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ABSTRACT: The stability and reactivity of Lewis and Brensted acid sites at the H-SSZ-13 surface are investigated for the
(101) and (001) surfaces. We focus on the conversion of methanol to dimethyl ether (DME) as a probe reaction that is
prototypical for the reactivity of acidic zeolites, for example in the methanol-to-olefins process. We use periodic density
functional theory (DFT) calculations in combination with highly accurate DLPNO-CCSD(T) calculations on cluster models.
At Bronsted acid sites, DME can be formed via the concerted and the stepwise mechanism. The barriers for acid sites located
at the surface are comparable to those located in the bulk. DME formation on a Lewis acid site is similar to the concerted
mechanism, since two adsorbed methanol molecules react with each other directly. However, the oxygen of the adsorbed
methanol is bound to the Al atom and an analogy can therefore also be drawn with a methoxy group and thus the second
step of the stepwise mechanism on Brensted acid sites. The barriers for DME formation on a Lewis acid site are more similar
to the concerted mechanism of the Bronsted acid sites and are therefore at 400°C significantly higher than the stepwise
mechanism at Brensted acid sites.
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INTRODUCTION: Depending on temperature and partial pressures, oxygen-

Acidic zeolites are important in many chemical processes ates such as water, methanol and dimethyl ether (DME)

and are expected to play a key role for a sustainable econ- adsorb at the BAS through formation of a hycgrogen bond.
omy relying on renewable resources." One application is Recent studieg also fOCL'lS on al'umzigum siting’ _'m as well as
the direct conversion of biomass, for example through the the effect of different Si/Al ratios.”™* The reactivity of sur-

dehydration of alcohols.” Another promising area is the face BAS, however, has rarely been studied, althoggz with

conversion of methanol obtained from biomass via syngas. a crystal size of a few nanometers to micrometers,”™ zeo-
In the methanol-to-olefins (MTO) and methanol-to-gaso- lite particles as well as 2D-zeolites™ offer a large surface
line processes, hydrocarbons with desired functionality area. At the surface, substitution of a silicon atom at a sin-
can be obtained by utilizing suitable catalysts and through gle silanol group foHowgd by dehydration leads to a t'hree-
proper control of reaction conditions.>* The reaction net- fold coordinated aluminum atom (a structural motif not
works of the MTO process determining the selectivity and present in BAS sites), which generally acts as a Lewis acid
reactivity are complex and heavily intertwined.”® This is site (LAS, see Scheme 1). The existence of a three-fold co-
hence one area of zeolite catalysis where quantum chemi- ordinated aluminum atom in the zeolite framework, in-
cal calculations, typically based on density functional the- cluding also the position at the surface, as a reactive inter-
ory (DFT), have been extensively used to determine reac- mediate has been investigated in both theoretical and ex-
tion barriers thus shedding light on possible reaction perimental studies.*>” As for the BAS, adsorption ofwat'er,
mechanisms.”™ Similarly, DFT calculations have been em- methanol and DME can occur at LAS. The oxygenates bind
ployed to identify trends across different acid sites."” as Lewis bases directly to the Al-atom, which is then four-

fold coordinated. Water adsorption occurs at ambient con-
ditions and has been studied in detail by Chizallet and
coworkers for H-ZSM-5.3° Other structural motifs leading
to LAS are extraframework aluminum**** and substitution
of zeolites with elements such as Sn or Zn.** The influ-
ence of LAS on reaction mechanisms in the MTO process

1

The focus of the vast majority of these theoretical studies
has so far been directed towards Brensted acid sites (BAS)
inside the porous zeolite. For BAS, a tetrahedrally coordi-
nated silicon atom is substituted by an aluminum atom,
introducing a proton for charge balance (see Scheme 1).



has been discussed,*™ but computational explorations are
still scarce. They exist, however, for other reactions, such
as the tautomerization of phenol and catechol® or the de-
oxygenation of methyl butyrate.>*

In this work, we investigate the reactivity of acid sites in-
troduced by aluminum substitution at the surface of H-
SSZ-13 giving rise to both BAS and LAS. Our goal is to com-
pare the reactivity of surface BAS with those in the bulk by
considering the four different oxygen atoms adjacent to
the aluminum substitution. Furthermore, we aim at gain-
ing fundamental insights into the reactivity of surface LAS
in particular in comparison to their BAS counterpart. We
use the formation of DME from methanol (MeOH) as an
important probe reaction that captures the typical reactiv-
ity of BAS.>™°

COMPUTATIONAL DETAILS:

The studied catalyst H-SSZ-13 crystalizes in the chabazite
structure. The lattice constants were optimized in earlier
work to 13.625, 13.625, and 15.067 A.” The initial bulk struc-
ture containing only one unique T-site has a Si/Al ratio of
35:1. The surface structures were built by terminating the
repeated bulk structures at the facets. Afterwards, broken
bonds were saturated as silanol groups. For each BAS, the
stepwise mechanism was investigated at all four oxygen at-
oms adjacent to the aluminum atom (see SI section 10 for
details). In the main manuscript, the systems with the low-
est energy barriers were discussed only.

Structure optimizations were carried out with periodic
DFT using the dispersion-corrected functional PBE-D3 5°
and a convergence criterion of 0.001 eV/A. The projector-
augmented-wave method and an energy cutoff of 400 eV
were applied using the Vienna Ab initio Simulation Pack-
age (VASP) in version 5.4.1°°* along with the Atomic Sim-
ulation Environment (ASE).” Vibrations were calculated
by computing a partial Hessian consisting of the adsorbate
atoms and the active site of the catalyst, which includes the
Al atom and the surrounding O and Si atoms, i.e., three
OSi units for LAS and four OSi units for BAS. Free energies
were calculated with the harmonic-oscillator approxima-
tion and for gas phase molecules additionally with the
rigid-rotator and the free-translator approximation were
applied. Frequencies below 12 cm™ were raised to this value
to avoid larger inaccuracies of the entropies due to the har-
monic-oscillator approximation. Transition state searches
were performed using Automated Relaxed Potential En-
ergy Surface Scan (ARPESS).®* The connectivity of transi-
tion states was verified through distortion along the nor-
mal mode followed by optimization towards the end-
points.

Since DFT calculations underestimate transition state en-
ergies, ® single-point calculations of cluster models were
applied to obtain energy correction terms AEUStT (see Eq.
(1) and Eq. (2)):*

cluster _ prcluster cluster __ prcluster
AE - EDLPNO—CCSD(T)/DZ + AEMPZ/CBS EPBE—D3 (1)

EfSNa-cesp(rypz is the DLPNO-CCSD(T) energy, Eggi™s,
is the DFT energy, and AEIS}SZ}EC%S is the correction for the

CBS extrapolation. The latter includes Hartree-Fock (HF)
and MP2 correlation separately extrapolated with cc-

pVDZ, cc-pVTZ, and cc-pVQZ using the three-point expo-
nential fit* and cc-pVDZ and cc-pVTZ using the two-point
X3 fit,> respectively. The program package ORCA® was
used for HF, MP2, and CCSD(T) calculations. For CCSD(T)
and MP2, the cc-pVDZ and cc-pVXZ basis sets®® with X =
D, T were used, respectively. The DLPNO approximation
was applied, using the “TightPNO” threshold setting.®”*
For HF calculations, the cc-pVXZ basis sets with X =D, T,
Q and the RIJCOSX approximation’™ with GridX6 were
used. For non-periodic DFT calculations, the PBE-D3 func-
tional, the def>-TZVPP basis set””*, and the resolution of
identity approximation” implemented in the program
package TURBOMOLE"™ were used. The cluster models for
BAS1(001), BAS2(001), and LAS1(001) have 52 T-sites and
the cluster model for LAS2(001) has 39 T-sites. All cluster
models for the (101) terminations have 64 T-sites, those
for the bulk have 36 T-sites. The Cartesian coordinates of
these structures are provided in the SI.

Scheme 1: Illustration of a Brensted acid site (BAS)
and a surface Lewis acid site (LAS). Adsorption of H,O,
methanol or DME is computed to be favorable at 200
°C and 1 bar partial pressure and generally depends on
the external conditions.
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RESULTS AND DISCUSSION:

In our computational investigation, we employ periodic
DFT optimizations at the PBE-D3 level””*® and compute
Gibbs free energies at a reference pressure of 1 bar using
the harmonic approximation as well as the rigid-rotator
and free-translator approximation for gas phase molecules.
This pressure is within the range of settings used in exper-
imental MTO studies and DME syntheses. >*5%757° The en-
ergies are corrected using single point energy calculations
on cluster models, as described in previous work.** We em-
ploy complete basis set (CBS)-extrapolated DLPNO-MP2
calculations and account for the difference between
DLPNO-CCSD(T) and DLPNO-MP2 at the cc-pVDZ level
of theory. The Gibbs free energy is then simply computed
as:

G = Efgg_ps + AETS + AGTTS, (2)
Here, EFBE_ . is the DFT energy computed for periodic
models, AE!StT js the energy correction derived from the
cluster models (see Section Computational Details), and
AGEBS  are the harmonic contributions derived from nor-
mal mode analysis. Choosing representative conditions for
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the DME synthesis and the MTO process, we considered
temperatures of 200 °C and 400 °C.

STABILITY OF H-SSZ-13 SURFACE TERMINATIONS:

Chizallet and coworkers studied aluminum substitutions
on the (100), (010) and (101) surfaces of the H-ZSM-5 zeolite
and on the (oo1) surface of the BETA zeolite. 3* 77 The
presence of several T-sites and multiple possible surface
terminations lead to various potential aluminum surface
sites. By comparing formation energies, Chizallet and
coworkers found that substitution of aluminum into the
surface is often more stable than its position in the bulk.
This means that there is a driving force for the formation
of these aluminum surface sites.

We employ similar substitutions as those introduced by
Chizallet and coworkers using surface terminations of the
H-SSZ-13 crystal due to its simple structure. It crystallizes
in the chabazite framework type (CHA), which contains
only one unique T-site, reducing the number of potential
surface sites compared to, e.g., H-ZSM-5. The crystals of H-
SSZ-13 and some other zeolites with CHA structure, such
as H-SAPO-34, commonly have a cubic or almost cubic
form.” *® While the shape of the crystals is known, the
surface orientations have - to the best of our knowledge -
been sparsely investigated. Based on the CHA-structure
and the common finding that low-index facets are often
most stable,*® we initially investigated the (101), (110),
(001), and (100) surfaces, focusing on purely silicious sur-
faces to determine their stability. For the (100) and (101)
surfaces, two equivalent surfaces exist, the (010) and (110)
surfaces and the (111) and (011) surfaces, respectively.
We found the surface free energies y of the investigated
structures to be very similar at low temperatures (Fig. 1a),
with their differences increasing with increasing tempera-
ture. These differences can largely be attributed to the
number of Si-O-Si-bonds that have to be broken at the sur-
face under formation of silanol groups (Si-OH) (see Fig.
1b). The formation of silanol groups requires the reaction
with water, which becomes increasingly less favorable with
increasing temperature for entropic reasons, while it is al-
most thermoneutral at o K. We find that the (101) surface
requires the least amount of broken Si-O-Si bonds and is
therefore most stable at high temperatures.

Crystals with CHA framework were reported to terminate
with the (101) facet in an almost cubic shape,®® which is
in agreement with a Wulff construction (Fig. 1) based on
this surface termination. This, as well as its low surface free
energy, makes the (101) facet the most likely surface ter-
mination and we therefore studied this surface in detail.
We additionally considered the previously studied (001)
facet™ to investigate to which extent the reactivity depends
on the specific surface orientation.
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Figure 1. a) Surface free energies y as a function of tem-
perature for the silicious (100), (111), (001), and (101)
facets and the Wulff construction using the (101) and
symmetry-equivalent facets. b) Dependence of the sta-
bilities of silicious facets on the number of silanol
groups per area at 200 °C.

CHARACTERIZATION OF H-SSZ-13 SURFACE ACID
SITES:

Figure 2 shows the atomic structure of the (101) facet of
H-SSZ-13, which is terminated in the way that requires
least Si-O-Si bond breaking. In this termination, the dou-
ble-six rings are left intact and the eight-membered rings
orthogonal to the surface are cut in half. Figure 2 also
shows the possible aluminum substitutions. Substituting a
silicon at a silanol group with aluminum leads to a LAS,
which we label LAS1(101). Substituting a silicon without a
silanol group by aluminum leads to a BAS. We label this
kind of substitutions BAS1(101) and BAS2(101), respec-
tively. In addition, we considered the BAS in the bulk unit
cell, labeled BASB. The structure and corresponding sub-
stitutions belonging to the (001) facet of SSZ-13 are shown
in Figure S1.



a BAS1(101) BAS2(101)

LAS1(101)

Figure 2. a) Side view and b) top view of the of SSZ-13
(101) structure. The different LAS and BAS studied in
this work are indicated. Color code: Grey: Framework,
Blue: Aluminum, Yellow: Silicon, Red: Oxygen, Black:
Hydrogen, Brown: Carbon, Green: Nitrogen.

Experimentally, LAS and BAS can be distinguished
through infrared spectroscopy of adsorbed probe mole-
cules. The most commonly used probe molecule for the
identification of LAS is pyridine (see Fig. 3). Here, the 19b
vibration is typically blueshifted by 5 to 20 cm™ for LAS and
90 to 1o cm” for adsorption at a BAS, thus resulting in a
difference of approximately 70 to 15 cm™ between adsorp-
tion on the two different sites.*** We reproduced this be-
havior also in our calculations, with blueshifts for LAS
around 16 to 17 cm™ and for BAS around 114 to 125 cm™ with
differences in the range of 96 to 109 cm™ (Table 1).

For BAS, all four oxygen atoms adjacent to the aluminum
were investigated. The most stable structures at 200°C are
discussed only.

LAS1(101) BAS2(101)

beog

Figure 3. Calculated structures of adsorbed pyridine at a
LAS and a BAS and corresponding shifts of the computed

Avyg, =17.1cm™?

Avigp =121.0 cm?

harmonic frequencies of the 19b mode relative to mole-
cule in the gas phase.

Table 1. Computed vibrational harmonic frequencies
of the 19b mode of pyridine and vibrational shifts rel-
ative to pyridine in the gas phase.

System 19b Frequency (cm™)
gas phase 1427.0  (exp: 1440)%

LAS1 (101) 14441 (Av=171)

LAS1 (001) 1444.8 (Av=17.8)
LAS2 (001) 1443.6 (Av =16.6)
BAS1 (101) 1552.2 (Av =125.2)
BAS2 (101) 1548.0 (Av=121.0)
BAS1 (001) 1552.0 (Av=125.0)
BAS2 (001) 1543.2 (Av=16.2)
BASB 1540.8 (Av =13.8)

In order to assess the relevance of the discussed sites, we
computed the relative stability with respect to the refer-
ence bulk structure for several temperatures, also taking
adsorption of water and MeOH for all sites into account
(Figs. S2 and S3). The BAS in the bulk and in various sur-
face positions differ by less than 16 kJ/mol in stability. Con-
sidering only water adsorbed systems, their stabilities dif-
fer by less than 6 kJ/mol. To discuss the stability of LAS, it
is important to consider the difference in the amount of
adsorbed water. When a bulk Si atom is substituted by Al,
a proton is introduced for charge balance. On the other
hand, substituting a Si atom at a silanol group requires to
remove the OH to obtain a clean LAS. Consequently, a
clean BAS and a clean LAS differ by one water molecule.
This also means that a BAS with a single adsorbed H,O
contains one more H,O molecule than a LAS with a single
adsorbed H.O. This generally favors LAS entropically and
we find that - in the presence of water — LAS are of similar
or higher stability than BAS for T > 300 K (see Fig. S3). This
relatively high stability of Al substituted on the surface of
porous materials has already been reported by Chizallet*®
and coworkers. Although we note that, experimentally, the
distribution of Al atoms is controlled by the synthesis pro-
cess and not necessarily by the stability under the dis-
cussed conditions, the calculations certainly indicate that
these sites are reasonably stable and likely to be present for
these catalytic systems.

Table 2 lists the calculated adsorption energies of Lewis
basic adsorbates, which are generally more strongly ad-
sorbed on LAS than on BAS. The ordering of adsorption
energies, from weakest to strongest, is H,O* < DME* =
MeOH* < pyridine*. The adsorption energies of water,
methanol, and DME are similar for the different BAS, while
larger differences are observed for LAS. The obtained ad-
sorption energies for pyridine are comparable to those
from other computational studies for chabazite surface
BAS (AEd, pyridine = 130 t0 181 kJ/mol). *°



Table 2. Computed zero-point vibrational-energy
corrected adsorption energies AExqin kJ/mol.

H.0*  MeOH* DME*  pyridine*
LAS1(101) -126 -148 -163 -194
LAS1(001) -135 -158 -169 -205
LAS2(001) -133 -154 -143 -185
BAS1(101) -67 -82 -79 -165
BAS2(101) -74 -86 -87 173
BAS1(001) -80 -83 -88 171
BAS2(001) -74 -90 -84 -170
BASB -75 -91 -90 177

REACTIVITY OF H-SSZ-13 SURFACE ACID SITES:

Next, we focus on the reactivity of the various acid sites,
taking the dehydration reaction of MeOH to DME as an
example, as it has been investigated extensively, both ex-
perimentally and theoretically.” 57> 99 Furthermore, this
reaction exhibits many similarities to other methylation
reactions that can occur in zeolites, for example the meth-
ylation of olefins and aromatic molecules.***>

There are two commonly accepted mechanisms for DME
formation on a BAS: The stepwise (also called dissociative,
Fig. 4a) and the concerted (also called associative, Fig. 5a)
mechanism. In the stepwise mechanism, DME is formed
through reaction of a surface methoxy species (SMS) with
MeOH. In the concerted mechanism, two adsorbed MeOH
react directly. Due to the higher entropic penalty of the
concerted mechanism, the stepwise mechanism typically
contributes more to the overall reaction rate at higher tem-
peratures.” 7 '°* We start by analyzing our calculations of
the stepwise mechanism on BAS (Fig. 4). The SMS is cre-
ated after protonation of methanol, where the protonated
methanol rotates and transfers its methyl group to the acid
site, liberating water (TS-s1). After water desorption, this
methyl group is transferred to the second MeOH, forming
protonated DME (TS-s2). Protonation reactions of DME
and methanol were neglected in all our calculations as
their energy barriers are expected to be low. For methanol,
this was explicitly calculated previously.” Figure 4b com-
pares the free energy diagram of the stepwise mechanism
for three different BAS, i.e., located in the bulk and on the
(001) (denoted BAS1(oo01)) and (101) (denoted BAS2(101))
surface, at a temperature of 200 °C and 1 bar reference pres-
sures. As can be seen, the adsorption energies of methanol
and DME (see also Table 2) as well as the transition state
energies (see also Table 3) are fairly similar. Table 2 shows
a maximum difference of MeOH and DME adsorption en-
ergies at BAS of 11 kJ/mol referenced to the BASB. Table 3
shows a maximum difference of energy barriers for BAS of
14 kJ/mol referenced to the BASB. The small deviations in
acid site reactivity are also observed in the calculated pyr-
idine adsorption energies, differing by a maximum of 12
kJ/mol between the BAS (see Table 2). Similar differences
have been observed for adsorption of ammonia on the
twelve different BAS within H-ZSM-5.*
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Figure 4. a) Stepwise mechanism. b) Free energy dia-
grams for BAS1(001), BAS2(101), and BASB at 200 °C and
1 bar. ¢) Computed transition state structures for
BAS2(101) with bond lengths indicated in pm.

We now turn to analyzing the concerted mechanism,
where LAS will also be discussed. Since water adsorbed
LAS is energetically favored significantly over the clean
system, it is included in Fig. 5. Starting with the surface
BAS BAS2(101) an adsorbed MeOH reacts directly with a
second MeOH in a concerted mechanism (Fig. 5a). This re-
action proceeds via an Sx2-mechanism, where the methyl
group is transferred from the protonated methanol to the
second methanol (TS-cB), resulting in the formation of wa-
ter and protonated DME, which is then readily deproto-
nated to give the final products, DME and water. The over-
all free energy barrier from adsorbed methanol to the tran-
sition state is calculated to 155 kJ/mol for BAS2(101) at 200
°C and 1 bar. This is slightly higher than the overall free
energy barrier obtained for the stepwise mechanism at the
same BAS (AG**"“=148 kJ/mol, see Figure 4b). Our calcula-
tions thus suggest that the stepwise mechanism dominates
at these reaction conditions, in line with earlier theoretical
work.”® 4

For a LAS, an analogous mechanism, resembling the con-
certed mechanism on a BAS, can be formulated. This is ex-
emplified for the LAS1(101) in Figure 5b, compared to the
BAS counterpart, also using the (101) surface termination.
The desorption of water is discussed in SI section Ss. Start-
ing from a clean LAS, MeOH adsorbs at the LAS. Notably,
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methanol adsorption is stronger by 60 kJ/mol compared to
the adsorption at a BAS (see also Table 2). DME formation
now proceeds via transfer of the methyl group in an Sx2-
mechanism to a second methanol (TS-cL). This results in
the formation of a protonated DME and a negatively
charged framework with an Al-OH group (iso-electronic to
a silanol group). Deprotonation yields free DME and an
acid site with a coordinatively bound water molecule (see
Fig. 5). Interestingly, the calculated free energy barrier for
the LAS is of similar height compared to the BAS when ref-

erenced to adsorbed methanol (AG* at 200 °C of 157 k] /mol

for LAS1(101) vs. 155 kJ/mol for BAS2(101), see Fig. 5b).
The concerted mechanisms on the BAS and LAS are thus
rather similar, but differ such that all intermediates and
transition states are about 60 kJ/mol lower in free energy
for the LAS. From a kinetic point of view, one would there-
fore assume that the reaction rate, starting from adsorbed
methanol, is similar when comparing the two Brensted
and Lewis acid sites. Due to the much stronger adsorption
of the products, H,O and DME, at LAS one would expect
product and/or water poisoning to a much larger extend
for the LAS, decreasing the overall activity.
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Figure 5. a) Concerted mechanism at BAS. b) Mechanism
at LAS. c) Free energy diagrams at 200 °C for BAS2(101)
and LAS1(101). d) Computed transition state structures
with bond lengths indicated in pm.

We now investigate the similarities and differences be-
tween these two acid sites in more detail. At a BAS, for the
TS-cB, the two protonated MeOH in the direct TS are only
loosely bound to the framework via hydrogen bonds. For
the LAS, on the other hand, the oxygen of the initially ad-
sorbed methanol remains strongly bound to the Al atom of
the acid site throughout the reaction. In TS-cL the Al-O
distance to the oxygen of the adsorbed MeOH is 181 pm,
which is comparable to the average Al-O distance of the
other three Al-O bonds (174 pm). The final product water
remains strongly bound (binding energy -126 kJ/mol, see
Table 2).

We calculated the reaction barriers for the stepwise and
concerted mechanism on all BAS and LAS sites investi-
gated herein. These are given in Table 3 and Figure S7 (200
°C), and Table S3 and Figure S7 (400 °C). Note that these
barriers are always referenced to the most stable initial
states °° as illustrated in Figure 5c for the concerted mech-
anism. At 200 °C, the most stable state is generally a single
adsorbed MeOH molecule for TS-cL, TS-s1, and TS-cB. De-
pending on the system, adsorbed methanol or SMS is more
stable. For improved comparability, we use SMS as the ref-
erence of TS-s2 for all systems. First, we discuss the free
energy barriers at 200 °C, which is in the typical tempera-
ture range for zeolite-catalyzed DME formation.”*”"** We
find that, for the BAS, the ordering of the barriers is mostly
the same, i.e., TS-cB > TS-s1 > TS-s2. The only exception is
BAS2(001), where TS-s1 has a lower energy barrier than
TS-s2, when referenced to methanol instead of SMS (see
Fig. S6 and Table S1). The barriers for the various BAS do
not differ significantly from the bulk site, BASB, with mean
absolute deviations of 6 kJ/mol, 9 kJ/mol, and 7 kJ/mol for
TS-s1, TS-s2, and TS-cB, respectively. With values of 157
to164 kJ/mol, the barriers for DME formation at LAS (TS-
cL) are similar to those of the concerted mechanism at BAS
(TS-cB), as also observed in Figure 5c.

We also investigated the barriers at 400 °C, as this temper-
ature is more typical for MTO-type reactions, and similar
methylation reactions play a major role for these processes.
8 079810010 At 400 °C, the initial state is still SMS for TS-s2
and a single adsorbed MeOH for TS-cL, but it is generally
the clean acid site and MeOH in the gas phase for both TS-
cB and TS-s1. This is due to the increased entropy loss for
adsorbed intermediates at higher temperatures and the
stronger binding at LAS. Consequently, the activation free
energy for the concerted mechanism is at least 38 kJ/mol
higher than that for the stepwise mechanism for all BAS
(Fig. S7). Considering the different energy contributions, it
is worth noting that PBE-D3 generally underestimates the
transition state energy of the concerted mechanism by
about 40 kJ/mol, while the transition states of the stepwise
mechanism are underestimated only by about 20 kJ/mol
(both deviations are referenced to clean BAS).

Table 3. Gibbs free energy barriers in kJ/mol, refer-
enced to the active site with one adsorbed MeOH for
TS-s1, TS-cB, and TS-cL, and to the clean SMS for TS-
s2 at 200 °C and 1 bar. Barriers at 400 °C are given in
Table S3.



concerted stepwise
TS-cB/TS-cL TS-s1 TS-s2

BASB 162 139 129
BAS1(001) 158 136 128
BAS2(001) 151 128 123
BAS1(101) 165 153 141
BAS2(101) 155 148 136
LAS1(001) 164

LAS2(001) 162

LAS1(101) 157

Finally, we note that a H.O or MeOH molecule adsorbed
on a LAS has also been shown to be able to act as a BAS.>
For the formation of DME from methanol, however, mech-
anisms utilizing these Brgnsted acidic adsorbed molecules
are intrinsically unfavorable entropically. For example, a
stepwise mechanism initiated by adsorbed H,O contains
the same number of molecules as the concerted mecha-
nism mediated by adsorbed methanol discussed above. We
studied some of these mechanisms explicitly and found
them to be less favorable with barriers that are higher by
about 50 kJ/mol (see SI).

CONCLUSIONS:

We investigated several surfaces of H-SSZ-13 and found
that their stability is mainly determined by the number of
silanol groups per surface area. We further explored alumi-
num substitution at the (001) and the (101) facet, the lat-
ter being the most stable surface. Bronsted acid sites in the
bulk and in different surface positions were found to be
very similar in stability, differing by up to 10 kJ/mol. Clean
Lewis acid sites contain one water molecule less than clean
Bronsted acid sites and become increasingly more stable at
temperatures above 400 °C, where adsorption of methanol
and water becomes unfavorable at both sites. Additionally,
adsorption of water is 57 kJ/mol stronger on Lewis acid
sites considering the difference between the MAE of the
adsorption energies of Bronsted and Lewis acid sites. For
this reason, Lewis acid sites are also more stable in pres-
ence of adsorbates in the intermediate temperature range
between 200 °C and 400 °C.

The dehydration of methanol to DME was studied as a
probe reaction at both Lewis and Brensted acid sites. We
found the energy barriers catalyzed by Brensted acid sites
to be similar at the surface and in the bulk, with small dif-
ferences of only 7 kJ/mol. DME formation catalyzed by
Lewis acid sites occurs through the reaction of two ad-
sorbed methanol molecules. This mechanism is thus simi-
lar to the concerted (associative) mechanism known for
Bronsted acid sites. Interestingly, we also found that the
barriers are comparable, being on the order of 160 k]/mol
at 200 °C. Since the stepwise mechanism at Brgnsted acid
sites is computed to be slightly more favorable already at
200 °C, DME formation at Lewis acid sites occurs with bar-
riers that are generally less favorable by 2 to 36 kJ/mol, de-
pending on the specific site. In addition, product and/or

water poisoning is expected to be more problematic for
LAS, since adsorption is significantly stronger than on BAS.

Based on these observations, we therefore conclude that
LAS play a minor role in the dehydration of methanol to
DME and contribute even less to the rate of methylation
reactions at higher temperatures, as, e.g., occurring in the
MTO process. The similarities between LAS and BAS for
the concerted mechanism are striking, both with respect
to energies of transition states and their corresponding ge-
ometries, and we therefore speculate that LAS might con-
tribute to reactions dominated by a concerted methylation
mechanism where poisoning of active sites is unproblem-
atic.
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