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ABSTRACT: The diffusion of olefins through 8-ring solid acid microporous zeolites
is investigated using molecular dynamics simulations techniques and using a newly
developed flexible force field. Within the context of the methanol-to-olefin (MTO)
process and the observed product distribution, knowledge of the diffusion paths is
essential to obtain molecular level control over the process conditions. Eight-ring
zeotype materials are favorably used for the MTO process as they give a selective
product distribution toward low-carbon olefins. To investigate how composition,
acidity, and flexibility influence the diffusion paths of ethene and propene, a series of
isostructural aluminosilicates (zeolites) and silicoaluminophosphates (AlPOs and
SAPOs) are investigated with and without randomly distributed acidic sites. Distinct
variations in diffusion of ethene are observed in terms of temperature, composition,
acidity, and topology (AEI, CHA, AFX). In general, diffusion of ethene is an activated
process for which free energy barriers for individual rings may be determined. We
observe ring-dependent diffusion behavior which cannot be described solely in terms
of the composition and topology of the rings. A new descriptor had to be introduced, namely, the accessible window area
(AWA), inspired by implicit solvation models of proteins and small molecules. The AWA may be determined throughout the
molecular dynamics trajectories and correlates well with the number of ring crossings at the molecular level and the free energy
barriers for ring crossings from one cage to the other. The overall observed diffusivity is determined by molecular characteristics
of individual rings for which AWA is a proper descriptor. Temperature-induced changes in framework dynamics and diffusivity
may be captured by following the new descriptor throughout the simulations.

1. INTRODUCTION

Zeolites are among the most widely investigated and topical of
inorganic materials, finding extensive use in a wide variety of
applications, such as catalysis, separations, ion exchangers, and
adsorbents.1 These materials have a three-dimensional periodic
framework that consists of nanometer-sized channels and cages
providing high porosity and large surface area. At present, 218
distinct framework types are described,2 of which only a small
fraction is widely used as industrial material.3 The exploitation
of these materials as catalysts has gained a new and green boost
with the introduction of methanol and ethanol as base
chemicals, produced from alternative feedstocks, which have
the additional advantage of being cheaper and potentially
renewable.4−8 In this area, the methanol-to-olefins (MTO)
process is one of the most important alternatives to the oil-
based routes.9−11 It is now already commercialized at large scale
in various places worldwide.10 H-ZSM-5 and SAPO-34 are the
archetypal industrially applied catalysts for methanol con-
version. H-ZSM-5 has the MFI topology and is an
aluminosilicate, whereas SAPO-34 has the CHA topology and
is a silico-alumino-phosphate material. Both materials give a
substantially different product distribution. SAPO-34 is very
selective toward ethene and propene, due to its particular

topology exhibiting 8-rings, which hinder the diffusion of larger
species through the windows.12−14 In the search for optimal
catalysts for the MTO process, other potential candidates have
been explored, which have a tunable ethene/propene ratio and
low deactivation rates.10 The overall reaction mechanism is
nowadays accepted to be based on a hydrocarbon pool (HP),
which cocatalyzes the reactions.15−17

In this paper we have selected three classes of small ring
zeotype materials, bearing the AEI, CHA, and AFX topology
with 8-ring channels at largest, as displayed in Figure 1. Those
topologies have received already some interest within the
context of the MTO process and may host bulky aromatic
intermediates, which are essential for the conversion of
methanol to hydrocarbons.11 Indeed, it is now well-accepted
that a hydrocarbon pool mechanism operates in which an
organic center is trapped in the zeolite pores and acts as
cocatalyst.12,15−19 A wealth of theoretical studies have appeared
to explore potential reaction mechanisms in various catalysts
and to understand the material characteristics at the molecular
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level which control the activity and product selectivity.11,20

Various experimental studies have pointed toward the
importance of diffusion of product species through the channel
systems for the understanding of the product distribu-
tion.14,21−24 The challenging study of molecular transport
under confinement has recently regained a lot of attention.25 It
is in this field that theoretical modeling can also be of particular
use, because the overall diffusion is influenced by many
different factors, such as nanoporous topology, loading,
temperature, and chemical composition. Due to this complex-
ity, experimental observations are hard to interpret because the
aforementioned effects are closely entangled. Theoretical
simulations allow assessing all effects individually and hence
offer valuable opportunities for gaining insight into diffusion
phenomena.26

Recently inspired by the renewed interest of diffusion in the
MTO chemistry, various molecular dynamics (MD) studies
appeared in which the diffusion of small molecules such as
propane and propene was investigated in zeolites with MTO
importance such as CHA, MFI, BEA, and FAU and small pore
zeolites with AFX and AEI topology.27−29 In the work of Sastre
it was shown that diffusion of propane in isostructural 8-ring
zeolites is an activated process.29

Theoretical studies of diffusion are usually tackled using
simulations based on classical force fields.30−32 Force field
based approaches in combination with MD simulations are now
well established.26 Using MD, a large portion of the potential
energy surface can be sampled. Temperature as well as the
flexibility of the target molecules and frameworks can be
included explicitly. The basic idea of MD is to trace the
trajectory of a guest molecule over time. In the long time limit,
the slope of the mean square displacement becomes (a multiple
of) the diffusion coefficient. This explicit derivation of
diffusivities has been extensively studied in the literature, e.g.,
by Awati et al.,33 Krishna and van Baten,34 Smit and Maessen,26

Garcıá-Sańchez et al.,35 O’Malley and Catlow,32 and Keil and
co-workers36−39 in various materials for various hydrocarbons.
For processes in which diffusion barriers are too high, MD runs
may be too slow to efficiently generate particle trajectories over
the time-scale of the diffusion process.40 In such cases other
techniques have been suggested to study diffusion, including
transition-state sampling, transition path sampling,41 or kinetic

Monte Carlo. The interested reader is further referred to the
recent work of Abouelnasr and Smit.42 In the present paper, we
study the diffusion of both ethene and propene in small ring
zeolites using MD techniques. Most of the quantitative analysis
will be performed on ethene, because for this molecule
diffusion is fast enough to obtain meaningful data using
conventional MD simulations. In contrast, for propene,
advanced sampling techniques would be necessary as
mentioned above.
The emphasis of the current study particularly lies on the

influence of the material’s flexibility on the molecular diffusion
paths. Indeed, for the studied cases the pore size of the zeolite
has the same order of magnitude as the kinetic diameter of the
molecules. The influence of framework flexibility on the
diffusion properties has long been a matter of debate.26

Traditionally, theoretical zeolite diffusion studies have used a
rigid zeolite framework to reduce the computational cost or to
increase the simulation time needed to obtain sufficient
diffusion data. This rigid framework approach does not account
for possible guest-induced window deformations. Moreover,
unphysical host−guest interactions encountered with rigid
frameworks may lead to unrealistic dynamics and aggregate
formation of the guest molecules.26,43 Recently, a number of
MD simulation studies have been published that compare the
diffusion in rigid and flexible zeolite frameworks. While in some
cases the influence of lattice vibrations was very small, in other
studies the introduction of flexibility led to significantly altered
diffusivities.33,35,44 Several researchers have cautioned on the
accuracy of the flexible model, showing that the diffusion
coefficient is highly sensitive to the force field.35,45 In
comparing the rigid and flexible framework approaches, the
influence of the force field can be partly factored out by using a
time-averaged zeolite structure in the simulations. Krishna and
van Baten used this approach to study methane diffusion in
several 8-ring zeolites.34,46 They found very similar diffusion
coefficients for the simulations with a rigid and flexible zeolite,
summarized the link between ring diameter and diffusion
coefficient, and confirmed an exponential trend. Awati et al.33

investigated the ring diameter distribution in great detail, more
specifically ring anharmonicity and ring shape (circular versus
elliptical, framed “dimensionality” in ref 33), and identified
when diffusion through a flexible framework may be equally

Figure 1. (Top) Structures of SAPO-18 (AEI), SAPO-34 (CHA), and SAPO-56 (AFX), loaded with ethene molecules. (Bottom left) van der Waals
representations of ethene and propene in front and side orientations. (Bottom middle) An elliptically shaped 8-ring with indicated dmin distance. The
ring is too small for ethene to cross through. (Bottom right) An 8-ring with more circular shape that is large enough for ethene to cross through.
Atom colors: C (blue), H (white), O (red), Al (pink), Si (yellow), and P (taupe).
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well modeled by diffusion through a rigid time-averaged
framework. In an effort to maintain the efficiency of the rigid
framework approximation while still including some degree of
flexibility, they proposed to perform MD on a set of rigid
snapshots, which were extracted from simulations of an empty
framework. They also studied the diffusion of methane in
several 8-ring zeolites, and good agreement with a fully flexible
structure was obtained.33

For molecules that are smaller than the zeolite windows,
framework deformation may cause flattening of the windows
from a circular to a more elliptical shape (Figure 1), thus
resulting in decreased diffusion. In the studies of Krishna and
van Baten and Awati et al. described in the previous paragraph,
the kinetic diameter of methane is much smaller than the 8-ring
dimensions. In such cases an averaged zeolite structure may
indeed sufficiently capture ring deformations to represent a
fully flexible lattice.
For tight-fitting molecules, however, the flexibility of the

framework can be expected to facilitate window crossings by
temporary widening of the windows. The inverse could also
occur, when framework flexibility reduces adsorbate mobility if
the widening slows the dynamics. In this work, the kinetic
dimensions of ethene and propene are comparable to or even
larger than the 8-ring dimensions (see Figure 1), which
suggests that dynamic expansion of the rings could affect the
diffusion process. We have thus opted to model framework
flexibility explicitly with a flexible force field.
Importantly, the choice for a flexible force field in this work

allows us to investigate the ring structural and dynamical
properties in detail, for instance the ring diameter, ring
eccentricity, and ring puckering amplitude. In this paper, all
individual rings are analyzed, and their structure is correlated to
the number of crossings through the ring. Indeed, diffusion of
small hydrocarbons through the channels of 3-dimensional
zeolites may be regarded as a cage-hopping process. The central
aim is thus to see which factors influence this cage-hopping
rate: ring composition, ring topology, or a third structural/
dynamical factor. Such a detailed analysis has not been
performed before and has the advantage that we can observe
statistically significant differences between individual rings. In
total 54 systems have been simulated using MD techniques.

The influence of framework topology, composition, and acidity
has been accounted for, and the flexible force field introduced
earlier by one of the authors has been adapted to account for all
of these factors. The number of ring crossings have been
studied at the level of individual rings and in terms of typical
characteristics of the ring. A new molecular descriptor is
introduced which correlates the accessible window area of the
guest species with the number of ring crossings.

2. METHODOLOGY
2.1. Zeolite Frameworks. Diffusion of ethene and propene

is investigated in three topologies using atomistic molecular
dynamics. The selected topologies are AEI, CHA, and AFX.
These topologies have 8-rings as their largest windows. Two
compositions are considered as a starting point: (1) pure SiO2
and (2) pure AlPO4 structures. These pure materials (without
acid sites) are listed in Table 1: (1) SSZ-39, SSZ-13, and SSZ-
16, and (2) AlPO-18, AlPO-34, and AlPO-56. Acid sites are
introduced in these structures: (1) some Si atoms are
substituted by Al in the pure silica materials (alumino-silicate
or zeo materials) and (2) some Al atoms are substituted by Si
in the AlPO4 structures (silico-alumino-phosphate or SAPO
materials). Additionally, Si-islands are introduced in SAPO
materials by substitution of Al−O−P fragments by Si−O−Si.
The acid sites and Si-islands are introduced randomly with the
program zeoTsites47,48 respecting the overall Si/Al/P ratio as
described in detail below. The resulting acidic materials (with
acid sites) are listed in Table 1: (1) H-SSZ-39, H-SSZ-13, and
H-SSZ-16 (zeo); (2) SAPO-18, SAPO-34, and SAPO-56
(SAPO).
In the AEI topology, the corresponding zeo and SAPO

materials are H-SSZ-39 and SAPO-18. For H-SSZ-39, a Si/Al
ratio of 5.0 (64 Al, 320 Si, and 64 protons in the simulated unit
cell) is selected, close to that reported for zeolites employed in
the MTO and methanol-to-hydrocarbons (MTH) processes.10

For SAPO-18, a content around 9.5% Si (with respect to Si+Al
+P) is chosen as the experimental benchmark,49 with 50% of
the Si substituted through mechanism I (P→ Si, H), and in our
case this means 4 Si-islands made of 8 Si atoms each, for a total
of 32 Si, 184 Al, 168 P, and 16 protons in the simulated unit
cell.

Table 1. Overview of Selected Frameworks and the 54 Simulated Systems with Varying Loading (Ethene or Propene Molecules
in the Supercell) and at Different Temperatures, T

material topology loading T [K] supercell

SSZ-39 AEI 29 eth 300, 450, 600 2 × 1 × 2
SSZ-13 CHA 26 eth 300, 450, 600 2 × 2 × 2
SSZ-16 AFX 32 eth 300, 450, 600 1 × 2 × 2

AlPO-18 AEI 29 eth 300, 450, 600 2 × 1 × 2
AlPO-34 CHA 26 eth 300, 450, 600 2 × 2 × 2
AlPO-56 AFX 32 eth 300, 450, 600 1 × 2 × 2

material topology loading T [K] supercell Si/Al

H-SSZ-39 AEI 29 eth, 29 prop 300, 450, 600 2 × 1 × 2 5
H-SSZ-13 CHA 26 eth, 26 prop 300, 450, 600 2 × 2 × 2 11
H-SSZ-16 AFX 32 eth, 32 prop 300, 450, 600 1 × 2 × 2 5.58

material topology loading T [K] supercell (Al + P)/Si

SAPO-18 AEI 29 eth, 29 prop 300, 450, 600 2 × 1 × 2 11
SAPO-34 CHA 26 eth, 26 prop 300, 450, 600 2 × 2 × 2 11
SAPO-56 AFX 32 eth, 32 prop 300, 450, 600 1 × 2 × 2 7
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Our model of CHA as SAPO material (SAPO-34) is taken
from Dai et al.,23 who reported a composition of 1.1 mmol/g,
6.0 mmol/g, and 4.1 mmol/g for Si, Al, and P, respectively, in
the final solid. This is similar to work in the group of Olsbye14

in which an (Al + P)/Si ratio of 11 was reported as optimum
for MTO, showing that lower ratios contribute more actively to
catalyst deactivation. This ratio corresponds to approximately
one acid site (proton) per cage. Katada et al.50 reported a ratio
of 10, also along the same values above. For these samples it has
been shown that most of the acid sites are isolated; hence, no
Si-islands are formed. Regarding the alumino-silicate version
(H-SSZ-13), the same argument of the deactivation is also
invoked, with about one proton per cage as the optimum
content, and this gives a Si/Al ratio of about 11.14 With all this
information, our unit cells contain 36 T-sites with the
distribution 33 Si, 3 Al for H-SSZ-13 and 18 Al, 15 P, 3 Si
for the SAPO-34.
For the AFX systems in zeo (H-SSZ-16) and SAPO (SAPO-

56) materials, the following chemical compositions are selected.
For H-SSZ-16, a Si/Al ratio of 6 has been reported50 for MTO
and MTH processes. The Al distribution in the simulated unit
cell (56 Al, 328 Si, and 56 protons) is created with the
requirements of Loewenstein and Dempsey rules commonly
applied in zeolites, and these conditions are also imposed to the
AEI and CHA systems. For SAPO-56, a content of tetrahedral
atoms close to 11.5% Si, 55% Al, 33.5% P, reported by Wilson
et al.,51 is selected, also taking into account that 64% of the Si is
isolated and 36% of the Si is forming small silicon islands. The
simulated SAPO-56 unit cells (188 Al, 48 Si, 148 P, and 40
protons) contain 3 Si-islands made of 5 Si atoms each and 33
isolated Si.
A supercell consisting of four or six unit cells is used as the

periodic simulation box (last column of Table 1) with volumes
of roughly 25 000, 19 000, and 25 000 Å3 for AEI, CHA, and
AFX, respectively. Details about the Si substitution in SAPOs
can be found in our previous work,52−54 and sample CIF files of
the unit cells employed in the calculations are provided as
Supporting Information.
2.2. Adsorbates. We focus on the diffusion of ethene and

propene, which are the main products of the methanol
conversion. The onset of methanol conversion is expected
not to be limited by diffusion, but at later stages of the
methanol conversion, the diffusion of the products may
strongly affect the reaction kinetics and shape selectivity of
the MTO reaction.23 The loadings (see Table 1 and Figure 1)
are chosen to be about 1−2 adsorbates per cage. Initial tests
with lower loadings of just below one molecule per cage give
results for the diffusion coefficient similar to those of the higher
loading simulations (within statistical errors of these shorter
trajectories of 20 ns). The simulations are therefore performed
at high loadings, where more statistics are available because of
averaging over the molecules.
2.3. Force Field. Most of the earlier MD work on zeolites

has been performed using force fields for pure silica zeolites
given the large number and high quality of the force fields
available.45,55,56 Also, the introduction of Al and protons as well
as the specific bridging Si−O−Al oxygens, differing from Si−
O−Si oxygens, suggest that shell models might perform better.
However, MD simulations have traditionally preferred rigid ion
force fields which behave much better in the usual MD
algorithms in terms of energy conservation and computer
time.26,57 In this study, we present a new force field that can
handle zeolites as well as alumino-silicates and silico-alumino-

phosphates in any (Si, Al, P) compositional range, with protons
as charge-compensating cation, hence specifically designed for
Brønsted acid zeotypes. To make the force field compatible
with zeolites, AlPOs and SAPOs, accuracy is somewhat
sacrificed in favor of generality. Here, we summarize the main
traits of this new force field. A more detailed description of the
force field development and a list of new parameters are given
in Supporting Information (Table S3).
The new force field starts with an approach similar to that

employed in a previous work58,59 where the nonbonding
interactions between the zeolite framework atoms include not
only T−O (T = Si, Al ,P) and O−O, as in many zeolite force
fields, but also T−T terms. Such terms are included with the
Lennard-Jones functional rather than the Buckingham func-
tional. The obtained T−T parameters are small, which indicates
that in practice we are close to the common values of
parameters found in similar force fields.30 Also in agreement
with previous force fields, the O−O parameters contribute
more importantly, and this is the expected result in zeolites
where oxygen anions, with a larger size than the T cations,
dominate the interactions. Given the pivotal role of the
oxygens, their charges have been differentiated, taking into
account their respective chemical local environment; hence, we
have distinguished O1 for Si−O1(H1)−Al (Brønsted site) and
O2 for Si−O2−Si and Al−O2−P. In the case of O2, it has been
found by calculations in quartz and berlinite that there is no
significant accuracy loss by equalizing the oxygens in Si−O−Si
and Al−O−P.60 Also, employing O2 in Si−O2−Al where O2 is
not holding a proton (neighbor to Brønsted site) was found to
be a reasonable approximation and, more importantly,
introduced a considerable simplicity in a model that would
have become complex if too many oxygen types had to be
assigned for each system. The corresponding oxygen charges
are the only difference between these oxygens as their O−O
Lennard-Jones interactions do not distinguish between oxygen
types.
Brønsted sites have been considered through a Coulomb

subtracted Morse potential, similarly as in a previous work in
the groups of Catlow and Sauer.61 The current parametrization
gives very similar values; however, in the current case there was
no need to introduce a Buckingham nor Lennard-Jones term
between nonbonded O···H atoms as in the previous case.61 The
OH term was tuned to give a reasonable OH distance around
0.96 Å, typical for Brønsted sites in zeolites.
Following our previous experience for the three-body terms,

we have introduced harmonic terms for the following triads:
O−Si−O, P−O−Al, Si−O−Al, and Si−O−Si, while we have
not introduced an O−Al−O term. The values of the constants
are similar to those found in other force fields for zeolites.
Taking into account that the current force field will be used for
dynamics at, among other, high temperatures, improving the
harmonic approximation could be a reasonable option, but we
have sacrificed accuracy for simplicity. This is important given
the large number of parameters to be determined.
The force field fitting as well as the lattice energy

minimizations have been performed using GULP.62 The force
field for hydrocarbons (ethene and propene) is taken from Oie
et al.,63 which we have used previously in similar systems with
good results.64 The structural performance of the new force
field in silica polymorphs shows an accuracy of cell parameters
within 1% and cell volumes within 2% (Supporting
Information, Table S5).
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2.4. Molecular Dynamics. By varying the topology (AEI/
CHA/AFX), the composition (with/without acidic sites, zeo/
SAPO), the adsorbates (ethene/propene) and the temperature
(300/450/600 K), we simulated a total of 54 systems with MD
(overview Table 1).
The DL POLY Classic65 (version 1.9) simulation package is

used for MD simulations in the NVT ensemble. The velocity
Verlet integrator is used with a time step of 1 fs. Some
simulations used a shorter time step of 0.5 fs, i.e., for the
materials with acid sites at 450 and 600 K. Snapshots of the
positions are stored every 1000 time steps. Long-range
interactions are calculated with the smoothed particle mesh
Ewald method with a cutoff radius between 11.7 and 12.0 Å.
Taking into account that many zeolites show negative

thermal expansion66,67 and that this may affect the sizes of the
8-ring windows at the different temperatures simulated in this
study (300, 450, and 600 K), we have optimized the unit cells
(without adsorbates) at different temperatures by employing
the zero static internal stress approximation as implemented in
GULP68 and using a core-shell force field which gives an
accurate description of the thermal expansion behavior.69 These
cell parameters are used in the subsequent NVT MD runs.
Volume fluctuations and volume expansion induced by the
adsorbates are neglected as the same volume is used
independently of the loading. Nevertheless, because the
periodic box is a supercell, some unit cell deformation is still
possible.
First, an equilibration run of 380 000 time steps is performed

with the velocity rescaling thermostat. Next, a production run
of 2 × 108 time steps is performed. The MD thus covers 200 ns
for simulations with time step 1 fs and 100 ns for those with
time step 0.5 fs. The temperature is controlled with the Nose−́
Hoover thermostat with a coupling time constant of 1 ps. This
thermostat is known to disturb little the dynamics of the
system, which is essential when modeling diffusion. We verified
the quality of the production run by tracing the configurational
energy and the instantaneous temperature, which both fluctuate
around the mean, and by tracing the conserved energy quantity,
which does not shift significantly during the run.
2.5. Diffusion Coefficients. The mean square displace-

ment (MSD) of an adsorbate molecule during a time interval τ
(also called lag time) is a measure for the distance traveled by
the molecule. The slope of the MSD as a function of lag time
determines the self-diffusion coefficient, D. From a single MD
trajectory, many displacement vectors ri̅(t0 + τ) − ri̅(t0) may be
extracted that represent the distance traveled by a molecule i
over the time interval τ, starting from an initial time t0. The
MSD may thus be computed as

∑ ∑τ τ= ̅ + − ̅
τ

τ

N N
r t r tMSD( )

1 1
( ) ( )

i

N

t

N

i i
ads

0 0
2

ads

0 (1)

In eq 1, the squared length of this displacement vector is
averaged over many (Nτ) such time intervals because the initial
time t0 can freely vary along the trajectory, as long as the total
simulation time covers t0 + τ. In addition, averaging over the
molecules improves the statistics of the MSD(τ) from a single
trajectory, and thus also of the self-diffusion constant D, defined
according to the so-called Einstein relation

τ τ= +D bMSD( ) 6 (2)

where b is the offset at time zero. The line is fitted in the lag
time range 100−3000 ps using a least-squares fit. The MD

trajectory is split into 20 nonoverlapping blocks of equal length.
For each of the 20 blocks, an MSD curve is calculated by taking
the average over the Nads adsorbates, and a diffusion coefficient,
D, is fit. The reported MSD curves and corresponding D values
in section 3 are calculated as the average of these 20 MSD
curves and 20 D values, respectively, with error bars given by
the corresponding standard error. Further computational
details are given in Supporting Information.

2.6. Ring Crossings and Free Energy Profiles. The free
energy profile of an ethene molecule passing through an 8-ring
is constructed as follows. An ellipse is fit to the atoms of the
ring (see Figure 2). The center of a specific ring is determined

as the center of this ellipse, while the plane of the ring is the
plane of the fitted ellipse. A coordinate is now introduced to
determine the position of an ethene molecule with respect to
the ring plane. The ξ-axis is defined as the normal to the ellipse
plane. The coordinates (center of mass or geometrical center)
of an ethene molecule are projected onto the ξ-axis, giving a
trajectory ξ(t) in time, which represents the distance of the
ethene molecule to the ring plane. When ξ(t) changes sign, a
crossing through the ring has taken place. Figure 2 shows a
molecule crossing from one side of the framework ring (ξ < 0)
to the other side (ξ > 0), with ξ = 0 when it crosses the plane of
the ring.
The probability of crossing relates to the free energy barrier.

The normalized histogram of ξ(t) is the probability distribution
P(ξ) of the ethene molecule with respect to the ξ-axis. For a
given ring, ξ is computed at every snapshot for any adsorbate
molecule in the neighborhood of this ring. A histogram is
computed from all the values by binning the ξ-axis. By taking
the logarithm of P(ξ), the free energy profile F(ξ) =
−kBT ln P(ξ) is obtained up to an arbitrary constant, where
kB is the Boltzmann constant. The free energy profile has been
constructed for each of the 8-rings, which are extracted by the
zeoTsites program47,48 taking into account periodic boundary
conditions. In our implementation, the pieces of the ξ(t)
trajectory where the ethene molecule is too far from the ring,
i.e., in a nonadjacent cage, are left out, and the counts of all
ethene molecules are added to obtain the total number of
crossings CR through a ring R. If the diffusion is truly an
activated process and MD sampling was sufficiently long, then
CR should relate to the free energy barrier between cage and
window.

Figure 2. Definition of ξ-axis, describing the position of the adsorbate
molecule with respect to the ring plane; ξ changes sign when the
molecule crosses the ring. Three example positions of ethene are
drawn: ξ < 0, ξ = 0 (ethene at center of ring), and ξ > 0.
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3. RESULTS AND DISCUSSION

3.1. Diffusion Characteristics of Ethene and Propene.
The mean square displacement of both ethene and propene in
each of the investigated materials and at three different
temperatures (300, 450, and 600 K) is shown in Figure 3. It
is immediately clear that ethene diffuses through each of the six
materials, because a straight slope of the MSD versus time is
obtained. For propene this is not the case, and in fact, the error
on the MSD plots is too large to fit a reliable slope. For
propene, diffusion itself becomes a rare event at the time scale
of the MD simulations and enhanced sampling techniques
should be used. Such study is beyond the scope of the present
article. Propene accidently hops from one cage to another but
not frequently enough to deduce quantitative information
(Figures S2−S4 in Supporting Information). Given this
observation we will mainly focus the rest of the discussion on
ethene, where the diffusion has been sampled sufficiently to
have statistically significant conclusions.
Visualization of ethene trajectories further reveals that ethene

diffuses by a jump process between cages (Figure S6 in
Supporting Information). The molecule spends most of the
time in a cage and occasionally crosses a ring to a neighboring
cage. The number of observed ring crossings is sufficiently large

to deduce reliable quantitative diffusivities. The ethene
diffusivities in each of the materials are listed in Table 2.
Before discussing these in detail, it is interesting to deduce
some qualitative features about the differences in diffusivity in
the various materials.

3.1.1. General Trends in Diffusivity for Ethene. The effect of
acid sites is dominant: ethene diffusion decreases in all cases
when acid sites are introduced. Diffusion in nonacidic materials
(SSZ/AlPO) is faster than in acidic materials (H-SSZ/SAPO).
Furthermore, diffusion increases in general with temperature,
which indicates that the hopping process is an activated process
for which an empirical Arrhenius law may be fitted (vide infra).
The differences induced by composition indicate in general that
diffusion in silicoaluminophosphates (AlPO/SAPO materials)
is faster than in aluminosilicates (SSZ/H-SSZ materials).
Within the set of investigated materials the influence of
topology is fairly limited, which is not surprising as AEI, CHA,
and AFX frameworks are all 8-ring zeolites. For the AlPO/
SAPO materials, diffusion in the CHA topology is usually
slightly higher than that in the AFX topology. In these
observations, SAPO-18 is an exception, having comparably slow
diffusion at low temperature but showing the fastest diffusion at
high temperatures. SSZ-16 is also an exception with relatively

Figure 3. MSD with error bars [in Å2] of ethene and propene at different temperatures.
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slower diffusion at high temperature. These exceptions will be
shown to originate from framework distortions (section 3.4).
3.1.2. Diffusion Coefficients and Comparison with

Available Literature Data. Experimental and simulated data
are available for the diffusion coefficients in materials with the
CHA topology. First, we compare our values with simulated
diffusion coefficients which are available in the all-Si material
with CHA topology, i.e., SSZ-13. Our value for ethene diffusion
ranges from 9.0 × 10−10 to 15.2 × 10−10 m2/s (300 to 600 K)
(Table 2) in SSZ-13. Wang et al. used the BKS force field70 and
reported diffusion coefficients for ethene ranging from 9.63 ×
10−10 to 14.37 × 10−10 m2/s from 3 ns trajectories and 10.44 ×
10−10 to 15.30 × 10−10 m2/s from 18 ns trajectories (637 to 873
K).28 With this force field, propene diffusivity was about 20
times lower than ethene diffusivity.28 Also Combariza found
substantially lower diffusivities for propene in SSZ-13 with a
value of 0.52−1.0 × 10−10 m2/s originating from simulations
with the BKS force field (300 to 600 K).71 Overall, our values
for ethene diffusivity compare relatively well with the reported
simulated data. Diffusion data for ethene or propene in the
acidic materials are not available in the literature yet.
Experimentally, values lie more spread out. Hedin et al.

performed PFG NMR experiments with all-Si-CHA (SSZ-13)
at 301 K and 1 bar, corresponding to 1.4 ethene molecules per
cage, and observed an ethene diffusivity of 0.031(±0.014) ×
10−10 m2/s.72 This value lies below the computed ones, but the
sensitivity of this type of experiments specifically to bulk
diffusivities and the reproducibility with various samples have
been questioned.21 Olson et al. found a value of 0.0011 × 10−10

m2/s for propene in all-Si CHA at 353 K with an activation
barrier of 10 kJ/mol from an adsorption experiment.73 They
report that ethene diffuses about 28 times faster than propene
at that temperature, and 80 times faster at 303 K.73 Ruthven
and Reyes used a similar adsorption experiment to derive
various diffusion coefficients, including those of ethene and
propene in the acidic material SAPO-34. From these experi-
ments it was derived that ethene and propene have diffusivities
of 0.0015 × 10−10 and 0.0009 × 10−10 m2/s in SAPO-34 at 323
K and activation barriers 82 and 97 kJ/mol, respectively.74 The
SAPO-34 material has also been investigated experimentally by
Dai et al.23 They derived PFG NMR ethene diffusivities of

0.13−0.16 × 10−10 m2/s for loadings of 1−3 molecules/cage at
295 K, which is 1 order of magnitude lower than in our
simulations, and found an activation barrier of 4.2 kJ/mol in the
temperature range 303−353 K. In summary, the values vary
largely between simulations, experiments, and experimental
techniques. Rather than focusing on quantitative reproduction
of some observed measurements, the primary goal of this paper
is to reveal the molecular factors that control the diffusivity.
The increase in ethene diffusivity with temperature suggests

that the diffusion is an activated process. An Arrhenius plot may
be fit to the D values at the three temperatures. The values for
the derived Arrhenius parameters are taken up in the
Supporting Information (Table S4, Figure S5). In general,
preexponential factors are highest for the AlPO materials and
nonacidic zeolites, indicating lower intrinsic diffusivity for acidic
materials. On the other hand, the activation energies are higher
for zeolites, meaning that diffusion in zeolites can be enhanced
more easily with temperature than in SAPOs, which explains
the observed higher diffusivities in the 300−600 K range. For
the materials SAPO-18 and SSZ-16, it is not possible to fit
Arrhenius parameters reliably because the observed variations
in diffusivity with temperature are caused by framework
distortions, as will be explained in section 3.4.

3.1.3. Diffusion Coefficients in Relation to the Material’s
Flexibility. Because our simulations use a flexible framework,
and 8-rings are tight-fitting windows for the hydrocarbon
diffusion, it is tested whether the diffusivities correlate to the
flexibility of the material. A material’s overall flexibility is here
assessed by the root-mean-square fluctuation (RMSF) per T
atom, i.e. the square root of the time-averaged squared
deviations of the framework atom positions with respect to
the time-averaged structure, as displayed in Figures S7 and S8
in the Supporting Information. For a given material, flexibility
and diffusivity go hand in hand: an increase in temperature is
systematically accompanied by an increase in both flexibility
and diffusion coefficient. However, at a given temperature,
trends in flexibility between the materials do not follow trends
in diffusion coefficients. A flexibility parameter like RMSF per T
atom cannot differentiate in diffusivity between materials. This
observation lies in line with studies in the literature that
investigate the effect of a rigid framework.33,35,44 As mentioned
in the Introduction, there is no general rule that predicts the
effect of a flexible framework simulation on the diffusion
compared to a rigid framework simulation: including flexibility
may enhance or lower diffusivities depending on the considered
framework−adsorbate system.
It should be stressed that diffusivity and flexibility are global

material−adsorbate parameters. The diffusivity and overall
flexibility as described here are global parameters which
incorporate very diverse contributions from the individual
rings. To understand the molecular origin for the diffusion
behavior, it is important to perform a detailed analysis of the
individual 8-rings. It will become clear in the next sections that
individual rings can have significantly different free energy
barriers for ring crossing.

3.2. Ring Character, Free Energy Barriers and Cross-
ings. In a previous paper by one of the authors it was found
that AFX and AEI topologies respond structurally to adsorption
of propane molecules.29 At low temperature, the materials lose
some symmetry due to ring deformations. At higher loading
and at higher temperatures, the average structure is again more
symmetric. This flexible response of the material has a large
effect on the diffusion even if the deformations seem small,

Table 2. Ethene Diffusion Coefficient, D, at Three
Temperatures by Fitting to MSD Curves (eq 1), with
Standard Error in Parentheses

D (×10−10 m2/s)

300 K 450 K 600 K

AlPO-18 10.2 (1.1) 16.8 (1.1) 20.0 (1.9)
AlPO-34 15.1 (1.1) 20.2 (1.6) 23.1 (1.8)
AlPO-56 13.0 (1.0) 18.0 (1.8) 22.7 (2.2)

SSZ-39 6.4 (0.6) 10.4 (0.8) 14.2 (1.0)
SSZ-13 9.0 (1.0) 12.4 (1.0) 15.2 (1.4)
SSZ-16 7.0 (0.6) 10.5 (1.3) 7.4 (0.7)

SAPO-18 1.9 (0.1) 8.7 (1.6) 8.6 (1.1)
SAPO-34 5.1 (0.4) 6.3 (0.7) 6.7 (1.1)
SAPO-56 3.3 (0.4) 4.7 (0.7) 5.3 (0.8)

H-SSZ-39 2.0 (0.2) 3.4 (0.5) 4.6 (0.8)
H-SSZ-13 2.2 (0.2) 3.8 (0.5) 4.8 (0.7)
H-SSZ-16 2.4 (0.3) 4.2 (0.6) 5.1 (0.5)
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because the 8-rings are tight-fitting for diffusion of ethene and
propene (Figure 1). A flexibility parameter like RMSF per T
atom is too global to differentiate diffusivity between materials.
Therefore, a detailed analysis is here presented of the individual
ring properties.
The purpose of the analysis is to assess which factors affect

the number of crossing molecules through a given 8-ring R.
First, the various 8-rings encountered in each of the materials
are classified according to two factors, namely the ring topology
and ring composition as schematically shown in Figure 4. We
will refer to the combination of ring topology and ring
composition as the ring character.

The first factor is the local ring topology (Figure 4), i.e.,
which two cages are connected by the ring and which other
adjoining rings are attached to the ring. A schematic view of
ring topology is presented in Figure 4. In CHA materials, all
cages are identical and all 8-rings are topologically equivalent.
In AEI materials, all cages are identical as well, but not all 8-

rings are topologically equivalent, as the adjoining rings differ.
One third of the rings are of type 1, and two-thirds of the rings
are of type 2. AFX materials have large cages and small cages. In
AFX, ring type 1 connects two large cages, while ring type 2
connects a small and a large cage.
The second factor is ring composition. The acid sites are

distributed over the framework, and some rings may contain
protons and/or acidic sites, creating an inhomogeneous
composition distribution of the rings. It was already observed
in the MSD (Figure 3) that the presence of an acidic proton
decreases the overall diffusivity of ethene. This might be
ascribed to the reduction of available space or specific
interactions with the adsorbates or other structural variations
in the ring. Indeed, the chemical variety may cause deviations
from the pure-silica Si−O bond lengths and O−Si−O angles,
leading to structural distortions. Crossing through a specific
ring is thus expected to depend on the ring composition. An
inventory of ring compositions is also given in Figure 4.
The free energy profiles F(ξ) (Figure 5) for each of the rings

are constructed by histogramming the position coordinate of
ethene with respect to the ring (definition in section 2.6); each
profile is shifted to have its minimum at zero. Remarkably,
these free energy profiles cluster into groups. For instance,
consider the rings of type 1 and composition Al4P3O7Si(OH)
in SAPO-18 at 450 K, shown in the middle panel of Figure 5.
These rings do not have the same free energy profile in spite of
having the same ring character. Surprisingly, two distinct
clusters of free energy profiles are observed. They differ mainly
in their barrier height (4kBT versus 9kBT), meaning that
individual rings may have significantly different activation
barriers for the hopping process. Such clustering of free energy
profiles is less pronounced in the H-SSZ-39 and H-SSZ-13
materials (other materials may be found in Figure S9 in
Supporting Information).
We have also computed the number of crossings CR of

ethene molecules through each ring R. Very diverse crossing
counts are found, confirming that not all rings are equivalent.
Some “slow” rings have about five or even zero crossings in our
simulated trajectory, while other “fast” rings have up to 4000
observed crossings in the same MD trajectory. Correlating the
crossing count CR of each ring with its free energy barrier
height, ΔFR, is a verification that the diffusion is an activated
process. The Boltzmann factor exp(−ΔFR/(kBT)) is the
probability ratio of ethene being at the top of the barrier (ξ
= 0) and ethene being in the cage. If the diffusion is activated
and in thermodynamic equilibrium, ΔFR should therefore relate
to the ring crossings

= −ΔC C e F k T
R R

0 /( )R B (3)

Combining data of all rings of all six acidic materials at all three
temperatures, Figure 6 provides a confirmation of the relation
described in eq 3. The number of ring crossings CR covers 2
orders of magnitude, but still a line may be fit on a logarithmic
plot which confirms that ethene diffusion is indeed an activated
process. The prefactor CR

0 may be interpreted as the mobility in
absence of any barrier for diffusion, so-called free diffusion.
The large diversity in ring crossings (2 orders of magnitude)

observed in this work has not been reported in the literature
before. The activation energy has been linked to the ring
dimension, usually quantified by the average minimum diagonal
O−O distance ⟨dmin⟩.

33,34,64,75 The larger the ring diameter, the
more space is available for ethene to cross the window. To

Figure 4. Inventory of rings according to ring topology and ring
composition (ring character). Top part of the figure is adapted from
IZA database.2
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validate whether the ring diameter is a proper molecular
descriptor for the number of ring crossing, we plot the
crossings CR versus the average minimum diagonal O−O
distance ⟨dmin⟩ in Figure 7 for the SAPO-18 material at 450 K.
It is remarkable that the crossing counts cluster into groups.
Although clustering is often due to differences in ring character,
this is not always the case. For example, the two clusters A and
B in Figure 7 have identical ring character (indicated by blue
diamonds), but their crossing counts are different. This means
that the two factors−ring topology and ring composition−are
valuable descriptors, but are unable to fully capture how slow/
fast the diffusion would occur. Moreover the minimum diagonal
O−O distance ⟨dmin⟩ is also not able to discriminate the
variations in ring diffusivity observed between clusters A and B.
In section 3.3 we will introduce a new geometrical descriptor
that can explain the clustering.
3.3. New Molecular Descriptor for Ring Crossings. In

Figure 7, many more crossings are observed for cluster A versus
cluster B, even though the computed ⟨dmin⟩ is smaller. The first
and second factors (ring topology and ring composition)
cannot explain this difference; therefore, the rings’ structures
are compared in detail to reveal a third factor. In an attempt to
find a molecular descriptor which correlates well with the
observed ring crossings, a number of alternative ring descriptors
were computed. The details may be found in Supporting
Information (see Figures S10−S12). Some describe ring size
(average ring area computed as the area of the fitted ellipse of
section 2.6, average maximum distance ⟨dmax⟩ between opposite
T-site atoms). Some describe ring deformation in the plane

(average ratio ⟨dmax/dmin⟩, average eccentricity of the fitted
ellipse), or ring deformation out of the plane (average boat,
chair, and total puckering amplitudes). Others describe ring
flexibility (standard deviation on dmin, probability P [dmin > dt]
of having a distance dmin above a certain chosen threshold value
dt).
None of these computed structural parameters can explain all

trends in ring crossings. Visualization of clusters A and B rings
(bottom panel in Figure 8) shows that the displacement of
some of the ring atoms toward the inside of the ring seriously
reduces the available space for ethene to pass. As a new
parameter that can capture this effect, we propose the accessible
window area (AWA) as a structural descriptor. AWA is inspired

Figure 5. Free energy profile F(ξ) (in units kBT) for ethene passing through each of the rings of SAPO-18 at 450 K. One line per ring; line may
appear broken when a histogram bin is empty (section 2.6). SAPO-18 has three ring compositions: Al4P4O8 (blue), Al4P3O7Si(OH) (red), and
Al3P2O7Si3(OH) (black). It has two ring types: type 1 (dashed lines) and type 2 (solid lines).

Figure 6. Correlation between observed ring crossing CR per 200 ns
and free energy barrier ΔFR (in units kBT). Each dot represents a ring
in one of the six acidic materials. Lines are least-squares fits (eq 3) at
three temperatures.

Figure 7. Number of crossings versus ⟨dmin⟩ (top panel) and ⟨AWA⟩
(bottom panel) for SAPO-18 in a 100 ns trajectory at 450 K. Symbol
color according to ring composition: Al4P4O8 (blue), Al4P3O7Si(OH)
(red), and Al3P2O7Si3(OH) (black). Symbol shape according to ring
topology: type 1 (circles) and type 2 (diamonds). The dashed line
represents a fitted exponential function.
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by the solvent-accessible surface area that is commonly used in
implicit solvation models of proteins and small molecules.76

The ethene AWA of a ring is the free space available to an
ethene molecule when placed inside a ring. It is computed by
rolling a disk with the size of an ethene molecule along the
inner edges of the ring atoms (details in Supporting
Information). AWA is sensitive to the inward movement of
ring atoms in cluster B, whereas the more rudimentary
parameter ⟨dmin⟩ was not.
The average AWA (⟨AWA⟩), and its correlation with the ring

crossing count is considerably better than that of ⟨dmin⟩, as
demonstrated in Figure 7, bottom panel, and Figure S13.
Coloring of individual rings in Figure 9 also shows a remarkable
similarity between ⟨AWA⟩ and the ring crossings CR for all six
materials. AWA measures the available space, and its high
correlation with the ring passages is therefore not surprising.
The free energy barriers in Figure 5 are thus closely related to
the structural parameter AWA. AWA comprises both enthalpic
and entropic contributions to the free energy. When AWA
decreases, the ring is tighter which may lead to stronger
interactions between ethene and ring atoms and hence an
enthalpic effect. Moreover, a tighter ring offers less space for
ethene to pass, which is clearly an entropic effect.
The performance of AWA is compared to some of the

previously mentioned structural ring parameters, e.g., dmin and
dmax/dmin. The latter is a measure for the eccentricity if the ring
were to be an ellipse. The Spearman correlation coefficient

between the structural parameter and ring crossings is shown
Figure 10. The higher the correlation, the better a structural
parameter can predict ring crossings. Our ⟨AWA⟩ parameter
outperforms other structural parameters in all six acidic
materials, suggesting that ⟨AWA⟩ is a considerably improved
predictor, and is much better at capturing the ring structure in a
single parameter.
The analysis as performed here clearly shows that even for

rings having similar topology and similar composition,
individual ring crossings are not homogeneously distributed
over the lattice.

3.4. Framework Dynamics. A longstanding question is
how framework flexibility affects diffusion in the investigated
systems. For SAPO-18, an abrupt increase in diffusion
coefficient D was noted between 300 and 450 K in Table 2;
furthermore, for this system it was not possible to deduce
Arrhenius parameters to describe the diffusivity. Having
introduced the AWA molecular descriptor, it becomes clear
that the abrupt increase in D is due to framework deformations.
Figure 11 shows that the rings in SAPO-18 deform significantly
in terms of temperature, as is evident in their accessible window
area. The observed changes in AWA lead in turn to significant
changes in crossing counts and thus overall a higher diffusion
coefficient. The increasing D value at 450 K is thus not a pure
consequence of increasing ethene mobility and ring flexibility
with increasing temperature, but also due to a structural
deformation.
Also for SAPO-56 a structural deformation between 300 and

600 K (Figure 11) is noticed. At lower temperature (300 K),
two bands of narrow and wide rings parallel to the xy-plane are
present. At higher temperature (600 K), wide rings
predominate in the direction normal to the x-axis, while
narrow rings are mostly found normal to the y-axis. At 450 K,
the SAPO-56 framework is in equilibrium between the two
states. In our 100 ns trajectory at 450 K, seven transitions
between the two states are observed, and both states are
sampled about equally. Consequently, AWA has a bimodal
distribution, and the signature of ⟨AWA⟩ at 450 K is
intermediate between the 300 and 600 K figures in Figure 11.
Our averaged AWA descriptor (⟨AWA⟩) correlates well with

the ring crossings as observed in Figure 10. To facilitate the
computation of structural parameters, one could opt to
calculate the AWA once at the time-averaged (TA) structure,
which is obtained by taking the time average of the framework
coordinates over the whole trajectory. The correlation of this
parameter, denoted by AWATA, with the number of ring
crossings is also shown in Figure 10. In most of the cases,
AWATA captures the ring crossings sufficiently, except in those
cases where framework deformations are large, or have a
bimodal distribution, as is the case for SAPO-56 at 450 K.
When a two-state dynamics is observed of the system, the time-
averaged structure is not able to capture the behavior along the
whole trajectory and at least two structures should be included
in the evaluation of the AWA parameter.

4. CONCLUSIONS
In this paper, we investigated diffusion of ethene and propene
in a series of 8-ring zeolites to assess the influence of topology,
acidity, and flexibility on the diffusion in confined zeolites and
zeotype materials. The study is inspired by the knowledge that
diffusion of product species is important to determine the
selectivity in the methanol-to-olefin process. We have
investigated the AEI, CHA, and AFX topologies which are all

Figure 8. (Top) Definition and computation of accessible window
area (AWA) of 8-ring. The ethene molecule is represented by a blue
sphere and rolls over the surface formed by the vdW radii of the
oxygen atoms. The trajectory of the ethene sphere center (blue line)
delimits the accessible window surface, whose area is computed with
triangulation. (Bottom) The geometry of two specific rings in SAPO-
18, representing clusters A and B in Figure 7, with indicated dmin and
AWA parameters. In the slower ring (right), the available space for
ethene is much smaller than in the faster ring (left) despite the larger
dmin value because some ring atoms are shifted toward the inside of the
ring.
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relevant for the MTO process. In each of the cases we have
considered the all-silica and alumino-phosphate versions of the
isostructural materials. Furthermore, the influence of inclusion
of acid sites is investigated. To properly assess the influence of
the flexibility of the material, all MD simulations were
performed using a flexible force field, which was designed for
the problem at hand.
First, some general features concerning the diffusivity were

observed. As expected, ethene diffuses much more easily than
propene, and only for ethene it is meaningful to derive
quantitative diffusion coefficients based on MD runs of 100−
200 ns. Inclusion of acid sites in the material yields a slower

diffusion, and diffusion is in general faster in AlPO/SAPO
materials than in SSZ/H-SSZ materials. In general diffusion of
ethene is an activated process, meaning that the molecule
spends most of the time within a cage and occasionally hops
from one cage to the other. To jump from one cage to the
other, a free energy has to be overcome, which may differ quite
substantially depending on the nature of the ring. Apparently,
some rings have identical characteristics such as ring topology
and ring composition but still show different ring crossings.
A new molecular descriptor had to be introduced to find a

good correlation with the number of ring crossings, namely the
accessible window area (AWA), which measures the free space
available for ethene molecules. The concept is inspired by the
accessible surface area that is often used in implicit solvation
models. The free energy barriers for the individual rings can be
correlated with the AWA parameter, which may be assessed
along the MD trajectories.
For some materials such as SAPO-18, framework dynamics

contributed to large changes in the diffusivity in terms of
temperature. Indeed, at lower temperature, SAPO-18 shows
low diffusivity, whereas at higher temperatures structural
transformations at the level of the individual rings have taken
place which contribute to a larger diffusivity. The observed
effects can also be explained in terms of the newly introduced
AWA descriptor. Summarizing, this study has shown that
overall observed diffusivity is determined by molecular
characteristics of individual rings for which proper descriptors
need to be used. The new descriptor as introduced here should
be applicable to other materials and provides a good basis for
studying the molecular factors controlling diffusion.

Figure 9. AWA correlates with ring crossings in the six acidic materials. Rings are colored according to their structural parameter ⟨AWA⟩ (left) and
their ring crossings CR (right), at 450 K. Each structure is shown from two different viewing angles as indicated by the axes (x-, y-, and z-axes are
colored red, green, and blue, respectively). The color gradient (red−gray−blue) corresponds with increasing values of ⟨AWA⟩ (linear scale) and ring
crossings (log scale).

Figure 10. Spearman correlation coefficient between structural ring
parameter and ring crossings are plotted for the six acidic materials at
450 K. The Spearman correlation coefficient is chosen because it is
sensitive to the ordering of data rather than to the value and is thus
suitable for the extended data range of crossing counts. ⟨.⟩ denotes an
average structural ring parameter; AWATA is AWA computed for the
time-averaged structure; dmax indicates the maximum diagonal O−O
distance.
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