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ABSTRACT: Sn-doped zeolites are potent Lewis acid catalysts for
important reactions in the context of green and sustainable
chemistry; however, their synthesis can have long reaction times
and harsh chemical requirements, presenting an obstacle to scale-
up and industrial application. To incorporate Sn into the β zeolite
framework, solid-state incorporation (SSI) has recently been
demonstrated as a fast and solvent-free synthetic method, with
no impairment to the high activity and selectivity associated with
Sn-β for its catalytic applications. Here, we report an ab initio
computational study that combines periodic density functional
theory with high-level embedded-cluster quantum/molecular
mechanical (QM/MM) to elucidate the mechanistic steps in the
synthetic process. Initially, once the Sn(II) acetate precursor
coordinates to the β framework, acetic acid forms via a facile hydrogen transfer from the β framework onto the monodentate acetate
ligand, with low kinetic barriers for subsequent dissociation of the ligand from the framework-bound Sn. Ketonization of the
dissociated acetic acid can occur over the Lewis acidic Sn(II) site to produce CO2 and acetone with a low kinetic barrier (1.03 eV)
compared to a gas-phase process (3.84 eV), helping to explain product distributions in good accordance with experimental analysis.
Furthermore, we consider the oxidation of the Sn(II) species to form the Sn(IV) active site in the material by O2- and H2O-
mediated mechanisms. The kinetic barrier for oxidation via H2 release is 3.26 eV, while the H2O-mediated dehydrogenation process
has a minimum barrier of 1.38 eV, which indicates the possible role of residual H2O in the experimental observations of SSI
synthesis. However, we find that dehydrogenation is facilitated more significantly by the presence of dioxygen (O2), introduced in
the compressed air gas feed, via a two-step process oxidation process that forms H2O2 as an intermediate and has greatly reduced
kinetic barriers of 0.25 and 0.26 eV. The results provide insight into how Sn insertion into β occurs during SSI and demonstrate the
possible mechanism of top-down synthetic procedures for metal insertion into zeolites.

1. INTRODUCTION
Sustainable energy production and chemical manufacture are
challenges of global importance, as society looks to mitigate
the environmental damage caused by the use of fossil-derived
hydrocarbons. In this respect, significant effort is currently
being directed toward improving the sustainability of chemical
production. Particular targets of high importance include
improving the atom efficiency of established chemical
processes, replacing harmful reagents with greener alternatives,
synthesizing new catalysts with improved activity and
selectivity, and developing new routes to desirable chemical
products starting from renewable biomass materials. In the
latter context, zeolites containing dilute quantities of isolated
Lewis acidic active sites (henceforth, Lewis acidic zeolites)
have demonstrated significant potential.
The traditional efficacy of zeolites in the catalytic refinement

of petrochemicals by isomerization, cracking, hydrocracking,
and reforming arises from the Brønsted acidity of the
framework,1 which occurs when the cation compensating for
the negative charge of the AlO4

− tetrahedra (T) is a proton. In

contrast, Lewis acidic zeolites owe their catalytic performances
to the doping of the SiO2 framework with heteroatoms such as
Sn4+ and Ti4+. Doping with these heteroatoms can create
catalysts for a variety of sustainable chemical transformation
reactions (Vide Inf ra).2−4 Brønsted acidity is defined as the
ability of a species to donate a proton, and a Lewis acid is
defined as the ability of a species to accept electron density
from a Lewis base. Therefore, zeolites can behave independ-
ently as Brønsted or Lewis acids, and also as bifunctional
Brønsted/Lewis acid catalysts, depending on the location and
nature of the heteroatom(s), and this flexibility presents
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opportunities to design new catalysts for reactions important
for green and sustainable chemistry.
Among emerging Lewis acidic zeolite materials, Sn-β has

demonstrated significant potential as a catalyst for a variety of
sustainable chemical reactions. Sn-β is a crystalline, medium
pore size zeolite possessing the BEA topology, within which
small quantities of Si4+ atoms have been substituted for Sn4+.
Initially, Sn-β was demonstrated to be catalytically active for
the Baeyer−Villiger oxidation (BVO) of cyclic ketones to
lactones, which is a critical step in the production of a variety
of industrial polymer products.2,5−7 Notably, the use of Sn-β
allowed the traditionally employed peracid-based oxidants,
such as meta-chloroperbenzoic acid, to be substituted by the
green oxidant, H2O2.

5,6,8,9 More recently, Sn-β has also been
shown to allow the BVO of renewable ketones, providing a
facile route to produce bio-based lactones, and hence access to
various bio-based polymers.10 Consequently, the applicability
of Sn-β to catalyze the conversion of other carbonyl
compounds has been considered, with Sn-β developed as a
catalyst for the Meerwein−Ponndorf−Verley (MPV) transfer
hydrogenation of various carbonyl compounds, including those
of relevance to biomass conversion.3,11−13

The ability of Sn-β to activate carbonyl compounds has also
been leveraged to facilitate the catalytic upgrading of sugars,
most notably glucose, which is the monomer building block of
cellulosic biomass.14−16 For example, several studies have
demonstrated the high activity and stability of Sn-β for the
low-temperature (<130 °C) isomerization of glucose to
fructose,16,17 which is an important reaction of relevance to
the food industry and future biorefineries. At higher temper-
atures (≥150 °C), Sn-β has also been shown to be an effective
catalyst for the retro aldol fragmentation of glucose. This
complex cascade process yields α-hydroxy esters such as
methyl vinyl glycolate (MVG) and methyl lactate (ML), which
have attracted significant industrial interest as platform
molecules for renewable polymers.18,19 In each of the above
cases, Sn-β has been shown to be more active and/or selective
than alternative Lewis acidic zeolites, including TS-1 and Ti-
β.20−22

Though Sn-β has shown promise toward catalysis of
reactions that are important to the production of sustainable
chemicals, challenges with respect to catalyst synthesis
continue to prevent widespread uptake. Traditionally, Sn-β
has been synthesized via hydrothermal methods17,23−26 and
isomorphous substitution of heteroatoms into the β framework
has also been achieved in order to introduce Lewis

acidity.20,21,27−29 Early attempts for Sn-β synthesis via
hydrothermal procedures used alkaline media and OH− as a
mineralizing agent,9 which resulted in successful Sn incorpo-
ration. However, unwanted Brønsted acid sites remained,
which indicated that the framework contained many defects.
Subsequent attempts used F− as a mineralizing agent and
successfully incorporated Sn into the β framework with less
defects.30 While ultimately successful, long synthesis timescales
(up to 40 days for crystallization) are necessary with this
approach,30 and utilization of HF as a mineralizing agent poses
significant challenges for scalability.

To overcome the highlighted limitations in the wet
synthesis, solid-state incorporation (SSI) has been demon-
strated as an alternative route to insert Sn into the β
framework. SSI (Scheme 1) is a multistep process where active
Sn-β catalysts are formed by the solid-state reaction between a
Sn(II) precursor and a previously dealuminated β framework.
Notably, dealumination of an aluminosilicate zeolite β with a
strong acid (HNO3, 13 M) produces lattice vacancies in the
form of hydroxyl nests, composed of four neighboring silanol
groups (deAl-β). Subsequently, deAl-β undergoes physical
grinding with Sn(II) acetate, and then the sample is heated to
high temperatures (550 °C) in N2 (3 h) and air (3 h) before
being allowed to cool, producing the final Sn4+ catalyst.27,31−33

In addition to demonstrating high performance as catalysts for
the BVO and MPV reactions,27,31−33 Sn-β catalysts produced
by SSI have shown excellent levels of activity, selectivity, and
stability for glucose conversion processes,34 and recently
established a new benchmark in performance for the retro
aldol fragmentation of glucose.35 Furthermore, SSI can also
achieve higher metal loadings than those feasible by traditional
hydrothermal synthesis (≥2 wt %),31−33,36 and successful
synthesis can be achieved in significantly shorter timescales (8
h). In combination, these properties make SSI an attractive
route to producing Sn-β catalysts at large scale. Despite the
efficacy of SSI as a method for Sn-β synthesis, a key challenge
that remains is to maximize the fraction of Sn ions that
effectively incorporate into the framework during preparation,
resulting in the maximum number of active sites per mass of
catalyst.

Despite the appeal to understand the SSI synthetic approach
further, the incorporation mechanism of Sn into the zeolite
lattice remains elusive, primarily due to the complexity of in
situ studies, which has limited the quantity of mechanistic
information available on this system.33 Elucidating the
synthesis mechanism will aid the efficiency, and hence future

Scheme 1. Schematic of Solid-State Incorporation (SSI) along with β Framework Species Formeda

aThe red, beige, white, black, orange, and gray atoms represent O, Si, H, C, Al, and Sn, respectively.
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scalability, of Sn-β synthesis, and consequently its catalyzed
technologies, as well as providing insight relevant for SSI when
applied to the synthesis of other Lewis acid zeolites. To
support in situ mechanistic understanding, computational
techniques have emerged as invaluable tools for the study of
zeolites. Density functional theory (DFT) calculations have
previously been employed to study heteroatom-doped β,37−39

with periodic boundary conditions (PBCs) and cluster models
used to calculate the preferential site of heteroatom
substitution in zeolites and measure Brønsted and Lewis
acidity.40−43 Furthermore, hybrid quantum/molecular me-
chanical (QM/MM) studies have been employed for the
study of zeolites and specifically β systems, as this technique
addresses some of the shortcomings in periodic DFT and
cluster approaches, such as high levels of metal substitution
resulting from the periodic boundary conditions and the lack
of consideration of long-range interactions, respectively.44,45

Studies have examined the stability of heteroatom incorpo-
ration into β and have reported the stability of the T2 site for
Sn, which has been investigated using periodic DFT and QM/
MM with agreement from experimental studies.18,40,42,46,47

Furthermore, Sn atoms substituted at the T2 site demonstrate
higher Lewis acidity compared to other heteroatoms such as Ti
and Zr.37 Although studies have noted the stability of Ti, the
higher Lewis acidity of Sn supports the superiority of Sn-β for
catalytic reactions.40,42 Moreover, computational investigations
have also uncovered the higher hydrophobicity of Sn sites
within β, which also aids in catalytic activity.42 The emphasis of
these modeling efforts has been on framework properties of

Sn-β, such as preferential T-site for Sn substitution, active site,
and defect distribution,40,48 or catalytic reactivity,43,49,50 with
little consideration of synthetic methods, especially top-down
approaches.

Herein, we use computational approaches to investigate the
mechanism by which Sn-β is synthesized via SSI. We build on
previous work that combined in situ and DFT studies to
elucidate the mechanism of Sn incorporation.33 In this work,
we focus efforts on three key stages of SSI identified previously,
namely, Sn(II) acetate incorporation, acetic acid ketonization,
and Sn oxidation.

2. COMPUTATIONAL DETAILS
Periodic DFT calculations were performed with the “Fritz
Haber Institute ab initio molecular simulation” (FHI-aims)
software package, which is an all-electron, full-potential
electronic structure code, and is suitable for periodic and
nonperiodic systems.51 FHI-aims uses numeric atomic orbitals
(NAOs) and calculations were performed using a “light” basis
set of the 2010 release. The light basis set is equivalent to a
double-numerical (DN) with polarization basis set and was
chosen due to its converged accuracy and computational cost
in benchmark testing (Figure S1A). The generalized gradient
approximation of Perdew−Burke−Ernzerhof, reparametrized
for solids (PBEsol), was used as the exchange-correlation
functional,52 along with the method of Tkatchenko−Scheffler
to account for dispersion corrections, which is a pair-wise
additive approach to include van der Waals interactions within
the system.53 PBEsol+TS displayed good comparative

Figure 1. (A) Unit cell of zeolite β (BEA) along with the 9 distinct crystallographic tetrahedral (T-) sites labeled. Red and beige atoms represent O
and Si, respectively. (B) QM/MM cluster model of Sn-β. Red, beige, white, and green atoms represent O, Si, H, and point charges, respectively.
(C) Cross section of the cluster depicting regions of the cluster model treated by different theory. Purple, yellow, blue, and green spheres represent
QM region, active MM region, frozen MM region, and point charges, respectively.
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performance in our benchmark testing (SI, Table S1).
Calculations were performed with a converged Monkhorst−
Pack k-point54 sampling grid of 2 × 2 × 2 (Figure S1B). Self-
consistent field (SCF) convergence was deemed complete
when the change in electron density was below 10−6 e/a03.
Calculations were performed spin-restricted and using the
zeroth order regular approximations (ZORA) for relativistic
treatment.55

Structural models were managed using the Atomic
Simulation Environment (ASE) Python library.56 An initial β
unit cell (Figure 1A) was created from the structure first
characterized by Newsam (192 atoms, a,b = 12.632 Å, c =
26.186 Å),57 and full geometry and unit cell optimizations were
performed using the Broyden−Fletcher−Goldfarb−Shanno
(BFGS) algorithm58−61 with convergence reached when the
forces on all atoms are less than 0.01 eV Å−1. Subsequent
geometry optimizations of atomic coordinates (i.e., fixed cell)
were performed on β-type structures along the SSI reaction
scheme using the same algorithm and convergence criteria.
Transition state structures and minimum energy pathways

were identified using a machine learning nudged elastic band
(ML-NEB) method, implemented in the CatLearn Python
library.62 The ML-NEB approach uses a Gaussian process
regression to evaluate uncertainty estimates of all images in a
reaction pathway and sets the uncertainty to be a criterion for
convergence. Framework atoms not directly involved in the
reaction pathway were frozen, as benchmarking showed the
choice did not influence the reaction profile. Convergence was
achieved when the average uncertainty in the interpolated
pathway was below 0.05 eV and the force on individual atoms
was below 0.05 eV Å−1, as deemed sufficiently accurate in
benchmark testing (Figure S2).
To complement the periodic DFT, where stated a hybrid

quantum mechanics/molecular mechanics (QM/MM) ap-
proach was used to calculate energetics and properties of β
with higher-level hybrid-DFT and QM methods, using the Py-
ChemShell package.63 Spherical embedded-cluster models of
the Sn-β active site were created from the optimized unit cell
of β (i.e., as used for periodic DFT studies) and centered
around the symmetry distinct T2 position, for continuity with
periodic modeling (Figure 1B).
The embedded-cluster models were treated by two levels of

theory during calculations; a central QM region, which is the
chemically active site of the model, and an encapsulating MM
region, where long-range structural and electrostatic treatments
are implemented to ensure correct bulk representation (Figure
1C). For the purposes of geometry optimizations, the MM
region was subdivided into two regions: inner and outer MM
regions, where atoms are free to move or constrained during
optimizations, respectively. During calculations, the central
QM region was defined as being up to the fifth nearest
neighbors from the central atom (Figure S3), and the inner
and outer MM regions extended to a radius of 10.5 Å (20 a0)
and 26.5 Å (50 a0) from the central atom, respectively, where
the latter is the radius of the entire cluster. These settings are
aligned with prior QM/MM work on zeolite systems.44,64,65

The total number of atoms in the Sn-β cluster models was
3829, with 56 QM atoms, and 225 inner MM atoms (Figure
1B). All atoms in the QM region and the inner MM region
were unconstrained during geometry optimization.
During QM/MM calculations, terminal oxygen atoms at the

edge of the QM region were saturated with hydrogen atoms,
where these “link” atoms ensure correct valency for the

terminal atoms; bond-dipole corrections are also added at the
boundary to ensure an accurate electrostatic-embedding
potential.66 Models for Sn insertion reactions were “trans-
posed” from periodic models into the Sn-β cluster model, i.e.,
the starting structures were identical in both periodic and
embedded-cluster models. For the transposition, all atoms
within the embedded-cluster QM region were given the exact
configuration of the periodic model, ensuring consistent
energies with that of the periodic bulk systems (Figure S4).

To verify the accuracy of our QM/MM configuration, the
energy of the QM region was calculated initially using PBEsol
with the Tkatchenko−Scheffler dispersion correction (PBEsol
+TS), i.e., matching the periodic DFT calculations. Results
were proven commensurate to 0.10 eV (Figure S4).
Subsequently, the hybrid-DFT PBE0 functional67 was used
with the TS correction (PBE0+TS), as well as second-order
Møller−Plesset perturbation theory (MP2).68 All other QM
calculation settings were identical to periodic models. The MM
energy was calculated using GULP,69 employing the forcefield
of Hill and Sauer,70,71 with the coordination-dependent
charges in the original forcefield replaced with fixed point
charges of 1.2 and −0.6 e for Si and O, respectively, as
parameterized by Sherwood et al.66 Geometry optimizations
were performed using DL-FIND72 as implemented within the
Py-ChemShell package, using the limited memory BFGS (L-
BFGS) algorithm. Structural convergence was assumed when
the force on the atoms in the active QM and MM region were
below 3 × 10−4 Ha/a03 (0.01 eV Å−1)

To account for our atom-centered basis set, a basis set
superposition error (BSSE) was calculated. The energies of
Sn(II) acetate in the presence, EA(A‑Zeol), and absence, EA(A), of
the deAl-β basis functions were compared to the energy of
deAl-β in the presence, EZeol(A‑Zeol), and absence, EZeol(Zeol), of
the Sn(II) acetate basis functions. The energy of the BSSE,
E(BSSE), was calculated via

(1)

With the “light” basis set, the BSSE for PBEsol+TS, PBE0+TS,
and MP2 was calculated to be in the range of −0.03 to −0.06
eV (SI, Table S2), which is considered the error bar for each
QM method going forward.

3. RESULTS AND DISCUSSION
3.1. Sn(II) Coordination and Acetate Dissociation.

Early stages of SSI involve the grinding of Sn(II) acetate with
deAl-β, which occurs prior to heat treatment. Initially, Sn(II)
acetate must coordinate with the dealuminated framework in
order to facilitate the subsequent transformation of Sn(II)
acetate into the active Sn(IV)-β catalysts. Experimental studies
report the formation of a silanol nest after dealumination with
HNO3,

27,33,73 where there are four silanol moieties with which
the Sn(II) acetate can interact (Figure 2). The silanol nests
occur on the distinct crystallographic T-sites previously
occupied by Al; the nature and stability of these silanol nests
in different crystallographic locations, along with doped
heteroatoms within the framework, is widely discussed within
the literature.25,37,74,75 Previous modeling efforts have focused
on Sn-β with Sn incorporated on the T2 site,37,39,40,42,46,47

which has been reported as the most energetically favorable
site for Sn substitution and with highest Lewis acidity.
Furthermore, studies have reported the stability of T2 for Al
occupation,47 and since the hydroxyl nests of the dealuminated
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framework are dependent on the sites previously occupied by
Al, this strengthens the argument for modeling at the T2 site,
which we pursue here. In addition, previous studies have
reported that lower Sn loadings (<5 wt %) directly lead to
active site formation, and although higher Sn loading achieves
isomorphous substitution, this is accompanied by the co-
formation of extra-framework Sn species that are not
catalytically active.33 Therefore, in this work, we model one
Sn atom per unit cell with a Sn to Si ratio of 1:63, consistent
with experimental findings.
Experimental studies33 report a change in the coordination

of Sn(II) acetate from bidentate to monodentate upon
interaction with silanol groups of the deAl-β framework,
while retaining a coordination number of 4, which we use as a

foundation for our modeling. Additionally, our initial Sn(II)
acetate model is a distorted trigonal bipyramidal due to a lone
pair on the Sn atom, which is consistent with experimental
studies (Table S3).76 Sn-oriented adsorption of Sn(II) acetate
onto silanol oxygen Oa is favorable with an adsorption energy
(Eads) of −0.40 eV in periodic DFT. Upon interaction with Oa,
one acetate ligand changes from bidentate to monodentate
(Structure 1a, Figure 3A), which conserves the coordination
number; from this configuration, the most accessible reaction
is H transfer from a framework silanol to the monodentate
acetate ligand (Structure 1b, Figure 3A). H transfer from the
hydroxyl group of the framework stabilizes the monodentate
configuration, which has a reaction energy (ΔE) of −1.26 eV
and an activation energy barrier of 0.20 eV. The monodentate
Sn(II) acetate is stabilized through coordination with 2
hydroxyl species in the framework, with a Sn(II)−O distance
of 2.33 Å. From this configuration, further H transfer from a
framework silanol to the second acetate ligand occurs, with a
ΔE of −0.04 eV (i.e., exothermic), and forms Sn(II)-bound
acetic acid and a shorter direct Sn(II)−O framework bond of
∼2.20 Å (Structure 2a, Figure 3A). Evaluation of the kinetic
barriers shows that the second H transfer occurs with the
lowest barrier via a concerted mechanism, with an activation
energy barrier of 0.18 eV (Figure 3A), and the hydrogen
shuttling between hydroxyl species leads to a rearrangement of
the silanol nests (Figure 3B). As the H transfer occurs, Sn(II)
acetate converts fully from a bidentate to monodentate
coordination. The H transfer from the zeolite framework to
acetate ligand stabilizes a monodentate conformation; the
acetic acid ligand is 3.14 eV more stable than monodentate

Figure 2. Silanol groups around the T2 position of BEA. Labels Oa,
Ob, Oc, and Od represent the oxygen species in each of the hydroxyl
moieties present. The red, beige, and white atoms represent O, Si, and
H, respectively.

Figure 3. (A) Relative energy (ΔE) profile for the transformation of acetate ligand from bidentate (Structure 1) to monodentate (Structure 2) via
TS1, with acetic acid formed via the transfer of H from a silanol of the framework onto the acetate ligand. Energies are calculated using periodic
DFT. Insets show the structures at each respective geometry. (B) Scheme showing the concerted movement of H during the reaction, resulting in
rearrangement of the remaining silanol moieties and H transfer from the framework onto the acetate ligand to form Sn-bound acetic acid, where the
resultant Sn−Ox distances are also noted. Red, beige, white, black, and gray atoms represent O, Si, H, C, and Sn, respectively.
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acetate alone (Figures 4 and 5). The transfer of H from the
framework to the acetate ligand, forming acetic acid, provides a
pathway toward the incorporation of Sn(II) into the zeolite
framework. Furthermore, opening up an acetate ligand, i.e.,
transformation from bidentate to monodentate, in the β
framework pore while uncoordinated to the silanol nest, and
without H transfer, has a kinetic barrier of 0.80 eV (Figure S5),
which is higher than the opening of the acetate ligand with the
adsorbed Sn(II) acetate (0.18 eV). Therefore, the interaction
with the framework greatly reduces the kinetic barrier for
transformation between bidentate to monodentate Sn(II)
acetate.

Studies have reported that the pKa of acetic acid as 4.76,77

where reports in the literature have also noted the tunable pKa
of silanol groups in zeolites.78−81 The pKa of a silanol group
can be lowered to ∼4.5 when in close proximity to other
silanol groups i.e., a silanol nest.79,80 The literature therefore
supports the simulation results in this work, where protonation
of the acetate moieties by the silanol nest is observed.
Furthermore, studies have also reported the stabilization of
deprotonated silanols, which can lead to higher acidity.82,83

This is in contrast to orthosilicic acid, which has a higher pKa
of 9.5,84 suggesting that silanol groups in close proximity to
each other, as with the silanol nest in deAl-β, can display high
levels of acidity and plausibly protonate an acetate moiety to
facilitate the formation of acetic acid as observed in simulations
and in experimental studies of SSI.33

Furthermore, QM/MM results using MP2 indicate that the
conversion from the bidentate Sn(II) acetate to structure 2a
(Figure 3A) is notably exothermic with a ΔE of −3.21 eV
(Figure S6 and Table S4), suggesting the formation of a
monodentate species interacting with silanol groups of the
frameworks is very favorable. The observation is most likely
due to the formation of hydrogen bonding interactions
between structure 2a and the β framework, which is absent
in the case of the bidentate configuration. Moreover, energies
calculated with MP2 are more exothermic than with periodic
DFT, which is attributed to the higher accuracy of MP2 for
describing these stabilizing interactions between the framework
and the acetic acid ligands of structure 2a.

The framework-coordinated Sn(II) center can have
monodentate acetate/acetic acid ligands with a variety of
structures, as illustrated in Figure 4. The transfer of two H
atoms from the silanol nest, as is necessary to stabilize the
Sn(II) species on the framework, may result in hydrogenation
of the carbonyl (C�O) bond or the single (C−O) bond,
which creates a [Sn(II)−O−C−R] connection as with
structure 5 (Figure 4F, ΔE = 0.11 eV) or a [Sn(II)−(OH)−
C−R] connection, structure 3a (Figure 4C, ΔE = 0.71 eV),
respectively; however, a mix between both [Sn(II)−O−C−R]
and [Sn(II)−(OH)−C−R] connections, which we label
structure 2a (Figure 4A, ΔE = 0.00 eV), is identified as the
most stable arrangement with periodic DFT.

Once formed, the release of acetic acid from the Sn may
readily occur. As reported in previous work,33 the separation of
the acetic acid ligand bound through a [Sn(II)−(OH)−C−R]
connection has an activation energy (Eact) of 0.66 eV in
periodic DFT, which is lower than for the [Sn(II)−O−C−R]
alternative (0.73 eV), i.e., the acetic acid ligand bound to the
Sn through [Sn(II)−O−C−R] is more facile to remove
(Figure 6). In this work, while considering the complete
release of both acetic acid ligands, it is found that for structure
2a, the dissociation of the second acetic acid moiety is more
facile, with a kinetic barrier of 0.56 and 0.54 eV for the
[Sn(II)−(OH)−C−R] and [Sn(II)−O−C−R] connections,
respectfully. Thus, the dissociation of the acetic acid moiety is
overall easier and, given the relatively low kinetic barriers
observed (<1 eV), it can be assumed that the formation of free
acetic acid is facile under the reaction conditions of the heated
stages in SSI (550 °C in N2 with a ramp rate of 10 °C/min)
where acetic acid formation is detected,33 leading to
strengthened interactions initially observed between Sn(II)
and the β framework. Considering the release of acetic acid is
an endothermic process with an overall ΔE of 0.90 eV (Figure
5), the reformation of an acetic acid moiety is also plausible. In

Figure 4. Permutations for bound acetic acid/acetate ligands, with
structure number provided and stability (ΔE) relative to the lowest
energy configuration. Energies are calculated using periodic DFT. In
all cases, bonding to the framework occurs via the silanol nest;
additional interactions are described for the labeled figures herein:
(A) Bound Sn(II)(CH3COOH)2 with additional framework inter-
action via a [Sn(II)−(OH)−C] and a [Sn(II)−C−OH] connection.
(B) Bound Sn(II)(CH3COOH)2 with additional framework inter-
action via a [Sn(II)−(OH)−C] and a [Sn(II)−C−OH] connection
with a rotated acetic acid moiety around the Sn(II)−O−C bond. (C)
Bound Sn(II)(CH3COOH)2 with additional framework interaction
via a [Sn(II)−(OH)−C] connection. (D) Bound Sn(II)-
(CH3COOH)2 with additional framework interaction via a [Sn-
(II)−(OH)−C] connection with a rotated acetic acid moiety around
the Sn(II)−(OH) bond. (E) Sn(II)(CH3COO)2 with no additional
interactions. (F) Bound Sn(II)(CH3COOH)2 with additional frame-
work interaction via a [Sn(II)−C−OH] connection. Red, beige,
white, black, and gray atoms represent O, Si, H, C, and Sn,
respectively.
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that regard, given the small endothermic nature of the process,
the heated reaction conditions, the potential entropic gains
from the formation of molecular acetic acid, and that molecular
acetic acid is a product observed during experiment, the
formation of acetic acid can be identified as a key mechanistic
step, and further kinetic modeling would be a valuable next
step in the study.
In addition to structure 2a, another conformer exists when

bonded to the Sn(II) center, structure 2b (Figure 4B), where
the relationship between both conformers can be described as
similar to cis and trans substituents, as the conversion from 2a
to 2b is through rotation around the Sn−O bond of the bound
acetic acid ligand (Figure 6). Similarly, structure 3a has a
conformer, 3b, which is also accessed through the rotation of
the Sn−O bond (Figure 4D). The rotation of structure 2a to
2b has no kinetic barrier but is endothermic with a reaction
energy of 0.46 eV (Figure 7) using periodic DFT, which
suggests the facile interconversion between both conformers.
QM/MM calculations with MP2 indicate that the conversion
between 2a and 2b has a ΔE of −0.04 eV (Figure S6 and Table
S4), which is slightly exothermic and contrasts with the results
with periodic DFT. The calculated discrepancy could again be
attributed to the ability of high-level methods such as MP2 to

describe stabilizing interactions, owing to a more accurate
treatment of electronic structure. Furthermore, the conversion
between both conformers 2a and 3b is thought to be facile
given the low energy nature of the process (<1 eV).

When investigating the role of acetic acid conformation on
dissociation from the metal center, both the conformers 2b and
3b have lower kinetic barriers than 2a, being 0.00 and 0.03 eV
with periodic DFT for dissociation from structures 3b and 2b,
respectively. The lower energy barrier to form free acetic acid
from the [Sn(II)−(OH)−C−R] connection in 3b is consistent
with the observations for conformer 2a. Overall, as conformers
2b and 3b have lower kinetic barriers for acetic acid
dissociation, the conversion from 2a to 2b may be a necessary
step; however, entropic effects may also be a factor.

While considering the properties of the conformers, the
interconversion of conformer 2b to 3b was considered via a H
transfer mechanism. The process has a high kinetic barrier of
1.23 eV (Figure 7) with periodic DFT; the barrier can be
substantially lowered to 0.29 eV if H2O is considered present,
as H shuttling facilitates the reaction (Figure S7). However,
given the high kinetic barrier for H transfer across the acetate
ligand, and the assumed dehydrated nature of the framework,
the conversion between 2b to 3b is deemed unlikely given the
lack of heating in the grinding stages of SSI (which occurs at
room temperature).

3.2. Acetic Acid Ketonization. Acetic acid has been
demonstrated as a facile product during Sn coordination to the
β framework, but experiments report that both carbon dioxide
and acetone are produced during the heating stages of SSI,
which suggests that acetic acid may react further post-
dissociation.33 Although the formation of acetic acid has
been demonstrated as essential mechanistic steps for the
incorporation of Sn into the β framework, the ketonization of
acetic acid is not thought to play a direct role in Sn

Figure 5. Graph of the reaction energies (ΔE) and kinetic barriers (Eact) for the dissociation of the [Sn(II)−O−C(OH)CH3] (black) and
[Sn(II)−(OH)C(O)CH3] (green) acetic acid ligands from structure 2a. Energies are calculated with periodic DFT. The x-axis represents the
reaction coordinate, with numbers given in blue to identify the structural intermediates. Insets: visual representation of the structural intermediates,
with structure numbers as labeled. Sn−O interatomic distances are given reported in angstrom (Å). Red, beige, white, black, and gray atoms
represent O, Si, H, C, and Sn, respectively.

Figure 6. Scheme depicting the conversion of structure 2a to 2b via
rotation of the Sn(II)−O bond, and conversion of 2b to 3b via H
migration.
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incorporation but provides information on the product
distribution observed during SSI by TPD-MS. Experimental
studies indicate that the mechanism for ketonization is
dependent on the initial Sn(II) acetate loadings, where Sn
loadings ≥5 wt % are proposed to present adjacent acetate

moieties that could undergo ketonization. However, for lower
Sn(II) acetate loadings studied in this work, the absence of
adjacent Sn(II) acetate groups necessitates the consideration
of other pathways for CO2 and acetone formation.
Furthermore, the ketonization of acetic acid in zeolites,

Figure 7. Graph of the reaction energies (ΔE) and kinetic barriers (Eact) for conversion of structure 2a to 2b via rotation, and transformation of
structure 2b to 3b via hydrogen migration, with subsequent dissociation of acetic acid moieties. Energies are calculated with periodic DFT. Insets:
visual representation of the structural intermediates, with structure numbers as labeled. Sn−O interatomic distances are reported in angstrom (Å).
Red, beige, white, black, and gray atoms represent O, Si, H, C, and Sn, respectively.

Figure 8. Graph of the reaction energies (ΔE) and kinetic barrier (Eact) for ketonization of acetic acid to acetone and carbon dioxide across Lewis
acid Sn(II) site. Energies are calculated with periodic DFT. Insets: visual representation of the structural intermediates, with structure numbers as
labeled. Red, beige, white, black, and gray atoms represent O, Si, H, C, and Sn, respectively.
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producing acetone and carbon dioxide, is well reported in the
literature;85,86 however, the ketonization reactions typically
occur over Al T-sites in Brønsted acid zeolites87 and these sites
are not readily available in the SSI due to the dealuminated
nature of the framework. In the case of synthesizing Sn-β,
alternative pathways for ketonization must be considered,
where dissociated acetic acid molecules could react in the
zeolite pore or over the Lewis acidic Sn center (Figure 8).
The gas-phase ketonization of two acetic acid molecules to

acetone, carbon dioxide and water, has a calculated energy
barrier of 3.86 eV (Figure S8), which is too high to proceed
under normal conditions and suggests that interaction with the
framework is needed to mediate the reaction. Considering the
earlier steps in the mechanism of SSI, where the formation of
acetic acid from acetate via hydrogenation is facile, it is
interesting to consider the reverse process where acetic acid
could dehydrogenate to reform an acetate species, which is
barrierless, and then interacts with the Lewis acid Sn(II) site
(Figure 8). Subsequent scission of the acetate C−C bond
occurs to produce carbon dioxide and a Sn-bound methyl
group; the methyl group then reacts with a second acetic acid
molecule, forming acetone over the Sn site, which dissociates
leaving a Sn(II)−OH species. A maximum kinetic barrier of
1.06 eV (Figure 8) is calculated on this pathway when using
periodic DFT. The Lewis acidity of the Sn site further supports
the plausibility of this pathway, and the lower transition state
energy relative to the gas-phase transformation indicates that
the formation of acetone over the Sn is more feasible,
especially considering the temperature conditions at this stage
of the process (≥325 °C). However, for the formation of the
initial acetate species, the endothermic nature of the process
may restrict the thermodynamic accessibility of the product.
Calculations indicate that interaction with Sn alleviates the
barriers for ketonization, but our calculations are restricted to
low concentrations of acetic acid molecules due to our initial

decision to model low Sn(II) acetate loadings. In this regard,
the further exploration of pathways toward the formation of
CO2 and acetone is worth consideration, especially for higher
loadings of Sn(II) acetate where alternative or even competing
mechanics for ketonization may be present.

3.3. Sn Oxidation. Following Sn association with the
zeolite framework, and subsequent ligand removal, the
framework-inserted Sn(II) center (Structure 15) must undergo
a change in oxidation state to form Sn(IV), the catalytically
active state (Structure 16). The high-temperature oxidative
conditions applied in the last stage of the SSI (550 °C in air
flow) are proposed to result in framework dehydrogenation,33

where Sn−(OH)−Si connections are transformed to Sn−O−
Si. As each hydrogen species is removed, the oxidation state of
the Sn increases.

Analysis of the density of states (DOS) in Figure 9 for the
bidentate Sn(II) acetate in the β pore, coordinated Sn with
bound acetic acid ligands (Structure 2a) and coordinated Sn
with free acetic acid (Structure 8), shows that the bands
associated with Sn remain unchanged throughout. The results
indicate that the oxidation state of the Sn(II) is unchanged
through the considered steps and is in contrast to the DOS
structure of incorporated Sn(IV), which is considered a final
product in the SSI process after heating in air flow at elevated
temperatures (i.e., 550 °C), as determined by in situ XAS
studies.33 Additionally, the difference in DOS for framework-
coordinated Sn(II) and Sn(IV) suggests that interaction with
Sn(II) acetate and dissociation of the acetate ligands alone,
leaving the framework-coordinated Sn(II), is insufficient to
form the final catalyst. The observation is in good agreement
with experimental findings, as XAS studies also indicate that Sn
remains in a +2 oxidation state until the final step of SSI, where
compressed air is introduced into the gas feed.33

Periodic DFT calculations indicate that the oxidation of
Sn(II) to form Sn(IV) is slightly endothermic with a ΔE of

Figure 9. Electronic DOS of different stages in synthesis of Sn-β, as calculated with periodic DFT. (A) Free bidentate Sn(II) acetate in the pore of
deAl-β (B) framework-coordinated Sn(II) with acetic acid ligands interacting with the silanol nest (Structure 2a). (C) Framework-coordinated
Sn(II) with the acetic acid dis-coordinated (Structure 8). (D) Sn (IV) incorporated into β framework (Structure 16). A key is provided for the
DOS interpretation, and a dashed vertical line marks the Fermi level.
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0.08 eV. Furthermore, considering first the direct dehydrogen-
ation from Sn(II) in the absence of H2O (Figure 10), to form
Sn(IV), a very large kinetic barrier of 3.26 eV is calculated with
periodic DFT (Figure 11) as reported in previous work;33

however, the inclusion of H2O reduces the kinetic barrier for
oxidation, with the quantity of H2O molecules in the
framework pore affecting the barrier height. Studies in the
literature have examined the role of H2O within zeolites, where
water molecules facilitate H shuttling in the framework, and
have found that H transfer between O atoms around Brønsted
acid sites is mediated by water molecules.88,89 In that regard, it
is interesting to consider the possible role of H2O-facilitated
dehydrogenation in the oxidation of Sn(II) through shuttling
in Lewis acid zeolites, such as Sn-BEA, building on previous
studies on Brønsted acid zeolites, where we assume that H2O
could be introduced to the framework from air during the final
stage of SSI or as residual molecules in the β channel after
heating.
As the amount of H2O in the pore increases, from one to

three molecules, the energy barrier for oxidation decreases

from 1.76 to 1.54 and 1.38 eV for one, two, and three H2O
molecules, respectively (Figure 11). Further addition of H2O
increases the activation energy, where Eact is calculated as 1.58
and 1.84 eV for four and five H2O molecules, respectively
(Figure S9). The H2O molecules clearly facilitate the oxidation
step, due to the improved feasibility of hydrogen shuttling to
produce the H2 product. QM/MM calculations with MP2
(Table S5) indicate that the charge on the Sn center doubles
for oxidation via direct dehydrogenation, showing an increase
in oxidation state from +2 to +4; a similar increase in charge is
seen for the oxidation pathway containing three H2O
molecules, which suggests the latter, more kinetically viable
pathway (with three H2O) also leads to the formation of the
catalytically active Sn(IV) species.

For the dehydrogenation process necessary to form Sn(IV),
the energy as calculated using QM/MM methods (MP2)
indicates that direct dehydrogenation of Sn(II)−OH−Si to
form Sn(IV)−O−Si in the absence of H2O is exothermic, with
a dehydrogenation energy (EdeH) of −0.57 eV (Figure S6 and
Table S4), in contrast to the energy calculated with periodic

Figure 10. Optimized structures for Sn(II)-β and Sn(IV)-β, with stabilized H2O clusters created around the Sn(II) site. Each image is labeled by n,
which represents the number of H2O molecules in the model. The top figures in each case are viewed along the yz-plane for the complete
simulation cell. The bottom figures, which are viewed along the xy-plane, show the change in structure during the conversion of Sn(II) to Sn(IV),
with the production of H2 mediated by H2O (shown in the dashed black boxes). Red, beige, white, gray, and gray atoms represent O, Si, H, C, and
Sn, respectively. Results for n = 0 and n = 3 are reused from ref 33.
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DFT (EdeH of 0.08 eV). The dehydrogenation energy increases
to a marginally endothermic value in the presence of three
H2O molecules (Figure S6, structures 6 and 7), with EdeH of
0.01 eV (Table S4); the maintenance of low reaction energies
and reduced kinetic barriers indicates that a network of H2O
molecules or hydrogen bonds could facilitate the oxidation of
Sn(II) to Sn(IV).
An alternative route for Sn(II) oxidation is through dioxygen

(O2), where previous studies demonstrate that metal sites in
catalytic systems undergo oxidation in this way.90−92 It is
therefore plausible that O2 present in the zeolite pore in the
later stages of SSI (550 °C in air flow) can dehydrogenate the
framework-bound species and facilitate Sn(II) oxidation. In
this mechanism (Figure 12), oxidation occurs in a two-stage
process where O2 coordinates with Sn(II) and forms a bound
−OOH species through H transfer from the Sn−(OH)−Si;
subsequently, further H transfer from the other Sn−(OH)−Si

group leads to the formation of Sn(IV) and H2O2, which can
later decompose to form H2O and O2.

Calculations with periodic DFT (Figure 11) indicate that
coordination of O2 to form bound −OOH (Structure 17 and
18) is marginally exothermic with a ΔE of −0.003 eV and Eact
of 0.26 eV. In the second step, the formation of H2O2 is
exothermic with a ΔE of −2.38 eV and Eact of 0.25 eV. The

Figure 11. Graph of the reaction energies (ΔE) and kinetic barrier (Eact), as calculated with periodic DFT for (A) oxidation of Sn(II) to Sn(IV)
depending on the number (n) of H2O molecules. Insets: transition states for conversion of Sn(II) to Sn(IV), with the production of H2 mediated
by H2O. (B) Oxidation of Sn(II) to Sn(IV) via O2 producing H2O2. Red, white, gray, and beige atoms represent O, H, Sn, and Si, respectively.
Results in (A) for n = 0, 3 are reused from ref 33.

Figure 12. Mechanism for Sn(II) oxidation to Sn(IV) via O2-
facilitated dehydrogenation.
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barriers calculated are relatively low, and more than 1 eV lower
than those observed in the case of H2O-facilitated dehydrogen-
ation. Furthermore, similar to the other oxidation pathways
that consider hydrogen shuttling, QM/MM calculations with
MP2 (Table S5) indicate that the charge on Sn doubles during
dehydrogenation via this pathway. Given the greatly reduced
kinetic barriers observed for oxidation with O2, it is highly
plausible that oxidation by O2 is the pathway for Sn(II)
oxidation to Sn(IV) during this stage of SSI. The simulation
results agree with experimental observations, where the water
content is similar in the N2 and compressed air feeds yet
oxidation is observed only upon the introduction of com-
pressed air, which also has a significant concentration of O2.

31

Following the formation of the Sn-β catalyst, successive
hydration processes are thought to transform the formed
Sn(IV) closed site to an open site, which is considered the
more active catalyst speciation; further hydration can yield
hexacoordinated Sn centers, which have been observed at the
end of heat treatments, and so there is a clear need to
understand the role of H2O in the formation of the Sn(IV)
active site (Figure 10). Studies in the literature suggest that the
formation of an open site occurs through the successive
adsorption of two H2O molecules onto the Sn(IV) site.93

Calculations with periodic DFT indicate that the adsorption of

one H2O onto Sn(IV) is favorable with Eads of −0.47 eV, and is
also confirmed favorable via QM/MM simulations with MP2
(Figure S6, Table S4), where Eads of −0.73 eV was calculated;
however, the adsorption of a second H2O on to Sn(IV) is
unfavorable, with a positive Eads with MP2 of 0.83 eV. The
increase in Eads suggests that the formation of open site
through H2O adsorption may be temperature-dependent, with
the presence of open sites more likely at lower temperatures, as
suggested by previous studies.94

3.4. Key Mechanistic Steps. Considering the role of gas
feed species during the oxidation of Sn(II) acetate, along with
the change in Sn coordination upon grinding and subsequent
formation of acetic acid, it is possible to propose three main
stages in SSI for framework coordination of Sn(II), acetate
removal, and oxidation of Sn(II) to Sn(IV), as shown in Figure
13.

In Figure 13A, interaction with the framework causes the
coordination of Sn(II) acetate to change, converting from bi-
to monodentate, which is facilitated by consecutive H transfer
from the framework to the Sn(II) acetate via low kinetic
barriers of 0.20 and 0.18 eV, respectively, forming an acetic
acid moiety that stabilizes the monodentate structure by 3.14
eV. The separation of acetic acid from the Sn(II) is facile and
readily occurs under the given reaction conditions (Figure

Figure 13. Proposed key stages during the SSI process: (A) Sn coordination, (B) acetic acid removal, and (C) Sn oxidation. All energies are
reported in eV. The structure numbers are given under each image. Red, beige, white, black, and gray atoms represent O, Si, H, C, and Sn,
respectively.
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13B), with barriers below 1 eV; furthermore, these Sn-
dissociated acetic acid molecules can undergo ketonization to
form CO2 and acetone, as observed in experimental studies,
and calculations indicate that interaction with the Lewis acid
Sn site facilitates the reaction by reducing the kinetic barrier
from 3.86 to 1.06 eV.
Following the release of the acetic acid moieties, the

framework-coordinated Sn center must undergo oxidation
from Sn(II) to Sn(IV) to form the active catalyst (Figure
13C). The kinetic barrier for oxidation via direct dehydrogen-
ation is calculated to be high, at 3.24 eV, but a network of H2O
molecules can facilitate dehydrogenation with a reduced
barrier of 1.38 eV with 3 H2O molecules. Alternatively, the
dehydrogenation process may be facilitated by O2 via a two-
step process; in this pathway, O2 coordinates with the Sn(II)
and abstracts each H atom consecutively, as opposed to the
concerted mechanism with H2O, to form H2O2. The kinetic
barriers for the O2-mediated process are greatly alleviated in
comparison to the H2O-facilitated reaction, with small values
of 0.25 and 0.26 eV for the respective steps.

4. CONCLUSIONS
Computational simulation via periodic DFT and embedded-
cluster QM/MM have been used to investigate the mechanistic
steps of Sn-β synthesis via Solid-State Incorporation (SSI).
Initially, the bidentate Sn(II) acetate precursor must transform
into a monodentate structure when interacting with the
framework, which occurs via low kinetic barriers of 0.20 and
0.18 eV. Simultaneously, H transfer from the β framework onto
the acetate ligand forms a bound acetic acid, which is
significantly more stable than monodentate acetate. The
release of the acetic acid from the Sn center occurs with an
energy barrier below 1 eV, though the connectivity between
the Sn and the acetic acid ligand does influence the process;
[Sn(II)−(OH)−R] has a smaller kinetic barrier than [Sn(II)−
O−R] species for structure 2a, with activation energies of 0.66
and 0.72 eV, respectively. Further periodic DFT simulations
show that lower dissociation barriers exist for structure 2b,
which is a conformer of 2a, with [Sn(II)−(OH)−R] and
[Sn(II)−O−R] having kinetic barriers of 0.00 and 0.03 eV,
respectively. Conversion between structures 2a and 2b is
endothermic (ΔE = 0.46 eV), but considered accessible under
reaction conditions, and provides a pathway to the formation
of free acetic acid molecules given the low kinetic barriers for
acetic acid ligand dissociation for both structures.
Experimental studies33 highlight the production of CO2 and

acetone, rather than acetic acid, and thus simulations were
performed to consider ketonization of the acetic acid. The
ketonization of gas-phase acetic acid to form acetone, CO2,
and H2O has a kinetic barrier of 3.84 eV, while ketonization
over the Lewis acid Sn center has a significantly lower kinetic
barrier of 1.06 eV as calculated with periodic DFT. Thus, the
ketonization is concluded to be catalyzed by the Sn centers.
For the framework-coordinated Sn species, analysis of the

electronic density of states (DOS) indicates that the oxidation
state of Sn remains +2 after acetic acid is released, and
additional steps must be required to fully incorporate Sn into
the β framework and form the active Sn(IV) catalyst.
Calculations show that oxidation of Sn(II) to Sn(IV) via
direct dehydrogenation has a high kinetic barrier of 3.26 eV,
but this can be reduced via mediated oxidation processes. Two
facilitated oxidation processes were considered: H shuttling via
H2O molecules, which is a well-established phenomenon

within zeolites, and also O2-facilitated dehydrogenation. For
the H2O-mediated process, a network of three H2O molecules
lowers the kinetic barrier for Sn oxidation to 1.38 eV with
periodic DFT, and QM/MM calculations indicate favorable
interaction of H2O and a closed Sn(IV) site, which is known to
form an open site a possible state for the active catalyst.
However, the O2-mediated approach indicates an energetically
more favorable path for Sn oxidation, where O2 forms H2O2 in
a two-step process, with kinetic barriers of 0.25 and 0.26 eV,
respectively. Further consideration of the effect of H2O and O2
in mechanistic models, and experimental testing, will be
valuable next steps.
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the Mechanochemical Synthesis of Sn-β: Solid-State Metal Incorpo-
ration in Beta Zeolite. Microporous Mesoporous Mater. 2020, 309,
No. 110566.

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://doi.org/10.1021/acs.jpcc.3c02679
J. Phys. Chem. C 2023, 127, 19072−19087

19086

https://doi.org/10.1021/acssuschemeng.1c06989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.1c06989?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s11244-018-1078-z
https://doi.org/10.1007/s11244-018-1078-z
https://doi.org/10.1007/s11244-018-1078-z
https://doi.org/10.1021/jp310433r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp310433r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp310433r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp310433r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jcat.2005.05.023
https://doi.org/10.1016/j.jcat.2005.05.023
https://doi.org/10.1016/j.jcat.2005.05.023
https://doi.org/10.1016/j.molcata.2010.06.014
https://doi.org/10.1016/j.molcata.2010.06.014
https://doi.org/10.1016/j.molcata.2010.06.014
https://doi.org/10.1002/chem.200500487
https://doi.org/10.1002/chem.200500487
https://doi.org/10.1002/chem.200500487
https://doi.org/10.1021/cm300861e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cm300861e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp709846s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp709846s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp709846s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.molcata.2012.07.013
https://doi.org/10.1016/j.molcata.2012.07.013
https://doi.org/10.1016/j.molcata.2012.07.013
https://doi.org/10.1039/C6FD00010J
https://doi.org/10.1039/C6FD00010J
https://doi.org/10.1002/anie.201601534
https://doi.org/10.1002/anie.201601534
https://doi.org/10.1021/jp512269s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp512269s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp512269s?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b09815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpcc.5b09815?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.7b00711?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9CY01803D
https://doi.org/10.1039/C9CY01803D
https://doi.org/10.1039/C9CY01803D
https://doi.org/10.1039/D0GC01031F
https://doi.org/10.1039/D0GC01031F
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1016/j.cpc.2009.06.022
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.100.136406
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevLett.102.073005
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1103/PhysRevB.13.5188
https://doi.org/10.1063/1.467943
https://doi.org/10.1063/1.467943
https://doi.org/10.1088/1361-648X/aa680e
https://doi.org/10.1088/1361-648X/aa680e
https://doi.org/10.1098/rspa.1988.0131
https://doi.org/10.1093/imamat/6.1.76
https://doi.org/10.1093/imamat/6.1.76
https://doi.org/10.1093/comjnl/13.3.317
https://doi.org/10.1090/S0025-5718-1970-0258249-6
https://doi.org/10.1090/S0025-5718-1970-0258249-6
https://doi.org/10.1090/S0025-5718-1970-0274029-X
https://doi.org/10.1090/S0025-5718-1970-0274029-X
https://doi.org/10.1103/PhysRevLett.122.156001
https://doi.org/10.1103/PhysRevLett.122.156001
https://doi.org/10.1021/acs.jctc.8b01036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jctc.8b01036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C8CP06736H
https://doi.org/10.1039/C8CP06736H
https://doi.org/10.1039/D1CP02535J
https://doi.org/10.1039/D1CP02535J
https://doi.org/10.1039/D1CP02535J
https://doi.org/10.1039/a701790a
https://doi.org/10.1039/a701790a
https://doi.org/10.1063/1.478522
https://doi.org/10.1063/1.478522
https://doi.org/10.1088/1367-2630/14/5/053020
https://doi.org/10.1088/1367-2630/14/5/053020
https://doi.org/10.1088/1367-2630/14/5/053020
https://doi.org/10.1039/a606455h
https://doi.org/10.1039/a606455h
https://doi.org/10.1021/j100055a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100055a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100055a032?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100023a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100023a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/j100023a036?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9028968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp9028968?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.micromeso.2020.110566
https://doi.org/10.1016/j.micromeso.2020.110566
https://doi.org/10.1016/j.micromeso.2020.110566
pubs.acs.org/JPCC?ref=pdf
https://doi.org/10.1021/acs.jpcc.3c02679?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(74) Bare, S. R.; Kelly, S. D.; Sinkler, W.; Low, J. J.; Modica, F. S.;
Valencia, S.; Corma, A.; Nemeth, L. T. Uniform Catalytic Site in Sn-
β-Zeolite Determined Using X-Ray Absorption Fine Structure. J. Am.
Chem. Soc. 2005, 127, 12924−12932.
(75) Wolf, P.; Valla, M.; Rossini, A. J.; Comas-Vives, A.; Nuñ́ez-
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