the framework to smaller extents compared
to larger species, such as pentamethylbenzene. Diffusing through the straight channel of MFI is always more
facile than via the sinusoidal channel, by an average of 39 kJ mol~! because the tortuosity of the sinusoidal
channels forces larger framework distortions than straight channel diffusion. We show that DFT-calculated
straight channel diffusion activation barriers agree well with those reported by frequency response experi-
ments and can be used to calculate self-diffusivities of molecules, with appropriate entropy corrections. Exam-
ining all aromatics provides insights to the role of molecule size, channel tortuosity, and entropy during
intracrystalline diffusion to provide a reference point for the species that can reasonably diffuse through both
channels (e.g., benzene, toluene, xylenes, durene), through straight channels only (e.g., 1,2,3-trimethylbenzene),
or simply are ‘stuck’ within intersections (e.g., pentamethylbenzene) in MFIL.

1. Introduction

Proton-form zeolites with medium pores, such as MFI, commonly
catalyze reactions involving aromatics—which can be co-fed or formed
during reaction—including toluene disproportionation [1-5],
Friedel-Crafts acylation [6], xylene isomerization [1,7-11], and
methanol-to-hydrocarbons (MTH), olefins (MTO), and gasoline (MTG)
[12-16]. Within the MFI framework, straight (5.2 x 5.7 A, dimensions
from IZA) [17] and sinusoidal channels (5.3 x 5.6 A) intersect to form
larger channel intersections (9 A), where chemistry involving aromatics
generally occurs. For example, during MTO aromatics can grow through
repeated methylation [18-21], isomerize, and crack to form olefins in
the aromatics-based cycle [13,14,16,22-24]. Many of these aromatics
are too large to diffuse out of the zeolite crystal and instead react with
dienes to grow and form polyaromatics which deactivate catalysts as
they block sites and diffusion pathways [6,25-27]. In addition to
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deactivation, differences in the diffusivities of smaller aromatic com-
pounds, such as benzene, toluene, and various xylenes (BTX), can
contribute to selectivity trends through altering the influence of zeolite
crystal morphology and Al siting during chemistries such as toluene
methylation, xylene isomerization, and transalkylation [28-30]. Un-
derstanding the mass-transport of aromatics within zeolite frameworks
is critical to providing insight to reaction rates, product selectivities, and
catalyst deactivation.

Mass transport in zeolites involves three critical steps: adsorption to the
zeolite surface, pore entrance, and intracrystalline diffusion. Macroscopic
measurements of mass transport (i.e., uptake and frequency response) show
that transport in small crystals (<2 pm) is primarily governed by resistance
to pore entrance as evidenced by frequency response experiments exam-
ining benzene, toluene, and para-xylene diffusion [31] and frequency
response experiments of cyclohexane diffusion through silicalite-1 [32,33].
Resistance to pore entrance can be described by pore narrowing or pore
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blockage [34], for example with trace amounts of water [35]. In larger
particles (>2 pm), such as those typically used for MTH chemistry, mass
transport is best described by intracrystalline diffusion [31,36]. However,
macroscopic techniques assume homogeneity in crystal morphology and
micro-imaging has demonstrated crystals apparently identical in size and
shape may exhibit different uptake rates [37]. As such, microscopic tech-
niques, such as PFG-NMR, offer a more accurate measurement of diffusion
and have similarly demonstrated that methane and n-butane diffusion are
best described by intracrystalline transport barriers [38,39].

Within MFI, intracrystalline diffusion between channel intersections
occurs via the straight or sinusoidal channels. Molecules can also
transfer from one channel to another to diffuse in the c-direction;
however, this diffusion process involves rotation of the molecule in
channel intersections which occurs with high barriers for large species
such as para-xylene [40,41] and furfuryl alcohol [42]—as such, this
work focuses aromatic diffusion via the straight and sinusoidal channels
without channel switching. Diffusion between channel intersections of
MFI can be described as an activated jump, where a molecule must
overcome an energy barrier when diffusing through straight or sinu-
soidal channels [38,43,44]. As such, intracrystalline diffusion can be
described by an Eyring equation (Eq. (1))

By
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where D, is an experimentally obtained pre-factor and Ej is the activa-
tion energy of diffusion. As such, transition state theory is commonly
coupled with molecular dynamics simulations to examine diffusion in
zeolites [45-52]. Frequency response experiments of benzene, toluene,
and para-xylene diffusion within silicalite-1 and H-ZSM-5 (Si:Al = 45)
crystals show bimodal responses [31,40,41,53], and these bimodal
features are used to yield two activation barriers for diffusion. Bimodal
frequencies have been interpreted as isolation of straight and sinusoidal
diffusion [40,54]; however, prior work on benzene diffusion has
demonstrated that the second feature only becomes apparent at benzene
loadings >4 molecules per unit cell and instead interpret the bimodal
response as an effect of loading [55]. As such, the validity of interpreting
bimodal frequencies as straight and sinusoidal channel diffusion re-
mains unclear. Barriers derived from bimodal frequency response ex-
periments demonstrate that ‘fast’ benzene diffusion occurs with a barrier
of 17 kJ mol ™! and the ‘slow’ diffusion with a barrier of 26 kJ mol™%;
however, as previously noted, it is unclear that these correspond to
straight and sinusoidal diffusion. Diffusion via the two channel systems
can be decoupled with computation techniques such as molecular dy-
namics (MD) simulations that suggest sinusoidal diffusion is slower for
n-heptane (600 K) within MFI where straight channel diffusivities (7.2
x 107° m? s71) are higher than those of the sinusoidal channel (3.4 x
10 °m?5 1) [56]. Most experiments and computational work, however,
focus on small molecules such as methane, linear alkenes, and Cg—Cg
aromatics. To our best knowledge, no DFT studies have contrasted ar-
omatic diffusion via straight and sinusoidal channels and it remains
unclear at what extent of substitution aromatic species are no longer
able to diffuse via sinusoidal channels (which likely becomes diffusion
limited first) and straight channels.

MFI-type zeolites are used in xylene separations and show relatively
high selectivities to para-xylene, and this is caused, in part, by selective
diffusion of para-xylene relative to other xylene isomers [4,29,40,57,58].
The diffusivity of a molecule can be related to its molecular size by a critical
diameter, defined here as the diameter that will determine if a molecule can
enter a cylindrical pore [59,60]. Typically, species with smaller critical
diameters (i.e., benzene) diffuse faster than those with larger critical di-
ameters (i.e., meta-xylene). For example, the diffusivity of benzene,
toluene, and para-xylene (all with a critical diameter of 6.6 A) through MFI
is ~1071%3 m? s7! as reported by frequency response [61-63], zero length
column (ZLC) [64,65], sorption [66], and gravimetric [67] techniques.
ortho-Xylene and meta-xylene have a larger critical diameter (both with a
critical diameter of 7.3 A) and diffusivities in the range of ~1071-1071°
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[68-71]. Experiments of aromatic diffusion through zeolites are limited to
species that diffuse through crystals at reasonable time scales—generally
making analysis of Cy, species difficult. Similarly, to our knowledge, no
prior computational work has examined diffusion of bulkier aromatics
through the two channels of MFI to understand which species become stuck
within channel intersections.

Distortions in the framework caused by large transition states can
alter reaction and diffusion barriers. Work examining alkene alkylation
transition states in TON suggests that larger transition states, for
example the dimerization of C4 species via a Cg transition state, force
framework oxygen atoms to distort away from the transition state to
minimize repulsive interactions [72]. These framework distortions are
accompanied by an energy penalty where larger transition states are
associated with larger energy penalties [72]. Framework distortions can
also occur during diffusion, for example, DFT predicts that benzene
diffusion through the 8-MR of CHA causes relatively small distortions in
the 8MR diameter (~0.15 }o\) and diffuses with a barrier of 248 kJ mol !
whereas 1,2,4,5-tetramethylbenzene (durene) causes much larger dis-
tortions (0.7 A) and diffuses with a barrier of 348 kJ mol~! [73]. The
qualitative interaction between critical diameters and framework dis-
tortions is clear, larger species require larger distortions, but how the
tortuosity of the sinusoidal channel (as compared to the straight chan-
nel) impacts the relationships between critical diameter, framework
distortion, and diffusion barriers has not been examined across a large
set of methylbenzene aromatics, despite their relevance in arene
methylation, transalkylation, and MTH.

This work examines diffusion barriers for benzene and all C;—Cis
methylbenzenes through the straight and sinusoidal channels of MFI (Sil-
icalite-1). BTX species diffuse through the channels with relatively low
barriers < 100 kJ mol ! supporting that during aromatic-related chemistry
these species can be formed at internal sites and then diffuse out of the
framework. Other species, such as 1,2,3,4-tetraamethylbenzene may
diffuse via straight channels (112 kJ mol ! barrier) at reasonable time-
scales, but not via sinusoidal channels (189 kJ mol ™), suggesting they are
capable of egressing during catalysis via a 1-D pore network. However,
most C;9-Cy3 species are essentially immobile (barriers > 150 kJ mol~? for
both pathways) at relevant conditions. We demonstrate that diffusion
barriers trend well with the critical diameter of the molecule and that
molecules with larger critical diameters cause distortions in the framework
leading to higher diffusion barriers. Framework distortion is larger in the
sinusoidal channel lending to sinusoidal barriers that are, on average, ~40
kJ mol~! higher than straight channel diffusion barriers.

2. Methods
2.1. Density functional theory methods

The Vienna ab initio simulation package (VASP) [74-77] was used to
execute DFT calculations in fully periodic MFI unit cells. All calculations
were implemented in the Computational Catalysis Interface (CCI) [78].
Planewaves with an energy cutoff of 400 eV were composed using
projector augmented wave (PAW) potentials. Structures were optimized
using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation func-
tional [79-81] and the DFT-D3 method with Becke and Johnson
damping to adjust for dispersive interactions [82-84]. Structures were
optimized in a two-step process, which is ~3 x more efficient than
traditional single-step optimizations [78]. In the first step, structures
were electronically converged such that energies varied by < 10™* ev
between iterations and until the forces on each atom were < 0.05 eV
A, and all forces were computed so using a Fast Fourier Transform
(FFT) grid with a cutoff 1.5 x the planewave cutoff. In the second step,
accuracy was further improved by converging to within < 107 with a
FFT grid 2 x the plane-wave cutoff. No atoms were constrained during
optimizations. The Brillouin Zone was sampled at the I'-point [85].

The silicalite-1 structure (Fig. S1 in the Supplemental Information, SI)
was derived from the results of van Koningsveld et al. because restructuring
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artifacts are minimized in this zeolite form [86,87]. The shape and lattice
parameters of silicalite-1 (a = 20.090 ;\, b=19.738 f\, c=13.142 A) were
fixed. Previous work has demonstrated that the MFI unit cell can experi-
ence sorbate-induced restructuring at loadings as low as 1.6 molecule per
unit cell (molec./u.c.) [88-90]. Here, diffusion is modeled at relatively low
loadings of 1 molec./u.c. where expansion of the MFI unit cell and
co-adsorbate influences on diffusion pathways and barriers may be less
relevant; as such, diffusions are modeled in a single unit cell.

Structures of all methylbenzene species in the channel intersections
were reoriented by rotating the structures around the a-, b-, and c-axes of
the unit cell in 30°-increments, resulting in ~36 orientations attempted
for each methylbenzene, as described in previous work [21]. These
systematic reorientations are employed to ensure that the potential en-
ergy surface of each reactant state is sufficiently probed, while avoiding
computationally expensive dynamic simulations. We note that there is
no guarantee that these reorientations will identify the global minimum
for a particular state; however, prior work demonstrated that these static
reorientations can identify structures up to 50 kJ mol~! more stable than
the initial input structure [21,91]—demonstrating the importance of
examining multiple structures for each state.

Diffusion pathways were modeled in a stepwise fashion using a
combination of the nudged elastic band (NEB) [92] and Dimer methods
[93]. NEB calculations involved 12-16 images along the pathway and
were converged to 10~* eV with a FFT cutoff 1.5 x the size of the plane
wave cutoff. Initially, the C and H atoms in the aromatic were frozen
along a fixed trajectory during the NEB and the structure of the sur-
rounding MFI framework was optimized such that the forces on all
atoms in each image were < 0.5 eV A™!. Upon convergence of this
‘frozen” NEB, the NEB was re-converged to the same criteria while
permitting the aromatic atoms to move. Finally, the NEB was converged
so that the force on every atom was < 0.15 eV A~ and transition states
searches (Dimer method) were started from these more accurate NEBs.
In cases where the energy profile had multiple transition states Section
2.4, the length of the coordinate was shortened so that there was one
transition state per NEB. Transition states were refined using the Dimer
method [93] and optimized until the forces converged to 0.05 eV ;\’1,
using a two-step method similar to that used for optimizations.

For each aromatic, ~12 diffusion pathways were initialized—six for
straight diffusion and six for sinusoidal diffusion. Three of the six unique
orientations involved changing the angle between the center of the Cg
ring and the long axis of the sinusoidal channel and each angle was
investigated so that the molecule was being led by either a C-atom or a
bond down the respective channel. These different reorientations only
involved altering the initial orientation and the molecules were not
constrained by the initial orientation. Only the orientation that resulted
in the lowest energy diffusional routes will be discussed in the remainder
of the manuscript.

2.2. Self-diffusivity calculation

Here, we estimate self-diffusivities of BTX species from DFT by rep-
resenting diffusion of aromatics as an activated jump between channel
intersections within the MFI framework. As such the diffusivity can be
related back to an Eyring equation (Eq. (1)). To estimate the diffusivity
of species between channel intersections, we can use the DFT-predicted
energy barriers and transition state theory to estimate the D, term, or
pre-factor, of Equation (1) where prior work [73] has shown that
diffusivity can be calculated by:

D= 1%k, (2
where A represents the diffusion path length and k; can be expressed
using transition state theory:

kT
D:ﬂsz P 3)
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where ky, is the Boltzmann constant, h is Planck’s constant, and ASa and
AHp can be calculated from the activation potential energies (discussed
in Section 3.1) and vibrational frequency analysis (see Section 2). By
comparison with Eq. (1), we can see this gives a definition for pre-factor
(Do) as:

=

p, =T, @
h
Prior work in SSZ-13 using DFT to estimate diffusion barriers
through the 8-membered ring of CHA demonstrate that diffusivities
calculated by Eq. (4) generally agree well with those predicted by kinetic
Monte Carlo simulations [73], suggesting this approach is sufficient for
estimating diffusivities within MFIL.

3. Results and discussion
3.1. General trends in aromatic diffusion

3.1.1. Straight channel potential energy surfaces

Diffusion between intersections via the straight channel of MFI involves
passing through two adjacent 10-membered rings (MRs) with a diameter of
~5.6 A. Potential energy surfaces are constructed from NEB calculations
converged to forces of 0.15 €V A™! to better understand the diffusion
pathway of each molecule via the straight channel. The potential energy
surfaces shown here reflect the orientations leading to the lowest energy
diffusion barriers (of the 6 attempted, described in Section 2.2). Fig. la
shows the potential energy surface of benzene referenced to the energy of
benzene adsorbed in the channel intersection in its most favorable orien-
tation. As benzene traverses the straight channel, there are three local
maxima before reaching the next channel intersection. For each NEB-local
maxima, transition states are isolated with Dimer calculations yielding
barriers 2-10 kJ mol~! lower than those estimated by the NEB (Fig. 1). We
attribute the energy differences to differences in convergence criteria for
wavefunctions and atomic forces between the NEB and Dimer methods.
The vertical lines on Fig. 1 represent the point on the potential energy
surface when the center of the benzene ring passes the 10-MRs of the
straight channel. Both 10-MRs have an associated transition state where
benzene is either entering (Fig. 1d) or leaving (Fig. 1f) the straight channel
and these occur with potential energy barriers (AE) of 11 and 15 kJ mol L.
There is a third transition state corresponding to benzene passing between
the two 10-MRs (Fig. 1e) with a AEg of 12 kJ mol L. We can measure a
relative distance between the center of the benzene ring and the center of
the two 10-MRs (defined by the 10 Si atoms) to quantify the positions of the
transition state relative to the 10-MRs (transition states close to 0 are
‘entering’ the straight channel and transition states close to 1 are ‘exiting’
the straight channel). The three transition states of benzene diffusion occur
at 0.01, 0.54, and 1.07 (Fig. 1)—confirming they represent entering,
traversing, and exiting the straight channel. Similar to benzene, the po-
tential energy surfaces of toluene and para-xylene (Fig. 1b—c) exhibit three
similarly sized maxima corresponding to entering (Fig. 1g,j), traversing
(Fig. 1h,k), and exiting the straight channel (Fig. 1i,1). The converged
transition states of benzene, toluene, and para-xylene straight channel
diffusion fall within 4 kJ mol ™}, suggesting they diffuse with barriers
within the error of these DFT methods. Toluene and para-xylene have
additional methyl substituents; however, the molecules orient in such a
way that limits interactions between these methyl groups and surrounding
framework causing diffusion to occur with nearly identical barriers.

Larger species have methyl-substituents that interact with the zeolite
framework in a manner that alters the shape of the potential energy
surface and increases diffusion barriers. In the remaining potential en-
ergy surfaces, again reflecting the optimal diffusion pathway of ~6
orientations examined, we observe a variety of surface shapes including,
1) a single large transition state, 2) two asymmetric peaks, 3) three
transition states with two higher energy ones nearly and one smaller
peak, and 4) four transition states with two small peaks and two large
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Fig. 1. Potential energy surface of benzene straight channel diffusion (NEB method, converged to within 0.15 eV A1) for a) benzene, b) toluene, and c) para-xylene.
Dots are the energies of converged transition states (Dimer method, converged to within 0.05 eV A~1). Lines represent benzene crossing the 10 membered rings of the
straight channel. Images of each transition state are shown in d-1. Potential energies are reported in kJ mol ™.

peaks. The first category is well demonstrated by the most favorable
ortho-xylene potential energy surface with a single large transition state
when the center of the aromatic is between the two 10-MRs (Fig. 2a).
There is a small shoulder feature as the aromatic enters and exits the 10-
MRs; however, the largest AEg, 37 kJ mol ™}, occurs when the structure is
fully within the straight channel where interaction with the surrounding
framework is maximized (Fig. 2e) with a relative distance of 0.79 be-
tween the two 10-MRs. Similar to ortho-xylene, the most favorable po-
tential energy surface of 1,2,4-trimethylbenzene, 1,2,3,4-
tetramethylbenzene, and 1,2,4,5-tetramethylbenzene all show a single
transition state (Fig. 2b—d) where the center of the ring is between the
two 10-MRs and methyl-substituents are interacting with one or both of
the 10-MRs (Fig. 2f-h). Generally these transition states occur when the
center of the ring is closer to the second 10-MR ranging from a relative
distance of 0.75-0.89 along the straight channel.

Other methylbenzenes diffuse through the straight channels with
two asymmetric transition states. For example, meta-xylene diffusion has
one transition state associated with entering the straight channel with a
AE( of 24 kJ mol ! (relative distance of —0.03, where the center of the
ring has not passed the center of the 10 MR) and a second when the
molecule is between the two 10-MRs (relative distance of 0.67) with a
AEg of 40 kJ mol™! (Fig. 3a). Similarly, the pentamethylbenzene po-
tential energy surface has two disproportionately sized peaks associated
with methyl substituents are interacting with both 10-MRs (AEg of 199
kJ mol’l) and the aromatic exiting the second 10-MR (115 kJ mol’l)
(Fig. 3). In both cases, the highest energy transition state involves
methyl-substituents interacting with both 10-MRs. Notably, these po-
tential energy surfaces are not symmetric, which may be attributed to
asymmetry in the molecule itself and in the distortions to the 10-MRs as
the molecule traverses the straight channel.

The third category is well demonstrated by 1,2,3-trimethylbenzene,
1,3,5-trimethylbenzene and 1,2,3,5-tetramethylbenzene, each of which
have three peaks on the potential energy surface (Fig. 4) associated with

entering the 10-MR, traversing the channel, and exiting the 10-MR. 1,3,5-
trimethylbenzene and 1,2,3,5-tetramethylbenzene have a smaller peak
associated with ring structure entering the straight channel (AE( of 136 and
122 kJ mol ™}, respectively), while the two meta methyl-substituents
remain mostly in the channel intersection. The two larger peaks are asso-
ciated with methyl-substituents interacting with the two 10-MRs while
diffusing down the straight channel (occurring with AEy of 185-190 kJ
mol ™}, Table 1). Conversely, the two large peaks of 1,2,3-trimethylbenzene
(AEg of 103 and 106 kJ mol 1) are associated with a methyl substituent
oriented directly towards either 10-MR while the smaller barrier is asso-
ciated with the ring structure exiting the second 10-MR (estimated at 77 kJ
mol™1). Overall, the transition states of bulkier aromatics species generally
occur where the center of the Cg ring is within the straight channel and the
methyl substituents are interacting with the 10-MRs.

Finally, the potential energy surface of hexamethylbenzene has two
large peaks in the middle and two smaller peaks at the beginning and end
(Fig. 5). Here, the two smaller peaks correspond to the methyl substituents
entering (AEq of 166 kJ mol™) and exiting (AEg of 167 kJ mol™) the
straight channel before the center of the ring has entered the channel
system. The two larger peaks at 0.24 and 0.74 (Fig. 5) occur with nearly
identical barriers (AEq of 244 kJ mol ! and 243 kJ mol™ 1) and are asso-
ciated with the aromatic traversing the straight channel. Notably, the po-
tential energy surface of hexamethylbenzene is remarkably symmetric,
possibly because the symmetry of the molecule results in symmetric dis-
tortions of the straight channel as the ring passes.

Despite different potential energy surfaces, the orientation of the
aromatic relative to the long-axis of the straight channel is consistent for
all examined aromatics (Fig. 6). Three different orientations were
initiated for straight channel diffusion based on the orientation of the
ring to the axis of the straight channel (45°, 67.5°, and 90°), and in all
cases the most favorable orientation of diffusion involved the ring being
oriented along the longest axis of the unit cell (~43°, Fig. 6). Initial
orientations were also started where either a methyl-substituent (or H)
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Fig. 2. Potential energy surfaces of a) 1,2-dimethylbenzene, b) 1,2,4-trimethylbenzene, c) 1,2,3,4-tetramethylbenzene, and d) 1,2,4,5-tetramethylbenzene diffusing
down the straight channel. Images of each transition state are shown in parts e-f. The relative distance of the transition state and potential energy of the transition
states (kJ mol~!) are also reported. Scales in parts a-d vary to emphasize the shape of the potential energy surfaces.

or C-C bond was oriented down the b-axis. For example, 1,2-dimethyl-
benzene diffuses down with a C-C bond oriented along the b-axis
(Fig. 6). Conversely, 1,3,5-trimethylbenzene orients so that a methyl-
substituent is oriented down the b-axis. Generally, we find the
preferred orientation down the b-axis varies between molecules based
on the position of methyl-substituents on the ring and that molecules
tend to orient so that interaction between methyl-substituents and the
surrounding framework is minimized.

Potential energy of straight channel diffusion surfaces show that the

diffusion can be considered a multi-step process (in most cases) and,
generally, we find that the potential energy surface between two channel
intersections is not symmetric—possibly because distortions in the frame-
work and ring structure change as the rings traverse the straight channel.
Many species display multiple peaks associated with diffusion, however,
the high-energies of the intermediate states (within the channel) suggest
that these interstitial sites can be neglected in most cases for estimating
diffusion rates. These pathways are thus treated (using transition state
theory) as having a single effective barrier that matches the highest barrier
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ergy surfaces.

along the multi-step pathway, as done in similar work investigating diffu-
sion through the 8-MR of CHA [73].

3.1.2. Sinusoidal channel potential energy surfaces

The sinusoidal channel, similar to the straight channel, consists of two
10-MRs. However, the sinusoidal channel is more tortuous than the straight
channel, so molecules must rotate and distort during diffusion. Similar to
Section 3.1.1, we examine the potential energy surface of C¢—C;2 aromatics
traversing through the sinusoidal channel. Starting with the simplest
molecule, benzene, the potential energy surface has two large
peaks—corresponding to benzene entering (AEq of 52 kJ mol ™%, Fig. 7a)
and exiting the sinusoidal channel (AE of 23 kJ mol’l, Fig. 7a). These
barriers reflect the most favorable orientation of benzene diffusion when
the center of the ring is perpendicular to the b-axis (Fig. ©6). Similar to the
straight channel, we can compare the center of the aromatic ring and the
10-MRs of the sinusoidal channel to estimate the location of each transition
state along the sinusoidal channel, where a value of 0 corresponds to
benzene passing the center of the first 10-MR and a value of 1 corresponds
to benzene passing the second 10-MR. The two benzene transition states
occur at a value of 0, where benzene enters the sinusoidal channel, and
0.99, where benzene exits the sinusoidal channel (Fig. 6). Similarly, the
potential energy surfaces of toluene (Fig. 7b) and para-xylene (Fig. 7c) also
show two peaks corresponding to entering and exiting the 10-MRs of the
sinusoidal channel. Sinusoidal diffusion barriers of toluene and para-xylene
(56 kJ mol~! and 50 kJ rnol’l, respectively) are within 6 kJ mol ™! of
benzene suggesting DFT cannot accurately predict differences in diffusion
rates between these three molecules.

Additional methyl substituents confound the potential energy surfaces
of sinusoidal channel diffusion, which typically have multiple barriers
corresponding to interactions with the 10-MRs and distortions and rota-
tions of the molecule and its methyl substituents along the sinusoidal path.
Potential energy surfaces and associated transition state structures for
1,2,3-trimethylbenzene, 1,2,4,5-tetramethylbenzene, and pentam-
ethylbenzene are shown in Fig. 8 to demonstrate the complexity of sinu-
soidal diffusion. The potential energy surfaces of all species are shown in
Section S3 of the SI. The path of 1,2,3-trimethylbenzene shows at least four
transition states (Fig. 8a) associated with entering the 10-MR (105 kJ
mol’l, Fig. 8d), traversing the sinusoidal channel (131 kJ mol’l, Fig. 8e),
rotation of the molecule (110 kJ mol’l, Fig. 8f), and exiting the second 10-
MR into the channel intersection (99 kJ mol ™}, Fig. 8g). Similarly, the
potential energy surface of pentamethylbenzene shows at least four tran-
sition states associated with entering the channel (132 kJ mol’l), inter-
acting with the 10-MRs (260 and 282 kJ mol’l), and exiting the sinusoidal
channel (147 kJ mol ™, Fig. 7¢, i-k). Conversely, 1,2,4,5-tetramethylben-
zene has a single transition with a AEq of 70 kJ mol™! associated with
methyl substituents interacting with both 10-MRs positioned at 0.73 along
the path of the sinusoidal channel (Fig. 8h). Generally, the diffusion of these
species results in notable distortions of both the ring structure and the
framework, which likely contributes to their higher barriers and is further
discussed in Section 3.1.3.

3.1.3. General trends in diffusion
Both straight and sinusoidal diffusion barriers are examined here,
and in all cases we find that straight channel barriers are lower, by an
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average of 39 kJ mol~?, than sinusoidal diffusion barriers. Diffusion via
both channels involves traversing two 10-MRs, but the tortuous nature
of the sinusoidal channel forces both the molecule and channel to distort
more, compared to the straight channel, to accommodate the diffusion.
Here, we examine the effects that additional methyl-substituents have
on diffusion barriers through examining the size of the molecule,
distortion of the framework, and distortion of the diffusing aroma-
tic—all of which play a role in diffusion barriers.

Generally, diffusion barriers increase as the extent of methyl-
substitution around the aromatic increases; however, the barriers are
better described by the specific position of the methyl substituents on
the ring through the critical diameters [59,60]. For example, ortho- and
para-xylene both have 2 methyl substituents (Cg rings) but the diffusion
barriers are ~30 kJ mol ™! lower for para-xylene, because the position of
methyl-substituents in para-xylene allows for minimal interaction with
the surrounding framework compared to ortho-xylene. Fig. 9a shows the
groupings of molecules along their critical diameters which range from
6.6 A to 9.1 A, reported in previous work [59,60]. Species with the
smallest critical diameter, 6.6 10\, diffuse with the lowest AE( barriers via
the straight and sinusoidal channels ranging from 13 to 15 kJ mol ! for
straight channel and 50-56 kJ mol~! for sinusoidal channel. As the
critical diameter increases to 9.1 A, the average barrier also increases in
each grouping thus confirming that critical diameter is an important
metric in diffusion barriers and species with larger critical diameters
tend to have larger diffusion barriers.

During diffusion, aromatic rings distort as they diffuse through the
straight and sinusoidal channels and these distortions increase diffusion
barriers. We measure the distortion in each aromatic by taking a 3N-dimen-
sion distance between the atoms of the Cg ring in the transition state (with
methyl-substituents removed) to the corresponding Cg ring optimized in
the gas phase. Benzene diffusion down the straight channel results in small
ring distortions (0.05 f\), while diffusion via the sinusoidal channel results
in slightly larger ring distortions (0.06 A)—likely because of the slightly
smaller pore diameter of the sinusoidal channel coupled with the more

tortuous path. Rings with larger critical diameters tend to experience more
distortion as they diffuse through MFI, which contributes to higher diffu-
sion barriers (Fig. 9b). For example, 1,2,3-trimethylbenzene diffusion via
the straight and sinusoidal channels results in a 0.31 A and 0.43 A distor-
tion in the Cg ring, respectively (Table S1).

As methylbenzenes traverse the 10-MRs of the straight and sinusoidal
channels, the framework must also distort to accommodate the large
methyl substituents. Here, we quantify the degree of framework distortion
by calculating a 3N-dimensional distance (Section S5 of the SI) between the
Si-form framework structure with and without an optimized diffusion
transition state—the 3N-dimensional distance reported here is meant to
qualitatively relate an extent of lattice distortion to diffusion barrier. The
diffusion barriers trend well with the magnitude of deviation in 3N-dimen-
sional distance where species that distort the framework more have higher
diffusion barriers (Fig. 10). For example, benzene straight channel diffusion
(AEg of 15 kJ mol 1) causes a minimal framework distortion of 0.38 A
whereas hexamethylbenzene straight channel diffusion (AEy of 244 kJ
mol ) distorts the framework 4.97 A. Similarly, sinusoidal barriers
generally trend well with framework distortion (Fig. 10), but generally
involve a higher degree of framework distortion compared to the straight
channel, which partially contributes to the higher barriers. For example,
toluene diffusion via the straight channel changes the 3N-dimensional
distance by 0.93 A while diffusion via the sinusoidal channel distorts the
framework by 1.43 A. On average, the framework is distorted 2.6 x more
via the sinusoidal channel than the straight channel leading to sinusoidal
diffusion barriers that are, on average, 2.2 x higher. These data show that
multiple factors govern diffusion barriers in MFI including distortion of the
aromatic ring and the framework and that the relationship of these dis-
tortions to straight and sinusoidal diffusion is different; as such, the rela-
tionship between the barrier and framework distortion is not a single value
function.
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Table 1
Reported diffusivities of BTX diffusion through H-ZSM-5 and Silicalite-1 (Si:Al =
o) Crystals.

Ref Si: Method"” Temp. AH Diffusivity
Al” K kJ m?s!
mol~?
benzene
This Work o DFT 373 13,° 1.7 x 10711¢, 3.5
524 x 107174
Biilow et al. [63] 135 FR 423 28 1x10718
Gobin et al. [40] 45 FR 343 17,° 4.95 x 10713,
26 5.1 x 1071
Song et al. [55] 0 FR 303 - 1.46 x 10712
5.2 x 10714
Song et al. [32] © FR 348 - 1x10713
Shen et al. [61] o FR 375 - 1.14 x 10713
Van-Den-Begin S FR 388 25 1x10718
et al. [94]
Eic et al. [64] o ZLC 373 27 1.54 x 10713
Ruthven et al. 0 ZLC 348 27 1.8x 10718
[68]
Zikanova et al. 135  Uptake 363 26 7 x 10713
[67]
Heering et al. [66] 35 Uptake 313 - 2.5 x 1071
Doelle et al. [95] 34 Uptake 313 - 1.5 x 10713
Wu et al. [69] 0 Uptake 373 21 5.6 x 10715
Zikanova et al. o Uptake 363 18 2.5 x 10712
[67]
Jobic et al. [96] 0 Neutron 465 30 1.3 x 107
Spin
Rungsirisaku et al. o MD 300 - 2.5 x 10710
[46]
Foreseter et al. oo MD 300 27,° 5.4 x 107*, 3.6
[971 34¢ x 10714
Kolokathis et al. o MD 300 - 2.5 x 10713,
[98] 8.67 x 10714
Snurr et al. [99] 0 IRC 300 37,° 1x1071
38¢
toluene
This Work 0 DFT 373 14,° 2.3 x 10712, 1.9
56d x lo—l&d
Gobin et al. [40] 45 FR 343 19,° 4.01 x 10713,
274 4.0 x 107144
Song et al. [32] 0 FR 348 - 4.7 x 1071, 5.4
x 10714(]
Muller et al. [100] o Uptake 320 - 3.9 x 107
Choudhary et al. 39.7  Uptake 308 36 7.9 x 1071°
[70]
ortho-xylene
This Work o DFT 373 43,° 1.1 x 10716, 1.1
89(( % 10—23(1
Ruthven et al. 0 ZLC 373 33 3.6 x 10714
[68]
Wu et al. [69] 0 Uptake 293 - 2.2 x 1071°
Choudhary et al. 39.7  Uptake 308 36 9x 10718
[70]
Mirth et al. [71] 35.5 Uptake 373 30 6.5 x 10-18
meta-xylene
This Work o DFT 373 40,° 51 x 1077 45
714 x 10721
Choudhary et al. 39.7  Uptake 308 38 3x107%
[70]
Mirth et al. [71] 35.5  Uptake 373 29 7 x 10719
Doelle et al. [95] 34 Uptake 313 - 2.4 x 1071
Wu et al. [69] o Uptake 293 - 4.1 x 107t
Yang et al. [101] 47 AIMD 670 23,¢ -
474
para-xylene
This Work 0 DFT 373 13,° 6.5 x 10712, 7.7
49¢ x 10719
Gobin et al. [40] 45 FR 343 20,° 3.9 x 10713 1.7
27(( x 10—14(1
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Table 1 (continued)

Ref Si: Method"” Temp. AH Diffusivity
Al" K kJ m?s!
mol ™!
Song et al. [32] 0 FR 348 - 8.2x10° 13
Ruthven et al. o ZLC 373 30 41x10713
[68]
Choudhary et al. 39.7  Uptake 308 18 5.13 x 1071¢
[70]
Mirth et al. [71] 35.5  Uptake 373 - 6 x 10716
Wu et al. [69] 0 Uptake 293 15 3.1 x 10"
Yang et al. [101] 47 AIMD 670 19,° -
16¢

@ A Si:Al ratio of co corresponds to silicalite-1.

 Methods include molecular dynamics (MD, forcefield based), frequency
response (FR), zero-length column (ZLC), internal reaction coordinate (IRC).

¢ Values reported for ‘fast’ diffusion process.

4 Values reported for ‘slow’ diffusion process.

3.2. Bengzene, toluene, and xylene diffusivities

Prior literature has focused on understanding diffusion barriers and
diffusivities of benzene, toluene, and xylenes (BTX)—partly because the
time scale of BTX diffusion allows for experimental measurements.
Table 1 summarizes literature diffusivities and diffusion barriers for BTX
species using a combination of experimental and theoretical techniques
in both silicalite-1 and H-ZSM-5 materials. The enthalpic barriers (AH)
calculated here represent diffusion in a perfect crystal whereas experi-
mental studies can be subject to convoluting factors including pore-
mouth effects, loading effects, and heterogeneity in crystal
morphology. Despite this, the DFT-calculated AH values (373 K) for
benzene diffusion via the straight channel (14 kJ mol’l) agree well with
literature reported values (17-37 kJ mol 1) as shown in Table 1 [40,67,
69,70]. Similarly, DFT-calculated straight channel diffusion enthalpy
barriers of toluene (14 kJ mol_l), ortho-xylene (43 kJ rnol_l), meta--
xylene (40 kJ mol’l), and para-xylene (13 kJ mol™ 1) are in close
agreement to the values previously reported by literature (Table 1). As
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Fig. 5. a) Potential energy surface of hexamethylbenzene with associated fig-
ures of each transition state parts b-e. The relative distance of the transition
state and potential energy of the transition states (kJ mol ') are also reported.
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Fig. 6. Preferred orientation of the highest energy straight channel diffusion
transition state for C¢—C;2 methylbenzenes. The orientation relative to 0° are
reported. Potential energy barriers (AEy) of each transition state are reported in
kJ mol 1.

discussed in Section 3.1, DFT-calculated barriers of straight channel
diffusion for benzene, toluene, and para-xylene are within 4 kJ mol ! of
one another, as these species have the same kinetic diameter, while
ortho- and meta-xylene (critical diameter of 7.3 f\) have barriers 20 kJ
mol ! higher as the additional methyls are forced to interact with the
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surrounding framework.

While BTX straight channel diffusion barriers are well-predicted by
our DFT methods, we find that DFT-calculated sinusoidal channel
diffusion barriers are much higher than those representing ‘slow’
diffusion from bimodal frequency response experiments (Table 1). For
example, the DFT-calculated enthalpy barrier of benzene diffusion via
the sinusoidal channel is 52 kJ mol~! while frequency response exper-
iments yield a ‘slow’ diffusion barrier of 26 kJ mol~! (Table 1). To
ensure the difference in barriers are not caused by spurious errors in DFT
methods, benzene diffusionina 1 x 2 x 1 supercell was tested to ensure
that propagation of framework distortion was not artificially increasing
barriers. Sinusoidal diffusion within the supercell occurred with AE( of
50 kJ mol™! (Fig. S2)—suggesting that the error does not stem from
periodic effects. Benzene diffusion was also examined in a second MFI
framework structure (based on Olson et al.) [102], and the sinusoidal
diffusion in this MFI framework model occurred with a barrier of 50 kJ
mol ! (Fig. S3)—nearly identical to the 52 kJ mol~! barrier in the MFI
model derived from van Koningsveld (used throughout this work). As
previously mentioned, bimodal frequencies can represent a ‘fast’ and
‘slow’ diffusion process; however, the cause of these different diffusion
modes is unclear. Prior work has suggested bimodal frequencies repre-
sent straight and sinusoidal diffusion modes [40,54] while others have
suggested it is a consequence of loading where benzene adsorption in
silicalite-1 show a single diffusion mode at loadings lower than 4
molec./u.c. but two diffusion modes at higher loadings [55]. Additional
causes for different diffusivities can be attributed to the presence of
Brgnsted acid sites, where metadynamic simulations have shown that
Brgnsted acid sites within zeolites lower ethene and propene diffusion
barriers by ~20 kJ mol ! through the 8-MR of SAPO-34 [103], and work
comparing benzene diffusion in Silicalite-1 and ZSM-5 find diffusivities
that are 3 x higher in Silicalite-1 (Table 1) [67]. It is also possible that
bimodal responses can reflect differences in crystal topology where the
presence of intergrowths and silanol defects can lead to multiple diffu-
sion processes. Therefore, we suggest that the bimodal responses
observed in H-ZSM-5 crystals do not represent straight and sinusoidal
diffusion and are more likely caused by distinct straight-channel diffu-
sion pathways that are influenced by crystal loading, the proximity of
Brgnsted acid sites, and/or silanol defect groups.

Experimental diffusion studies typically report diffusivities rather
than barriers, and Table 1 summarizes some of the past work examining
BTX diffusion through H-ZSM-5 or silicalite-1. A wide range of diffu-
sivities are reported in literature; for example, measured benzene dif-
fusivities range from 10716 to 10712 m? s71, and those for para-xylene
range from 1071% to 107! m? s~1. Most techniques listed in Table 1
reflect diffusivity measured by macroscopic techniques, and the large
ranges are likely, in part, related to the measurement technique. As
previously mentioned, heterogeneity in crystal morphology, even within
the same batch, can lead to substantial differences in observed dif-
fusivity—motivating the use of microscopic techniques to quantify dif-
fusivities more accurately through zeolite crystals [104,105]. The wide
range of experimentally observed diffusivities can also be attributed to
defects in the crystal (intergrowths or mesopores) [106], the presence of
surface barriers [57,104,1071, acid site density [103,108,109], and
loading [88-90]. The magnitude of these ranges reflects the difficulty in
comparing measured and computed values. Here, we estimate
self-diffusivities of BTX species from DFT by representing diffusion of
aromatics as an activated jump between channel intersections within the
MFI framework. As such, the diffusivity can be related back to an Eyring
equation (Eq. (1)). Straight channel barriers for BTX are predicted well
by theory; however, self-diffusivities calculated by Eq. (4) (Section 2.2)
using DFT-predicted ASa and AHp do not match the range of reported
experimental values (Table 1). Benzene self-diffusivities down the
straight channel and sinusoidal channels (373 K) are 2.1 x 10 %m?s?!
and 4.4 x 1075 m? 57! (873 K), whereas literature values range be-
tween 10716 to 10712 m? s~ L. Despite the large range of experimentally
measured benzene diffusivities, these unadjusted DFT-derived values
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Fig. 8. Potential energy surfaces of a) 1,2,3-trimethylbenzene, b) 1,2,4,5-tetramethylbenzene (durene), and c) pentamethylbenzene sinusoidal diffusion with
associated figures of each transition state parts d-1. Scales in parts a-c vary to emphasize the shape of the potential energy surfaces. The relative distance of the
transition state and potential energy of the transition states (kJ mol™1) are also reported. Potential energy surfaces for all species are shown in Section S3 of the
Supplemental Information.

miss the range entirely. Frequency response experiments of benzene in
H-ZSM-5 (Si:Al = 45), specifically, measure a ‘fast’ diffusion process
with a diffusivity of 8.0 x 10713 m?s7! [40], different by ~3 orders of
magnitude from the DFT estimate (2.1 x 107° m? s’l), despite activa-
tion barriers calculated by DFT and estimated by frequency response

10

being within 4 kJ mol~!. Comparison of DFT-calculated and experi-
mentally obtained pre-factors (D, dependent on entropy shown in Eq.
(5)) shows that the straight and sinusoidal DFT-calculated D, terms (1.7
x 1077 m? 57! and 7.9 x 10~8 m? s7!) are significantly overestimated
compared to experiments (1.9 x 107! m? s! and 4.5 x 1071%)—
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suggesting that the error stems from the entropy terms in Eq. (4). The
activation entropy (AS,) predicted by DFT is —33 J mol~* K1, and this
was calculated using the harmonic oscillator approximation and vibra-
tional frequencies for adsorbed benzene and the dominant transition
state mediating straight-channel diffusion (Fig. 1f). Harmonic oscillator
approximations, however, have been shown to significantly underesti-
mate adsorbate entropies within zeolites [110-114], owing to the
non-harmonic nature of frustrated translations and rotations that appear
as low-frequency vibrations in fixed displacement normal mode anal-
ysis. From this harmonic oscillator approach, the DFT-predicted AS,4s of
benzene (—134 Jmol ' K1) is 54 J mol ! K~ more negative than those
measured by experiments (—80 J mol~ ! K1) [115,116], further sug-
gesting that the error stems from an underestimation of the entropy of
adsorbed aromatics in the intersection. Instead of using harmonic

11

oscillator approximations, here, we also estimate the entropy of adsor-
bed aromatics through a recent correlation developed by examining the
adsorption of linear C3-Cg hydrocarbons in a variety of zeolite
frameworks:

Asad: = (SZD< trans + FmISlD< ror + Svib) - Sgas (5)
where the adsorption entropy is estimated by assuming that molecules
will lose one degree of translational freedom (S2p,trans) and a fraction of
their rotational degrees of freedom (F,) dependent on the cavity
diameter of the framework—molecules in smaller frameworks will be
more hindered and lose more rotational degrees of freedom compared to
larger frameworks [117]. Using Eq. (5) to correct the entropy of
adsorbed benzene, the AS,qs becomes —94 J mol~! K~! which is within
15 J mol~* K~ of the experimentally predicted value (Fig. 11). For the
transition states, no such correction is applied (Fig. 11), because the
transition state has no translational degrees of freedom and the rota-
tional modes are heavily restricted by the straight channel. This is
demonstrated in Fig. 11 showing that the entropy of activation (ASa)
changes from —33 kJ mol ! (uncorrected) to —73 kJ mol " by adjusting
the entropy of adsorbed benzene, and that this estimated AS, agrees
well with that estimated from sorption and diffusion experiments (—88
kJ mol™1).

Straight channel diffusivities calculated using corrected entropies for
adsorbed benzene, toluene, and para-xylene, are on the order of
1071'-107!2 and are slightly higher than the average diffusivity re-
ported in Table 1. However, the difference in diffusivities can be
attributed to a <10 kJ mol ! underestimation in diffusion barrier which
falls within the error of DFT. Conversely, the DFT-predicted diffusivities
of ortho- and meta-xylene are slightly lower than those predicted by
experiments, but this can similarly be attributed to slight overestimation
of the diffusion barriers (Table 1). Differences between DFT-calculated
and measured diffusivities are well within the error of DFT methods
and, as previously mentioned, may also be attributed to differences in
loading, Al content, crystal size, skin effects, and intracrystalline defects.

3.3. Diffusivities and barriers of all species

Self-diffusivities of each aromatic (Table 2) are calculated using the
DFT-predicted diffusion barriers and Equation (4) using estimated
adsorption entropies (Eq. (5)) as described above. These barriers and self
diffusivities are calculated in a perfect MFI crystal and do not account for
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Fig. 11. Relative entropy (J K ! mol™!) of adsorption of benzene into the
channel intersection as calculated by sorption experiments from Pope et al. (Si:
Al unreported, 323 K) combined with entropy estimate of benzene straight
channel diffusion as measured by frequency response experiments in H-ZSM-5
(Gobin et al., Si:Al = 45, 373 K, using Eq. (4) to solve for entropy). Blue lines
depict DFT-calculated (373 K) benzene adsorption and diffusion using uncor-
rected (dashed) and corrected (solid) entropy values. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)

the effects loading, defects, or aluminum content; however, they do offer
estimates of diffusivities not measurable by current experimental tech-
niques. From the values reported in Table 2, we can predict which
species will be capable of diffusing through the straight and sinusoidal
channels during reaction. While making these predictions, it is impor-
tant to note that these diffusion barrier ranges are just reference points,
the balance between mass transport and kinetic limitations will depend
on the rate constants of the relevant kinetic processes. Here, we are
considering barriers of ~100 kJ mol " to represent ‘facile’ diffusion, and
this value is chosen based on commonly reported barriers for reaction
involving aromatics including arene methylation [19,21,118], aromatic
disproportionation [11], and methanol-to-olefins [16,119,120] which
generally range from 150 to 200 kJ mol ",
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tetramethylbenzene diffuse via the straight and sinusoidal channels
with AEq barriers <74 kJ mol~!, suggesting that these species can
diffuse via both channels during reaction (depending on the kinetics
governing the reaction). These species have a critical diameter less than
7.3 A and cause minimal distortions in the framework as they diffuse
through the channel systems, resulting in the low barriers and facile
diffusion. 1,2,3-trimethylbenzene and 1,2,3,4-tetramethylbenzene
diffuse through the straight and sinusoidal channels with AEj of <112
and <131 kJ mol?, respectively—suggesting these species may expe-
rience MFI as a pseudo-1D zeolite framework where transport is only
possible via the straight channel. Finally, species with a kinetic diameter
larger than 8.6 A including 1,3,5-trimethylbenzene, 1,2,3,5-tetrame-
thylbenzene, pentamethylbenzene, and hexamethylbenzene diffuse
through both channels with barriers >190 kJ mol~! suggesting that,
once formed, these species will likely become ‘stuck’ within the in-
tersections of MFI and contribute to deactivation. Again, we stress that
these categories and a cutoff of 100 kJ mol™! are dependent on
competition between mass transport and kinetics and can change for
different reactions and that these barriers and diffusivities are merely
reference points. However, we believe it is important to report and
categorize these DFT-predicted barriers of aromatic diffusion, particu-
larly because such understanding of aromatic diffusion is critical to
understanding competition between mass transport and kinetics but not
reportable by current experimental techniques.

4. Conclusions

This work uses periodic DFT calculations to examine diffusion of
benzene and all twelve C;—Cj, methylbenzene species via the straight
and sinusoidal channels of silicalite-1 (Si-form of MFI). Molecules within
the channels of silicalite-1 orient so that methyl-substituents minimally
interact with the surrounding framework to lower diffusion barriers.
Barriers via both channels increase as the critical diameter (a diameter
corresponding to a compact orientation along the pore) increases, and
diffusion barriers via the straight channel are predicted to be signifi-
cantly lower (by an average of 40 kJ mol~!) than via the more tortuous
sinusoidal channel. Benzene, toluene, and para-xylene—species with the
smallest critical diameters—diffuse via the straight channel with bar-
riers of 13-15 kJ mol ! and sinusoidal channel with barriers 52-56 kJ
mol~L. BTX species as well as 1,2,4-trimethylbenzene, and 1,2,4,5-tetra-
methylbenzene all diffuse via the straight and sinusoidal channels with
barriers <100 kJ mol !, suggesting ‘facile’ diffusion (relatively
speaking) in either channel. Bulkier species, such as 1,3,5-trimethylben-
zene, 1,2,3,5-tetramethylbenzene, as well as penta- and hexame-
thylbenzene have barriers via either channel >150 kJ mol~}, suggesting

BTX species, 1,2,4-trimethylbenzene, and 1,2,4,5-
Table 2
Barriers and corrected diffusivities of straight and sinusoidal diffusion for all methylbenzenes.
Species AEg Diffusivity Category
Str Sin Str Sin
kJ mol ! kJ mol ! m?s! m?s!
Benzene 15 52 1.7 x 1071 3.5 x 107 str + sin
Toluene 15 56 2.7 x 10712 1.9 x 10718 str + sin
ortho-Xylene 37 88 1.1 x 1071 1.1 x107% str + sin
meta-Xylene 40 71 5.1 x 1077 4.5 x 1072 str + sin
para-Xylene 13 50 6.5 x 10712 7.7 x 1071° str + sin
1,2,3-trimethylbenzene 106 131 8.8 x 107°¥ 8.5 x 10731 str only
1,2,4-trimethylbenzene 51 74 7.0 x 10720 4.8 x 102 str + sin
1,3,5-trimethylbenzene 189 231 6.0 x 1074 6.2 x 10746 site blocking
1,2,3,4-tetramethylbenzene 112 121 3.0 x 10728 4.0 x 1073 str only
1,2,3,5-tetramethylbenzene 190 - 2.6 x 10740 - site blocking
1,2,4,5-tetramethylbenzene 23 70 3.1x10°1° 1.8 x 10722 str 4 sin
pentamethylbenzene 199 282 3.2 x 107% 1.0 x 1072 site blocking
hexamethylbenzene 244 - 6.0 x 107 - site blocking

Represents a diffusion barrier estimated from converged NEBs but all attempts at Dimers were unsuccessful. Potential energy surfaces are reported in Section S3 of the

Supplemental Information.
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these species are effectively immobile within zeolites and that if they are
formed by intracrystalline reactions they can generally be considered
trapped, and only capable of productive chemistry via isomerization and
cracking reactions. It is likely that these larger molecules, once formed,
also contribute to deactivation during aromatics-related chemistry as
they can block sites, restrict the diffusion of other molecules, and can act
as precursors to polyaromatic species.

During diffusion, the framework must distort, especially with larger
aromatics, to accommodate the transition state passing through the
straight and sinusoidal channels. Here, we show that this distortion
correlates to activation barriers. For example, benzene diffusion via the
straight channel (potential energy barrier of 15 kJ mol ') distorts the
framework by 0.38 A whereas pentamethylbenzene straight channel
diffusion (potential energy barrier of 199 kJ mol~!) distorts the frame-
work by 3.64 A. Furthermore, species cause larger distortions when
diffusing down the more tortuous sinusoidal channel compared to the
straight channel. Para-xylene straight channel diffusion (potential en-
ergy barrier of 15 kJ mol™!) distorts the framework by 0.97 A and si-
nusoidal diffusion (potential energy barrier of 50 kJ mol™!) causes a
1.57 A distortion. On average, diffusion via the sinusoidal channel
causes framework distortions that are larger, by a factor of ~2.6 x , than
those via the straight channel, despite both being composed of a pair of
10-MR structures. This greater extent of framework distortion, and
larger barriers (by ~38 kJ mol 1), were also seen for sinusoidal diffusion
in other MFI framework structures (derived from different crystallo-
graphic information files) and was also observed in diffusion pathway
calculations within supercell calculations that spatially separate diffu-
sion events in the periodic DFT models. While DFT-predicted barriers for
straight-channel diffusion are in good agreement with measured values
for BTX species, there is a large discrepancy between predicted barriers
via the sinusoidal channel and those derived from the ’slow’ diffusion
process of bimodal frequency response measurements for BTX species.
These discrepancies cast doubt on the interpretation of the bimodal
response in the experiments as straight and sinusoidal diffusion
processes.

Self-diffusivities can be estimated from DFT-calculated diffusion
barriers using transition state theory. The entropies of adsorbed states
(CgHe*) are under-estimated by DFT, leading to under-estimated en-
tropy losses upon activation (ASa) and thus prefactors and diffusivities
that are over-estimated by a factor of 10-1000 for straight channel
diffusion of BTX species, despite those diffusion barriers being in close
agreement with measured values. Here, we show these entropic errors
can be overcome using recently developed correlations for adsorbate
entropies that suggest that adsorbates lose 1° of translation and 1.28° of
rotational freedom [117] upon adsorption in MFI. For BTX species, we
find that the DFT-predicted straight channel diffusivities are ~10713
m?~! and are the same order of magnitude of those predicted by fre-
quency response experiments.

While critical factors, such as the role of Al sites, crystalline defects,
and intermolecular interactions still need to be considered, this data
gives insights into the role of methyl substitution (and thus critical
diameter), framework distortion, path tortuosity, and entropy estimates
in the intracrystalline diffusion barriers and diffusivities of a wide range
of aromatic molecules in the ubiquitous MFI framework.
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