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ABSTRACT: Control of the spatial proximity of Brønsted acid
sites within the zeolite framework can result in materials with
properties that are distinct from materials synthesized through
conventional crystallization methods or available from commercial
sources. Recent experimental evidence has shown that turnover
rates of different acid-catalyzed reactions increase with the fraction
of proximal sites in chabazite (CHA) zeolites. The catalytic
conversion of oxygenates is an important research area, and the
dehydration of methanol to dimethyl ether (DME) is a well-
studied reaction as part of methanol-to-olefin chemistry catalyzed
by solid acids. Published experimental data have shown that DME
formation rates (per acid site) increase systematically with the
fraction of proximal acid sites in the six-membered ring of CHA.
Here, we probe the effect of acid site proximity in CHA on methanol dehydration rates using electronic structure calculations and
microkinetic modeling to identify the primary causes of this chemistry and their relationship to the local structure of the catalyst at
the nanoscale. We report a density functional theory-parametrized microkinetic model of methanol dehydration to DME, catalyzed
by acidic CHA zeolite with direct comparison to experimental data. Effects of proximal acid sites on reaction rates were captured
quantitatively for a range of operating conditions and catalyst compositions, with a focus on total paired acid site concentration and
reactant clustering to form higher nuclearity complexes. Next-nearest neighbor paired acid sites were identified as promoting the
formation of methanol trimer clusters rather than the inhibiting tetramer or pentamer clusters, resulting in large increases in the rate
for DME production due to the lower energy barriers present in the concerted methanol trimer reaction pathway. The model
framework developed in this study can be extended to other zeolite materials and reaction chemistries toward the goal of rational
design and development of next-generation catalytic materials and chemical processes.

KEYWORDS: active site proximity, chabazite, methanol dehydration, microkinetic modeling, density functional theory,
degree of rate control, aluminum distribution, reaction flux

1. INTRODUCTION

Zeolites are a class of crystalline aluminosilicates with ordered
micropore structures that remain stable over a range of
experimental conditions and behave as catalysts for a variety of
chemistries.1,2 Since the inception of the field, significant effort
has been dedicated toward tailoring the zeolite structure, pore
topology, composition, and active site identity to optimize
their catalytic performance.3 Brønsted acidic (BA) zeolites are
important catalysts for a range of industrial applications,
frequently used for dehydration, condensation, oligomeriza-
tion, catalytic cracking, and hydrocracking.4,29

Recent developments in experimental synthesis methods
have allowed for the control of framework Al3+ distribution and
arrangement through the use of structure-directing agents
(SDAs) during hydrothermal crystallization.5−12,15 Gounder

and co-workers8,9,13 have reported synthetic methods to
systematically control the distribution of isolated and paired
framework aluminum atoms in the six-membered rings (6-
MRs) of SSZ-13 [chabazite (CHA) framework] through the
use of organic and inorganic SDAs of varying charge density.
Other routes to influence Al distribution in CHA have also
been reported, such as using nonconventional inorganic
cations such as strontium and altering crystallization times
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and conditions.14,15 These synthetic advances allow controlling
of the concentration and distribution of BA sites within the
pore systems of zeolites, with the unique ability to tune the
spatial proximity of BA sites at the nanoscale. Although
framework Al−O−Al arrangements are prohibited according
to Löwenstein’s rule,16 Al substitution in second-nearest-
neighbor positions and at greater relative distances can occur.
This control of acid site proximity can enable the tuning of the
catalytic activity in known chemistries8,9,17−20 or enabling
hitherto inaccessible chemical pathways by alternate mecha-
nisms, in which two acid sites are involved in the adsorption,
activation, and stabilization of reactants, intermediates, and
transition states. Recent work on methanol (MeOH)
dehydration to dimethyl ether (DME) over the CHA
framework has shown that the potential energy landscapes of
two competing mechanisms at one BA site can be altered to a
significant degree in the presence of a proximate BA site,
leading to increases in turnover rates (per H+).9,20−22

The CHA framework has a single crystallographically unique
lattice tetrahedral-site (T-site) and a three-dimensional small-
pore structure that imposes spatial constraints limiting the
diameter of a sphere that can diffuse along its channels to 3.7
Å.25 While the location of acid sites within zeolite frameworks
remains an impactful focus of research,12,24 the single unique
T-site of CHA allows for the decoupling of the effects of
location and proximity, enabling a study focused on acid site
proximity and paired site configurations. Density functional
theory (DFT) has been used to show that paired site
configurations are stronger acids than isolated sites in CHA
as calculated by deprotonation energy, the energy to remove a
proton from a BA site to a noninteracting distance.20,25 The
increase in acid strength is caused by the stabilization of
conjugate base anions (formed upon deprotonation) by
hydrogen-bonding (H-bonding) with the other BA site when
BA site pairs share a 6-MR within CHA.20,25

Dehydration of MeOH to DME is an industrially relevant
chemical reaction that has been postulated as one of the
reaction events in methanol-to-olefin chemistry and is useful in
fundamental studies as a catalytic probe of acid strength and
confinement effects in solid acid catalysts.26,27 Importantly, at
high reactant partial pressures, complexes of multiple alcohol
molecules can form at the BA site and affect the corresponding
reaction energetics by affecting the relative stabilities of
intermediate and transition states along the reaction
coordinate.18,28 Additionally, turnover rates of DME formation
(per H+) increase with additional paired BA site motifs in the
zeolite pore structure.9 The presence of paired acid sites results
in energetically favorable configurations that decrease the
Gibbs free energy barriers of rate-determining steps relative to
the unpaired analogues.20

In this work, we report a combination of experimental
kinetic data, electronic structure calculations, and microkinetic
modeling toward elucidating the chemistry of methanol
dehydration over CHA zeolite catalysts that contain varying
concentrations of paired BA sites. The effect of the presence of
paired site motifs on reaction rates was quantified using DFT
and shown to agree with experiments for a range of partial
pressures and fractions of paired BA sites. Rigorous analysis
was performed to evaluate sensitivity to the different model
parameters for a range of conditions. The findings reported in
this work and the modeling framework developed can be used
as a basis for the analysis of different catalyst formulations,

operating conditions, and even different chemistries, demon-
strating the effectiveness of multiscale modeling.

2. COMPUTATIONAL METHODS

2.1. Density Functional Theory
Fully periodic DFT calculations were performed with the Vienna ab
initio software package (VASP)29,30 implemented in the computa-
tional catalysis interface.31 Planewave functions were constructed with
the projector augmented wave method and an energy cutoff of 400
eV.34,35 The Brillouin zone was sampled at the Γ-point for all
calculations. The Perdew, Burke, and Ernzerhof (PBE) form of the
generalized gradient approximation functional was used for all
calculations.32,33 Dispersion interactions were quantified by including
the DFT-D3 empirical correction with Becke and Johnson damping
(D3BJ).34,35 Geometries were optimized in two steps with the goal of
maximizing chemical accuracy with good computational efficiency.
Structures were optimized in the first step with a conjugate gradient
algorithm (IBRION = 2) using a wavefunction convergence criteria
keeping energy variations between self-consistent field iterations
<10−4 eV, and forces were computed with a fast Fourier transform
grid of 1.5 times the default energy cutoff (PREC = ACCURATE in
VASP). Structures were relaxed until the maximum force on any atom
was <0.05 eV/Å. The same structures were reoptimized with the same
conjugate gradient algorithm with wavefunctions converged to <10−6

eV and maximum force on any atom to <0.05 eV/Å and an FFT grid
twice the planewave cutoff.

Gas-phase species were modeled in an 18 × 18 × 18 Å3 cubic unit
cell. The CHA structure was obtained from the database of the
International Zeolite Association (IZA)23 with unit cell parameters of
a = b = 13.625 Å, c = 14.767 Å, α = β = 90.0°, and γ = 120.0°. Some
zeolite models from the IZA restructure absent simulated annealing or
unit cell optimization, but this CHA model is stable without such
additional treatments.36 One to two Al were substituted in the CHA
unit cell (Si/Al = 17−35); two Al pairs were placed at next-nearest
neighbor (NNN) and next-NNN (NNNN) positions in the 6-MR of
CHA, similar to prior work (Figure 1).20 29Si NMR spectra of the

experimental CHA samples used in this study, reported in prior
work,8 indicated that the numbers of two Al sites in NNN
configurations were negligible. Adsorbates were evaluated while
interacting with all four O atoms around each Al to find the preferred
configuration of guest species within the framework for a given Al
arrangement. The orientation of CH3 moieties on methanol
molecules within clusters were systematically rotated in 30°
increments around the O−H axis of the O to which they were
bound (i.e., the C−O−H−Al torsional angle, where the Al is an
arbitrary reference), and nonsensical structureswhere atoms were
too close to the zeolite framework or other methanol molecules
were discarded. These reorientations preserve strong interactions

Figure 1. Different Al arrangements considered in DFT calculations
in this work: (a) isolated sites, (b) NNN configurations, and (c)
NNNN configurations. Top images in each panel show the most
stable proton-form for the given Al arrangement.
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between nearby methanol molecules and generate new structures that
were subsequently optimized again using the same VASP settings as
above. Similar reorientation schemes were shown to reduce calculated
energies by up to 60 kJ mol−1 for adsorbates in zeolites.20,37 Similar
sampling of the potential energy surface can be done using ab initio
molecular dynamics (AIMD) simulations and metadynamics, from
which the dynamic behavior of clusters can be determined and from
which a subset of configurations can be optimized to test new
structures. Similar approaches have been used previously to study
alcohol and water clusters in zeolites;28,38−42 however, such methods
are computationally costly and do not necessarily perform better than
simple optimization calculations when parameterizing microkinetic
models.
Vibrational frequencies were used to determine zero-point

vibrational energies and vibrational, rotational, and translational
enthalpies (H) and free energies (G). Frequencies were computed
using a fixed displacement method (n = 2) for all gas-phase and
adsorbed species. Only guest species, protons, and AlO4 tetrahedra
were permitted to vibrate for frequency calculations in the zeolite,
while the remainder of the Si and O atoms were frozen in place (a
partial Hessian approach). Frequencies were used to calculate H

= + + + +H E H H HZPVE0 vib trans rot (1)

and G

= + + + +G E G G GZPVE0 vib trans rot (2)

at 415 K and 1 bar CH3OH from statistical mechanics formalisms
(see Section S.3 in the Supporting Information for details).43 All
motions from frequencies in zeolites were modeled as vibrations,
including frustrated translation and rotation (i.e., their translational
and rotational free energies and enthalpies were zero). Because low-
frequency modes contribute disproportionately to entropy (S)
estimations, calculated frequencies <60 cm−1 were replaced with 60
cm−1, similar to our prior work.18,20,44,45

2.2. Microkinetic Modeling
To set up the microkinetic model, a set of ordinary differential
equations describing the change in concentration of each gas and
surface species was formulated. First, the rate of each of the 36
elementary steps on isolated sites was defined as
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reactants

(3)

where ri is the rate of the ith elementary step, Ai is the pre-exponential
factor, Ea,i is the activation energy, and Cj is the partial pressure of a
reactant gas species or the fractional coverage of a reactant surface
species. Paired active sites within the model were treated as a separate
class of site on which an alternative set of kinetic and thermodynamic
parameters could be accommodated based on the catalysts studied
experimentally (see below). The rate of each of the 36 elementary
steps on paired acid sites included an additional factor to enable using
the number of isolated active sites as the integration variable, with the
pathways on paired sites contributing according to their fraction of
the total number of active sites, leading to
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where npaired is the number of paired acid sites, ntotal is the number of
total acid sites, and the ratio of npaired/ntotal is known. From these rates,
33 ordinary differential equations covering the different gas and
surface species were constructed of the form
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(5)

where νi,j is the stoichiometric number of species i in elementary step j
and nisolated is the number of isolated active sites in the system. Here,

the integration variable is the number of isolated active sites in the
system, determined as

= −
i
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n
1isolated total

paired

total (6)

This set of ordinary differential equations was paired with two
algebraic equations for surface species balances and combined with
the design equation of a plug flow reactor (PFR) to reflect the
experimental conditions. The total rate of DME formation was
calculated at the outlet, where differential conversion (<2%) was
confirmed. The experimental reactor9 was loaded with 0.005−0.025 g
of catalyst with a silicon-to-aluminum ratio of 14−16, leading to a
range of possible number of active sites from 3.8 × 1018 to 2.3 × 1019.
Thus, simulations were run with a total of 1019 active sites.
Additionally, to match with experimental gaseous flow rates, the
total molar flow rate of the inlet was set to 0.615 mol/s. Simulations
were performed at a temperature of 415 K to match with the average
experimental temperature. The methanol pressure was varied over a
range from 35 to 52,092 Pa at specific values dictated by the
experimental studies.9

Surface coverage of isolated and paired sites was evaluated at the
outlet of the reactor, determined by the proper isolated site basis. Net
rates of individual reaction pathways were determined by evaluating
the net rate of each final independent reaction of each branch of the
mechanism before feeding into final DME desorption. For example,
the net contribution of the trimer pathway to DME production was
considered to be the net rate of the iso,meoh,des,trim step. To
account for uncertainty inherent within the DFT calculations due to
the level of theory used in calculations of entropy and electronic
structure, DFT activation energies for sensitive parameters were tuned
within the bounds of ±6 kJ/mol. In the case where a reaction was
assumed to be unactivated, the pre-exponential factor was instead
tuned within the bounds of 1 order of magnitude. The impact of each
parameter on the overall DME formation rate for each paired
percentage was determined through lowering and raising activation
energies or pre-exponential factors within the previously mentioned
bounds. The most impactful parameters were marked to be tuned,
being selective to avoid introducing issues surrounding degrees of
freedom. For the case of completely isolated sites, the marked isolated
parameters were optimized through nonlinear least squares regression
within the discussed bounds using the experimental data as objective
points. Once a set of tuned isolated parameters was collected, these
parameters were then locked, and the cases of different percentages of
paired sites were analyzed equivalently. Three independent runs were
performed for the three paired site percentage cases; the weighted
average of these runs was taken to evaluate a single and consistent
final set of parameters.

3. RESULTS AND DISCUSSION

3.1. Reaction Mechanism

Reaction mechanisms for Brønsted acid-catalyzed methanol
dehydration to DME have been proposed by Iglesia and
coworkers.26,46 The authors proposed two competing pathways
after an initial step of the adsorption of one methanol species
on a BA site. Formation of DME can proceed through a
sequential (or dissociative) pathway, in which a surface
methoxy group is formed through rearrangement and
dehydration of the methanol monomer. This dehydration is
followed by the adsorption of another methanol molecule near
a surface methoxy species, which react to form DME that
desorbs into the fluid phase. Alternatively, the bound surface
methanol species can follow a concerted (or associative)
pathway initiated by the coordination of additional methanol
molecules, forming an adsorbed dimer, that can rearrange and
dehydrate. Recent work18,47 has shown that these concerted
bimolecular transition states can also form from larger
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methanol clusters, including trimers and tetramers, which can
readily form at methanol pressures relevant to experimental
studies (>10 kPa). While larger clusters were examined (up to
12 methanol molecules), the differential adsorption free
energies calculated in that prior work suggest that larger

complexes are less favorable. Thus, in this work, pentamers are
assumed to be nonreactive in our scheme, functioning as an
inhibiting state. Methanol clusters of 2−4 methanol molecules
can rearrange and dehydrate, via an SN2-like transition state, to
form bound DME with spectator water and methanol

Scheme 1. Mechanism for Methanol Dehydration as Shown on Isolated Sitesa

aBeginning with methanol adsorption (kiso,mon), the reaction can advance through elimination to form a methoxy species (kiso,elim) or through the
adsorption of additional methanol species to form methanol dimers, trimers, tetramers, and inhibiting pentamers (kiso,dim, kiso, trim, kiso,tet, and kiso,pent,
respectively) toward the concerted pathway (kiso,conc). The reaction sequence is initiated by reactant adsorption on an unoccupied Brønsted acid
site, depicted in red. Individual rate constants are specified for each elementary step and adsorption/desorption events are identified with curved
reaction arrows. Gas-phase species formed upon desorption are denoted with (GP). Graphical representations of relevant transition states for the
concerted and sequential pathways are shown as figure insets.

Scheme 2. Elementary Steps of Modeled Methanol Dehydration Pathwaysa

aAn asterisk (*) indicates a surface site, whereas a dagger (†) represents a species bound to the oxygen framework of the zeolite.
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molecules, which ultimately uncoordinate to form a final
bound DME species that can then unbind to form gas-phase
DME, thus completing the catalytic cycle. All reactions were
assumed reversible and assumed to be accessible to both
isolated and paired active sites. As shown in previous studies,20

the presence of spectator methanol species resulted in
increased energy barriers for the (rate-determining) elemen-
tary steps in the sequential pathway, with reported free energy
barriers of 134, 155, and 143 kJ/mol in the presence of one,
two, and three spectator species, respectively. Contrary to the
concerted pathway, the sequential reaction barriers in the
presence of spectator species were significantly less accessible,
not exhibiting the promoting behavior observed in concerted
reactions. Therefore, the additional elementary steps corre-
sponding to sequential reactions in the presence of spectator
methanol molecules were excluded from the reaction network
in the interest of decreasing model stiffness.
Based on the mechanism described in Schemes 1 and 2 as

well as the DFT results, a microkinetic model was developed to
calculate DME formation rates at experimental conditions for a
range of site combinations. Paired sites are modeled here with
an independent set of rate constants from isolated sites, but
through an identical network of chemical reactions. Thus,
paired sites are not treated using a two-site kinetic model, but
the effects of pairing are captured by differences between kiso
and kpair rate constants. In microkinetic modeling, no
assumptions about the rate-determining step(s) are made,
and instead, the rates of a complete set of plausible elementary
steps are formulated according to mass action kinetics. The
results of the model solution are then analyzed to identify
major pathways that carry the flux, surface species coverage,
and product distribution. As implemented here, the results of
the microkinetic model were queried to probe the prevalence
of the concerted and sequential pathways for a wide range of
operating conditions at each site type, and within the possible
routes comprising the concerted pathway which methanol
cluster size gave the highest contribution to the overall rate. In
addition, the relative rates of individual steps on isolated and
paired sites could be directly quantified.

3.2. DFT Calculations

Polar molecules can form clusters around Brønsted acid sites
or polar defects within zeolite frameworks.28,41,48,49 During
MeOH dehydration, protonated clusters of methanol form
around AlO4

− at high pressures, which inhibit MeOH
dehydration at high pressures because some methanol must
desorb prior to reactions occurring;18 the same inhibitory
regime occurs when the proximity of Al in the framework is

systematically altered.9 Samples with higher fractions of paired
Al also have higher rate constants for MeOH dehydration to
DME (first-order, zero-order, and inhibitory) at 415 K from
0.5 to 60 kPa. The presence of inhibition and the higher rate
constants on paired sites at all evaluated pressures indicate that
clusters still form on paired sites, and the benefit conferred by
pairing persists in the presence of these clusters; however, the
structure of larger clusters (>2 ML, defined as MeOH per H+)
remains unexplored. We begin by studying the clustering of
methanol molecules on NNN and NNNN Al pairs in the 6-
MR of CHA.
In our prior study of methanol clustering at isolated BA sites

in CHA,18 we found that methanol clusters preferred to form
protonated chains which interacted with the conjugate base of
the deprotonated BA sites at both the ends of the chain. Based
on our results on isolated BA sites, we focus here on methanol
coverages of ≤6 ML. Because two sites are now present within
the 6-MR, more complex structures can be formed and were
examined in this work. For example, clusters can be present as
a single branched chain (with a +2 charge) or can form two
cationic chains that potentially have different lengths. These
branched or independent chains can also interact with one or
both conjugate bases of the BA sites simultaneously. These
structural motifs were captured in this work, leading to
structural optimizations of 145−1315 methanol chain arrange-
ments for each coverage and Al arrangement (Table S8,
Supporting Information). While AIMD simulations may
permit for a large sampling of the potential energy surface
and shed light on the dynamics of these clusters, such a large
number of configurational tests should identify preferred
configurations at a lower computational cost. Our focus will be
on the most stable identified structures as these are expected to
be dominant at the low temperatures relevant to methanol
dehydration.
Our prior work20 studying methanol dehydration on site

pairs in CHA examined methanol coverages ≤2 MeOH/H+;
thus, we focus our discussion on larger clusters in this work.
Generally, calculated energies indicate that two separate
protonated clusters are preferred on NNN and NNNN pairs
rather than one large cluster solvating the protons from both
sites (Section S.4, Supporting Information). One methanol
chain sits above the shared 6-MR and forms H-bonds to the
conjugate bases of both BA sites in the most stable
configuration at most coverages ≥1 ML and in all coverages
from 1−4.5 ML. The ability for cations to interact
simultaneously with two anionic conjugate base structures
was also observed for transition-state structures and causes

Figure 2. Structures for the most favorable configuration found for clusters of 7−12 MeOH on the NNNN pair. MeOH coverages per H+ (θ) and
differential binding free energies (ΔGdiff) in kJ mol−1 at 415 K are shown beneath each associated structure. Blue lines represent H-bonding
networks that adsorbed MeOHs form.

ACS Materials Au pubs.acs.org/materialsau Article

https://doi.org/10.1021/acsmaterialsau.1c00057
ACS Mater. Au 2022, 2, 163−175

167

https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.1c00057/suppl_file/mg1c00057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsmaterialsau.1c00057/suppl_file/mg1c00057_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00057?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00057?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00057?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialsau.1c00057?fig=fig2&ref=pdf
pubs.acs.org/materialsau?ref=pdf
https://doi.org/10.1021/acsmaterialsau.1c00057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


higher MeOH dehydration rate constants for paired Al in
CHA.9,20 The continued preference for these similar
interactions between sites above the 6-MR suggests that they
are also the source of higher rate constants in the inhibitory
regime of MeOH dehydration on CHA. The chain above the
shared 6-MR is comprised of two MeOH molecules for most
structures at coverages from 2−4 ML on both NNN and
NNNN site-pairs, while the remaining 2−6 MeOH form a
second chain. This indicates that the two cationic chains
interacting with the BA site pair are likely to be different sizes.
For larger MeOH coverages, more than two chains can form.
For example, the most stable configuration on the NNNN pair
at 4 ML forms two distinct MeOH dimers above the 6-MR and
a 6-MeOH chain in a nearby cage, the latter of which contains
a cyclic network of H-bonded MeOH molecules similar to
those observed in our studies of isolated BA sites (Figure 2b).
Similar rings of methanol molecules within clusters form
favorably at higher coverages on the NNNN site (Figure 2c−
f), indicating that internal H-bonded rings are likely forming in
the inhibitory regime of MeOH dehydration. These
independent chains may alter the dynamics of MeOH
desorption from chains to form transition states with the
preferred molecularity; these desorption events cause inhib-
ition in the kinetic data which persist on paired sites.
Average methanol binding energies remain similar between

isolated and paired sites for coverages up to 6 ML (Figure 3).
Here, we approximate the behavior of a “noninteracting pair”,
which is intended to simulate the behavior of two isolated sites
to compare to paired sites more directly. The energy of the
noninteracting pair is calculated from the sum of energies from
a pair of isolated sites at given MeOH coverages (Eiso,i) with
the energy of a Si-form (ESi) subtracted from that total to yield
comparable energies to the single unit cell calculations with
paired site configurations

= + −+E E E Ei j i jnonint, iso, iso, Si (7)

where i and j are the number of methanol molecules around
the two sites, with a corresponding total coverage of +i j

2
. Enonint

values for a given coverage were calculated with all possible

combinations of i and j, and binding energies are calculated
from the lowest energy at a given coverage. Notably, the
number of Si, Al, and O atoms accounted for in Enonint are
equivalent to those calculated directly on paired site models
(i.e., the energies can be directly compared), with 34
framework Si, 2 Al, and 72 O atoms. The preferred
combinations at a given coverage almost always were
comprised of two isolated sites with the same number of
MeOH (e.g., for θ = 3 MeOH per H+, i = j = 3). The only
exception to this trend was when θ = 6, where the lowest
noninteracting energy occurred when one site had 5 MeOH
and the other had 7 MeOH. Because these energies are
typically derived from two isolated sites with identical MeOH
coverages, the average noninteracting binding energies overlap
perfectly with binding energies at isolated sites (Figure 3).
Binding energies on paired sites are stronger (more negative)
at 0.5 ML, indicating that a methanol monomer binds more
strongly to a BA site when a second BA site with a bare proton
is nearby. This occurs because a H-bond forms between the
two BA sites upon adsorption of MeOH (a weak base), as
previously discussed.20 Binding 1 MeOH per H+ (at 1 ML)
results in a weaker average binding free energy for both NNN
and NNNN pairs compared to the noninteracting pair because
that H-bond between the two BA sites is broken. As dimers
and larger chains form, the average binding free energies of the
MeOH interacting with NNN and NNNN pairs are similar to
those for isolated sites up to 4 ML, above which they are
significantly weaker (less negative), indicating that there are
steric limits that impact the formation of larger clusters for Al
pairs.
3.3. Microkinetic Modeling

The continued presence of H-bonding interactions between
paired sites with larger clusters present and the larger rate
constants on paired sites compared to those on isolated sites in
the inhibitory regime of MeOH dehydration above 20 kPa
indicate that reductions in barriers from isolated to paired sites
should be similar regardless of MeOH coverage, including with
larger clusters present. As such, the microkinetic model in this
work was parameterized by using as input the potential energy
landscapes of the sequential and concerted pathways over the

Figure 3. Average (a) binding enthalpies and (b) binding free energies for methanol coverages (θ) of 0.5−6 per H+ on isolated sites (blue, ●),
NNN site-pairs (green, ▲), NNNN site-pairs (orange, ■), and a noninteracting “pair” of isolated sites (purple, ▼).
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isolated and paired acid sites. Reaction rate coefficients were
formulated in the Arrhenius form (Equation 8), with a pre-
exponential factor (A) and activation energy (Ea) specified for
each reaction. The calculated enthalpies and free energies (and
corresponding entropies) of reactant, intermediate, and
product states along the reaction coordinate of concerted
and sequential pathways were used to estimate the kinetic
parameters and pre-exponential factors for each elementary
step, ensuring thermodynamic consistency. The effect of
methanol clustering over both paired and isolated active sites
was accounted for explicitly, up to 5 methanol molecules per
active site. Di Iorio et al.18 have examined the two competing
pathways through a combination of experiments and electronic
structure calculations, with a focus on the presence of spectator

species, expected to be a part of higher-order clusters around
acid sites at larger partial pressures of methanol.

= × −k T A( ) e E RT( / )a (8)

In this work, we extend the analysis of DME formation in
the presence of spectator species to involve the paired acid site
configurations as distinct active sites. Generally, the ground
states of reactants were found to be less stable on paired sites
when compared to analogous structures over isolated active
sites, especially with the increase in methanol cluster size. The
values of these differences in ground state stabilities were on
the order of 5−15 kJ/mol. In addition, the relative energies of
the product states were found to be more stable relative to
their analogues over isolated sites (22−28 kJ/mol). This could

Table 1. List of DFT-Calculated Parameters That Were Tuned During Parameter Optimizationa,b

Parameter A (s−1 or (Pa s)−1) Ea (kJ/mol) original k(T) tuned parameter tuned k(T)

kiso,elim 8.64 × 1012 s−1 129.5 4.33 × 10−4 s−1 Ea, 123.5 kJ/mol 2.46 × 10−3 s−1

kpair,elim 8.64 × 1012 s−1 128.8 5.30 × 10−4 s−1 Ea, 122.8 kJ/mol 3.02 × 10−3 s−1

kpair,conc,dim 8.64 × 1012 s−1 127.0 8.93 × 10−4 s−1 Ea, 121.0 kJ/mol 5.08 × 10−3 s−1

kiso,trim 1.37 × 103 (Pa s)−1 0 1.37 × 103 (Pa s)−1 A, 1.37 × 104 (Pa s)−1 1.37 × 104 (Pa s)−1

kpair,trim 1.66 × 103 (Pa s)−1 0 1.66 × 103 (Pa s)−1 A, 1.66 × 104 (Pa s)−1 1.66 × 104 (Pa s)−1

kiso,conc,trim 8.64 × 1012 s−1 120.5 5.88 × 10−3 s−1 Ea, 121.8 kJ/mol 4.03 × 10−3 s−1

kpair,conc,trim 8.64 × 1012 s−1 111.0 9.22 × 10−2 s−1 Ea, 107.0 kJ/mol 2.94 × 10−1 s−1

kiso,tet 1.22 × 103 (Pa s)−1 0 1.22 × 103 (Pa s)−1 A, 3.51 × 102 (Pa s)−1 3.51 × 102 (Pa s)−1

kpair,tet 5.72 × 102 (Pa s)−1 0 5.72 × 102 (Pa s)−1 A, 5.72 × 103 (Pa s)−1 5.72 × 103 (Pa s)−1

kiso,pent 1.05 × 103 (Pa s)−1 0 1.05 × 103 (Pa s)−1 A, 1.05 × 102 (Pa s)−1 1.05 × 102 (Pa s)−1

kpair,pent 5.72 × 102 (Pa s)−1 0 5.72 × 102 (Pa s)−1 A, 5.53 × 103 (Pa s)−1 5.53 × 103 (Pa s)−1

aEa values were tuned for relevant elementary steps where possible and A values for adsorption events that are unactivated in our model framework.
Values are reported at 415 K. bNote that the experimental data used was at a fixed temperature (415 K), and thus, adjustments to k values through
A or Ea are indistinguishable. Data at multiple temperatures would be required to explore these individual changes further, allowing the impact of
varying an activation energy versus a pre-exponential factor to be distinguished. Nevertheless, all changes to the parameters were well within the
bounds set by adjustments permitted to theoretical values based on inherent DFT errors.

Figure 4. Comparison of model output and experimental values for the full range of MeOH partial pressures and paired acid site fractions for 0%
paired acid sites (red, ●), 18% paired acid sites (green, ⧫), 30% paired acid sites (blue, ▲), and 44% paired acid sites (pink, ■). Markers with error
bars are the experimental data from Di Iorio et al.8 adjusted as described in Section S.2, Supporting Information. The crosses identify the output of
individual microkinetic model runs at the given paired acid site percentages at methanol partial pressures matching each experimental data point.
The dashed lines connecting microkinetic model outputs are presented to guide the eye.
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be rationalized by favorable hydrogen bond networks formed
in the presence of paired acid sites, relative to the case of
isolated-only sites. The effect of methanol clustering on paired
acid site configurations can be exemplified in terms of
activation free energies of the concerted pathway, with the
values of 127.0, 110.0, and 131.5 kJ/mol corresponding to
transition states with zero, one, and two spectator methanol
molecules, respectively. For comparison, when examining the
most stable isolated active site structure from conformational
analysis, the activation free energies with zero, one, and two
spectator species were calculated to be 137.0, 120.5, and 146.0
kJ/mol, respectively. Desorption events were assumed to be
activated, with the enthalpy of adsorption used as the
activation energy. The complete set of adsorption enthalpies,
activation free energies, and associated first-order rate
constants for the concerted and sequential pathways, as
summarized in Scheme 1, is reported in Table S1 of the
Supporting Information.
The experimental methanol dehydration rate values reported

previously by Di Iorio et al.9 on H-CHA zeolites were scaled
down by a factor of 3.6 times to account for updated product
response factors in the gas chromatograph flame ionization
detector in the experimental setup used (additional details in
Section S.2, Supporting Information). The parameters derived
from DFT (reported in Table S1 of the Supporting
Information) were used to simulate initial DME formation
rate as a function of pressure (0.04−52.09 kPa CH3OH) for
CHA samples ranging from entirely isolated sites to 44%
paired acid sites. The experimental Co2+ titration method is
unable to distinguish between NNN and NNNN sites in the 6-
MR of CHA, so two initial simulations were run assuming
either all NNN or all NNNN sites (Figures S2 and S3 in the
Supporting Information). With the parameterization of the

DFT data, NNNN sites were shown to have negligible impact
on DME formation, even when tuning parameters within
typical DFT uncertainty (Figure S4 in the Supporting
Information). A mixture of 7.4% NNN to 92.6% NNNN
sites was then assumed to match the results for relative Al−Al
site probabilities for the 6-MR in CHA from simulations
performed by Di Iorio et al.,13 and NNNN sites were assumed
to have negligible flux with respect to DME formation. As
described in Section 2.2, parameters to which the model was
most sensitive were adjusted, and the final set of those
parameters that were varied is shown in Table 1.
The microkinetic modeling results obtained using the tuned

reaction parameters are shown in Figure 4, displaying good
agreement with the experimental data at pressures below 0.1
kPa and above 1 kPa. A parity plot is shown in Figure 5 with an
R2 value of 0.84. The model nicely captures the peak in the rate
as a function of pressure due to large methanol cluster
inhibition at all fractions of paired sites, and the separation
between the curves, with the total rate increasing with the
increase in the fraction of paired sites, is recapitulated well.

3.4. Degree of Rate Control Analysis

A quantitative analysis was performed of the DME formation
rates obtained as output from the microkinetic model to
understand how the changes in activation free energies of
elementary steps along the potential energy surface affect the
overall reaction rate. Application of this type of sensitivity
analysis allows for the identification of the elementary step(s)
that control overall reaction rates.50−53 The metric used in the
analysis of the degree of rate control for an elementary step i is
the sensitivity coefficient (Xi), which is defined by Campbell54

as eq 9

Figure 5. Parity plot comparing the model output and value for experimental rate law from the data of Di Iorio et al.8 at all considered methanol
partial pressure conditions for 0% paired acid sites (red, ●), 18% paired acid sites (green, ⧫), 30% paired acid sites (blue, ▲), and 44% paired acid
sites (pink, ■).
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where r is the net rate of formation of the product of interest,
which in this case is taken to be DME. Equation 9 was applied
to the full set of rate constants in the case of isolated-only and
mixed isolated-paired site configurations for a range of reactant
feed partial pressures. Figure 6 reports the calculated sensitivity
coefficients for the cases of isolated-only and binary mixtures
containing 18−44% paired acid sites at a temperature of 415 K.
Three representative feed partial pressures of MeOH were
chosennamely, 0.04, 2.5, and 50 kPa. Different elementary
steps (and corresponding mechanisms) are rate-controlling in
different MeOH partial pressure regimes. For example, the
water elimination/alkoxide formation (kiso,elim and kpair,elim) step
of the dissociative pathway is rate-controlling at low MeOH
partial pressures (0.04 kPared), while direct DME formation
from the methanol trimer state (kiso,conc,trim and kpair,conc,trim), via
the associative mechanism, became rate-controlling at greater
pressures (2.5−50 kPagreen, blue). This is mostly consistent
with prior rate estimations on isolated sites in CHA using
maximum rate analysiswhich assumes only one prevailing
rate-determining step as a heuristic for determining a
mechanism rather than determining degrees of rate con-

trolbased on DFT-calculated barriers. This analysis showed
that methanol dehydration proceeds primarily via the
dissociative mechanism below 0.3 kPa MeOH at 415 K and
via the associative mechanism with one spectating methanol
above 0.3 kPa.18 The calculated Xi values indicate that the
extent of degree of rate control for the elementary steps
considered is a function of the paired site concentration. As the
total fraction of paired active sites increased, the calculated Xi
values increased proportionately for all elementary steps
occurring over paired sites (Figure 6b−d).
In summary, DME formation from the trimer state appears

to be rate-controlling for most reactant feed partial pressures
and active site configurations (Figure 6). This can be
attributed to the unique case of trimer states along the
potential energy surface of the associative pathway, in which
the favorable molecular arrangement results in low reaction
barriers and contributes the majority of DME flux at steady
state. These trimeric transition states appear to optimize H-
bonding between the species in the transition state and the
conjugate base, as illustrated by transition states found in
previous work18 on isolated sites in CHA (Figure 7). Only at
very low reactant partial pressures does the dissociative
mechanism participate in DME formation chemistry, as
demonstrated by the calculated Xi values. Conversely, at high
reactant partial pressures, the calculated Xi values indicate the
trimer state as rate-controlling with calculated values of 0.61−
0.83 for paired site fractions of 18−44%. Negligible rates and
corresponding Xi values were observed for reactions preceded

Figure 6. Calculated DRC sensitivity coefficients for (a) 0% paired acid sites, (b) 18% paired acid sites, (c) 30% paired acid sites, and (d) 44%
paired acid sites at MeOH partial pressures of 0.04, 2.5, and 50 kPa. All relevant elementary steps are reported using the same notation as in
Scheme 1.
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by tetramer formation, further highlighting the importance of
the favorable molecular conformation in the dimer and trimer
states. The full set of Xi values calculated for the full range of
MeOH partial pressures and paired site fractions is reported in
the Supporting Information.

3.5. Reaction Flux and Surface Speciation Analysis

Snapshots of the reactor design equation solutions at the
correct isolated site basis along the PFR integration were taken
to identify flux through reaction pathways. Flux partitions itself
to the two sides (namely, the concerted and sequential
pathways) of the mechanism shown in Scheme 1. As shown in
Figure 8a, looking first solely at isolated sites, the sequential
pathway dominates at very low methanol partial pressures. As
methanol pressure increases, the concerted pathway begins to
express with flux through the trimer pathway. As initial
methanol pressure continues to increase, the trimer pathway
dominates strongly, and the tetramer pathway is never
noticeably expressed at any pressure condition. In examining
the speciation on the isolated sites under the same conditions
as the flux mapped in Figure 8a, an interesting result is seen in
Figure 9. At a methanol pressure of 1000 Pa, bound methanol
trimers have nearly equal speciation with the combination of
methanol monomers and dimers. However, the trimer pathway
completely dominates the mechanism at this pressure due in
part to the much lower activation energy for the concerted
trimer (kconc,trim) steps compared to the concerted tetramer
(kconc,tet) and concerted dimer (kconc,dim) steps, even prior to
any tuning of the DFT values. The tetramer pathway shows no
significant contribution to the overall DME flux, even at
conditions where tetramers make up a significant portion of
the speciation, such as 50 kPa methanol. Notably, the primary
bound species present are the bound methanol monomers,

Figure 7. Structure of the trimeric concerted methanol dehydration
transition state that likely prevails at most conditions, shown here on
an isolated site (first described in our previous work).18 Incipient and
breaking bonds are shown with solid black lines, and H-bonds are
shown with dashed blue lines.

Figure 8. Fraction of each primary branch of the mechanism’s contribution to the overall DME production for (a) 0% paired acid sites, (b) 18%
paired acid sites, (c) 30% paired acid sites, and (d) 44% paired acid sites. Red: contribution from MeOH dimer pathway. Green: contribution from
MeOH trimer pathway. Blue: contribution from sequential pathway. Unshaded bars correspond to contributions from isolated acid sites, whereas
shaded bars correspond to contributions coming from paired acid sites.
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dimers, trimers, tetramers, and pentamers as well as the
methoxy species indicative of the sequential pathways. All
other surface species are only present in negligible amounts.
Figure 8b−d shows the partitioning of the flux as a function

of methanol partial pressure as the number of paired sites
increases. Paired sites display similar flux behavior to isolated
sites, though their rates are higher and thus their contribution
to the total is significant. Note that four major categories of
fluxes can be gleaned from these figures: sequential on isolated
sites, sequential on paired sites, concerted on isolated sites
(primarily through MeOH trimers), and concerted on paired
sites. It is clear from the variety of contributions in Figure 8b−
d that the total rate of DME production captured in Figure 4 is
a complex amalgam of these routes, the contributions of which
change as the reaction conditions change. At low methanol
pressure, the sequential pathway dominates despite the low
absolute coverage of methoxy species shown in Figure 9 due to
the even lower coverage of the trimer species that promote the
rapid concerted pathway. As methanol partial pressure
increases, the dimer and trimer pathways become expressed,
ultimately resulting in the paired trimer pathway dominating
the overall DME flux for the system at high pressure
conditions.
The speciation as a function of MeOH partial pressure and

fraction of paired sites is shown in Figure 9. In the presence of
paired sites, isolated sites show no significant differences in
speciation or numerical contribution to flux. Paired sites also
show consistent speciation at different ratios of isolated sites to
paired sites. At the pressure conditions investigated, monomers
dominate at a low pressure but are replaced by trimers as
pressure increases. Bound dimer species are generally less
prominent on paired sites compared to isolated sites. Tetramer
and pentamer species also express lower percentages at high
methanol partial pressure conditions on paired sites, with
methanol trimers dominating the surface at methanol partial
pressures ranging from 1.5 to 50 kPa. Given that the trimer
pathway is identified to be responsible for the majority of flux
in the isolated case and that the tetramer pathway shows little
to no flux contribution despite high surface concentration, this

higher trimer surface concentration partly accounts for the
overall higher DME flux of paired sites in comparison to
isolated sites along with the more beneficial activation energies
along the trimer pathway for paired active sites.
In summary, the speciation and flux analyses identify the

MeOH trimer pathway to be the dominant pathway for DME
production. Trimers form more readily on paired acid sites at
high MeOH partial pressures in comparison to inactive
tetramers and pentamers while dominating the surface
coverage, which when paired with the lower energy barriers
along the trimer pathway for paired active sites rationalizes the
higher DME formation turnover rates (per H+) identified on
paired acid sites.

4. CONCLUSIONS

In this work, we present a DFT-parameterized microkinetic
model that captures and identifies the effects of acid site
proximity in CHA on methanol dehydration rates. Through
flux analysis and surface species identification, we identify two
primary drivers of methanol dehydration chemistry. At
methanol pressures below 250 Pa, a sequential pathway
through a bound methoxy intermediate dominates. Above 250
Pa of methanol pressure, the rapid formation of methanol
trimer clusters causes a shift in the flux through the concerted
trimer pathway. NNN paired acid sites promote the formation
of trimer species over inhibiting tetramer or pentamer clusters
and have lower energy barriers presented in the concerted
trimer pathway, resulting in the large increase in the rate of
DME production for this class of sites. This modeling
methodology and framework can be extended to capture the
effects of paired active site chemistry on additional zeolite
frameworks beyond CHA and on chemistries beyond
methanol dehydration, aiding in the development of next-
generation catalysts.

Figure 9. Surface species coverage at various MeOH partial pressures at the outlet of the simulated PFR. Methanol monomers dominate the
speciation at lower pressures, with trimers and tetramers becoming most prevalent as methanol partial pressure rises to 50 kPa. Left: isolated acid
sites. Right (shaded): paired acid sites.
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