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Abstract

This study presents a comprehensive periodic DFT analysis of Sn-, Ti-, Zr-, and
Hf-doped Beta zeolites, materials known for their versatile catalytic properties in sus-
tainable chemical processes. We focus on assessing the stability of closed versus open
sites which is crucial to monitor the nature of the active sites under relevant conditions
for analysis and catalysis. Using first-principles thermodynamics, we find that closed
sites are stable under low water pressure and high temperature but over stability (T, P)
domain that depend on the nature of the metal and on its location in the framework.
Our findings also offer novel insights into water adsorption in zeolites with respect
to earlier proposals by favoring scenarios with undissociated HyO. The evaluation of
Lewis acidity, quantified by pyridine adsorption, shows various acidity levels across dif-
ferent T sites, with T6 (following the polymorph B terminology) showing the strongest
and T9 the weakest Lewis acidity. Titanium (Ti) is identified as having the weakest
Lewis acidity among the studied dopants. A subtle interplay between electrostatic
field and bonding energy terms is shown to be correlated with this behaviour. This

study improves the molecular understanding of zeolite stability and catalytic behavior,



providing valuable insights for the development of advanced catalysts in sustainable

chemical processes.
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1 Introduction

Since their initial identification in the 18" century by renowned Swedish mineralogist Axel
Fredrik Cronstedt, zeolites have played a pivotal role in advancing the areas of adsorption
and catalysis.! These unique crystalline microporous aluminosilicates are noted for their
intricately arranged tetrahedral frameworks (T sites, where "T” denotes the tetrahedral posi-
tions within the zeolite framework?), forming a complex lattice. This structure, marked by
uniform micropore formations, is essential for efficient molecular sieving,®* ion exchange,®
and catalysis® ! establishing zeolites as critical components in a wide array of industrial
applications. 1t 14

The integration of metals like Sn (Tin), Ti (Titanium), Zr (Zirconium) and Hf (Hafnium)
into zeolite frameworks has been a breakthrough in catalysis and materials science. 81015717
These modified zeolites show exceptional catalytic abilities and stability, suitable for numer-
ous advanced applications. Sn-zeolites, especially Sn-Beta, are notable for their superior
catalytic performance in reactions such as glucose isomerization to fructose'® and Baeyer-
Villiger oxidations.!® The creation of Lewis acidic sites by Sn integration is key to their high

20.21 pointed the hydrophobic and oleophilic characteristics

catalytic efficiency. Corma et al.
of Sn-zeolites, boosting their effectiveness in various organic transformations. Ti-containing
zeolites, like Ti-Beta and Ti-Silicalite, excel in oxidation reactions, often employing hydrogen
peroxide as an eco-friendly oxidant. 2223 They play a crucial role in the epoxidation of olefins
and hydroxylation of aromatics.?4?® Zr- and Hf-zeolites, while less explored, show promising
performances in processes such as alkane isomerization and cracking. 2627

Focusing on the metal insertion in T positions within zeolite frameworks, a considerable
amount of research, both experimental and theoretical, has been conducted. Most of the
experimental studies focused on Beta zeolites as a mixture of polymorphs A and B with
Sn insertion. Bare et al.?® synthesized Sn-Beta zeolite using the fluoride synthesis route.

They identified the T5 and T6 sites in six-membered rings (following the terminology of

the T sites of the polymorph A) as predominant locations for tin (Sn) in zeolite Beta by



Extended X-ray Absorption Fine Structure (EXAFS) spectroscopy, moving away from the
earlier notion of random metal insertion demonstrated in the case of Ti-silicate-1.2 If a T5
(or T6) site is occupied by Sn, the corresponding T5 (or T6) site on the opposite side of
the six-ring is always occupied by Sn. Kolyagin et al.,?* identified a distinct preference for
Sn to occupy the T1 and T2 positions in the Sn-Beta zeolite framework. This observation
was made for Sn-Beta zeolites synthesized using an alkaline hydrothermal synthesis method
with a doped precursor approach. The study utilized advanced techniques such as EXAFS
and 19Sn Magic Angle Spinning Nuclear Magnetic Resonance (MAS NMR) to pinpoint the
location of Sn within the zeolite structure.

From a theoretical point of view, studies have predominantly focused on polymorph A
of the Beta zeolite. Wolf et al.,3! Shetty et al.,?? and Wang et al.,?® by Density Functional
theory (DFT) calculations, have provided valuable insights into Sn’s favored sites within
polymorph A confirming the stability of T1 and T2 substitution sites. In addition, the
theoretical studies complement the experimental findings by offering detailed insights into
heteroatom substitution including elements such as Ti, Sn, Hf, Zr, and Ge in different
types of zeolites. Montejo-Valencia et al.,?* using DFT calculations and periodic boundary
conditions, delved into the Lewis acidities and hydrothermal stabilities of various zeolites,
including polymorph A and C of the Beta zeolite, FAU and MFI, with Ti, Sn, and Ge.
They quantify a preference for metal substitution at the T1 site in both polymorphs of Beta
zeolite. In a related discovery,® this group identified that polymorph A of Sn-Beta zeolite,
especially with double Sn-substitution, demonstrated the highest Lewis acidity compared to
Sn in FAU, MFI and BEC and Ti in all the zeolites mentioned. Yang et al.?® conducted in-
depth investigations into the siting of Ti, Sn, and Zr heteroatoms in zeolite Beta (polymorph
A) using periodic DFT calculations. Their results indicated a preference for introducing these
heteroatoms at the T2 crystallographic position, with Sn- and Zr-substituted Beta zeolites
exhibiting notably higher Lewis acidity than Ti-Beta. The adsorption of water has been

used as a probe to evaluate the Lewis acidity of heteroatoms at different lattice sites of the



studied Beta zeolite. This study underscored the impact of the crystallographic location
of heteroatoms on Lewis acidity and their interactions with water. Discrepancies in the
literature regarding the most stable T site by theoretical studies may stem from variations
in pseudopotentials (ultrasoft Vanderbilt vs. PAW) and dispersion corrections (DFT-D2 vs.
DFT-D3).

The literature has also discussed the existence of two distinct types of sites within zeo-
lites, commonly referred to as ’closed’” or ’open’ sites, each defined by its unique structural
characteristics. As shown in Fig. 1, closed sites are identified by a tetrahedral geometry in
which the metal is coordinated with four M-O-Si bonds. In contrast, open sites are character-
ized by at least partially hydrolyzed M-O-Si bonds, leading to the formation of M-OH bonds
and nearby Si-OH groups.®” This structural differentiation is known to significantly influence
reactivity, with some studies suggesting that the proximity of Si-OH groups is crucial for
stabilizing intermediates in specific reactions, such as the isomerization of glucose into fruc-
tose. 17183839 Furthering the understanding of open site configurations in Sn-Beta zeolites,
To et al.® proposed based on earlier experimental findings on TS-142 and QM /MM cal-
culations the coexistence of two distinct types of open sites (see Fig. 1): Syn configuration,
when the SiOH group is adjacent to the SnOH group, and Anti configuration, where the
SiOH group is positioned behind the SnOH instead - though this latter notion is referred
to as "inversion” in the cited documents. Josephson et al.#? later conducted an extensive
DFT theoretical study where they explored the transformation of a tetrahedral Sn site into
an open site. Their findings indicate enhanced stability of the Anti configuration compared
to the Syn configuration, a finding supported by Bukowski et al.%* (see Fig. 1). However,
the focus on only Sn as dopant and the exclusion of non-dissociated water molecules in
their analysis raised questions about the energetic relevance of these open sites, providing a
nuanced view of the complex interactions within these zeolite structures.

To delineate the structure, activity, and specificity of close versus open active sites in

Beta zeolites experimentally, techniques like NMR, 31458 Infrared Spectroscopy (IR),4952
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Figure 1: Hydration reaction of the metal substituted zeolite: transition from closed site
characterized by a metal atom (M) coordinated with four framework oxygen atoms to an
open site where the metal atom (M) holds hydroxyl groups (OH). The orientation of OH
groups bonded to Si atoms determines the resultant Syn or Anti configuration of the open
site.

X-ray Photoelectron Spectroscopy (XPS)% % and EXAFS?55¢ were used. Notably, 2D
'H-119Sn D-HMQC MAS NMR spectroscopy has shown that the open and closed sites are
dynamic, with their interconversion being primarily governed by temperature and hydration
conditions. Specifically, at temperatures below 393 K, the zeolites favor the formation or
preservation of open Sn sites, characterized by Sn—OH groups. Two types of open tin sites 6-
coordinated and 4-coordinated associated with hydroxyl groups may coexist, which amount
together to only 17% of all tin sites.®” As the temperature increases to and above 393 K,
these open Sn sites undergo dehydroxylation, transforming into closed Sn sites. Conversely,

rehydration of the zeolite followed by dehydration at a moderate temperature around 393 K



can facilitate the reformation of open Sn sites from closed ones. Wolf et al.3! have provided
significant insights into the dynamic nature of Sn sites in Sn-Beta zeolites, focusing on how
synthesis methods affect their catalytic properties. Employing Dynamic Nuclear Polariza-
tion (DNP) NMR and complementing it with DFT to calculate Chemical Shift Anisotropy
(CSA) parameters, their research offered an in-depth perspective on the nature of sites in
various synthesized Sn-Beta zeolites. After thermal treatment, the majority of these sites
were observed to be ’closed’, characterized by Sn(IV) centers tetrahedrally coordinated to
the zeolite framework. Using ?Sn NMR, they show that T6, T5, and T7 sites were predom-
inant in hydrothermally synthesized Sn-Beta materials. Moreover, interaction with water
could lead to partial hydrolysis of these closed sites, forming hydrolyzed-open sites, resulting
in tri-coordinated Sn(IV) and the formation of Sn-OH bonds. Contrarily, Sn-Beta zeolites
modified post-synthetically through a two-step method are likely to contain a mix of closed
T8 and T5 hydrolyzed-open sites, along with T9 defect-open sites, within their hydrophilic,
defective framework. This comprehensive analysis underscores the importance of zeolite mor-
phology, like hydrophobicity or hydrophilicity, in determining their effectiveness, particularly
in aqueous-phase isomerization of glucose.

Despite considerable advancements in understanding the properties of the M-Beta zeo-
lites, significant gaps remain in our comprehensive understanding, particularly concerning
the structure, stability, and behavior of closed and open sites for Sn and especially other
metals within these zeolites. Unraveling the intricate geometric characteristics and Lewis
acidity of these sites is crucial. This deeper insight is essential for establishing a clear link
between these fundamental properties and their catalytic activity, thereby unlocking their
full potential in a range of applications.

Here, we carry out an extensive periodic DFT investigation which is designed to illuminate
the structure, stability, and Lewis acidity of both closed and open sites in these metal-
substituted zeolites. We focus on the Beta zeolite family, a subject of considerable interest

due to its high thermal stability and its ability to withstand strong acids, making it useful in



catalysis, particularly in the petrochemical.®® %! We systematically examine various possible
structures of open and closed sites in Sn-, Ti-, Zr- and Hf-substituted Beta zeolites at various
T-site positions, and derive a first-principle thermodynamic model to determine the most
stable structures in a set of operating conditions. Finally, we model the adsorption of pyridine

as a probe molecule of Lewis acidity to compare the properties of the different sites.

2 Methods

2.1 Computational details

The computational investigations were carried out using the periodic Density Functional
Theory (DFT) as implemented in the Vienna Ab initio Simulation Package (VASP) ver-
sion 5.6%63 In these calculations, the Projector Augmented-Wave (PAW) method was em-
ployed. %% The number of valence electrons of the different atoms is reported in Table S1.
The exchange-correlation functional was treated within the generalized gradient approxima-
tion (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional,® with a D2 dispersion
correction applied to account for van der Waals interactions.%” The Brillouin zone sampling
was performed at the Gamma point (I").

Beta zeolites usually exist as an intergrowth of three polymorphs. These include chiral
polymorph A (see Fig. S1), achiral polymorph B, and polymorph C, as outlined in prior
researches. 4570 Historically, polymorph A has been extensively explored, but our research
shifts attention to polymorph B. This choice is motivated by the common coexistence of
polymorphs A and B within Beta zeolite, typically in a 60:40 ratio.”™ Polymorph B is par-
ticularly interesting because of its larger unit cell for the same number of atoms, which
fully encompasses the complete pore system (see Fig. 2). This characteristic suggests that
replicating the unit cell for simulation purposes may be unnecessary, potentially simplifying
computational models and offering a more efficient pathway to understanding the zeolite’s

behavior. The initial unit cell parameters and atomic positions for polymorph B of Beta



zeolite with silicon were obtained from the International Zeolite Database.” To form M-
Beta zeolites (M: Sn, Ti, Zr and Hf), one silicon atom was substituted with these metals,
primarily at the T1, T6, and T9 sites, resulting in a unit cell comprising 128 oxygen atoms,

1 metal atom (Sn, Ti, Zr, or Hf), and 63 silicon atoms.
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Figure 2: Three-dimensional framework of Zeolite Beta polymorph B illustrating the spatial
arrangement of atoms within the crystalline matrix. The zeolite’s porous architecture shows
the distribution of different T sites. Each T site, labeled from T1 to T9, is color-coded for
clarity as shown in the figure. The dashed lines delineate the unit cell boundaries within
the crystal lattice. Atom color coding is consistent with common conventions where oxygen
atoms are red and silicon atoms, which may occupy T sites similarly to silicon, are represented
in their respective T site colors. The axes (x, y, z) are shown to provide a reference for the
crystal orientation.

For the optimization of the M-substituted zeolites (hence structures featuring only closed

sites), we employed a three-step geometry optimization procedure™ to ensure the structural



stability and accurate representation of the zeolite structures. In the first step, one of
the Si atom located on one of the T-sites from the Beta structure obtained from IZA was
substituted by a M atom, and the positions of the atoms were relaxed without modification
of the lattice parameters. For this step, we employed a plane-wave cutoff energy of 400 eV,
and convergence criteria of 1077 eV for the self-consistent field (SCF) cycle and of 0.02 eV
A~ for the geometry optimization convergence. In the second step, both atom positions and
cell parameters were allowed to relax with a higher plane-wave cutoff energy of 800 eV, with
a geometry convergence criterion on the energy of the cell of 107¢ eV. We employed a higher
cutoff in this step in order to limit the effects on the total energy caused by the variation
of the cell volume, which induces a variation of the number of plan waves involved in the
calculation. The unit cell parameters for the different T site and metal combinations after
optimization are reported in Table S2. The analysis of unit cell parameters (a, b, ¢, a, 5,
and ) across the different T-sites within zeolites display relatively minor variations (usually
less than 0.5% relative across all combinations of T-site and metal, save for the case of the
¢ axis for T6-Ti for which it is 1%). The final step consists in a geometry optimization at
constant cell dimensions, starting from the output of the second step, with a 400 eV cutoff
and a tighter geometry convergence criterion of 0.001 eV A~!. This last step constitutes the
reference structure and energy at the chosen level of accuracy for a given site model. In the
case of the adsorption of water and pyridine, we fixed the lattice parameters and employed
the same calculation parameters as in the latter step. Subsequent to the final optimization,
frequency calculations were performed to account for vibrational contributions to the Gibbs
free energies. These calculations were conducted at a cutoff energy of 400 eV, following the
finite difference approach to compute the Hessian matrix, with a displacement of +0.01 A
on all atoms of the cell.

Charges were estimated thanks to the approach of Bader.™ 7™ In the spirits of refs., 67"
the electrostatic field was calculated as the linearized gradient of the electrostatic potential

(ionic plus Hartree plus exchange—correlation potential), itself calculated as implemented in
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VASP, in the surrounding of the N atom of adsorbed pyridine (see later in the results part).
To do so, we calculated the local electrostatic potential after removing the pyridine molecule,
while keeping all other geometric features constrained. The gradient was computed between
two points distant by 1 A, in the Metal-N (from pyridine) axis, equidistant from the N

position.

2.2 Reaction energies and free energies

This study comprehensively investigates the reaction energies to understand the stability and
acidity of closed and open sites in zeolites, particularly in their interactions with water and
pyridine molecules. We focus on two primary metrics: electronic energy differences (A, F)
and free energy differences (A, G).

The initial step was calculating the electronic adsorption energy of water (A, Eaqs(H,0))
to assess the stability of closed sites and their transition to hydrated sites. The adsorption of
water in both dissociated (as OH-H pairs) and non-dissociated (as H,O) states was explored
to determine the stability of various configurations.

In general, the electronic adsorption energy, denoted as A, F.qs, was computed using the
formula:

ArEaLds - EZeo@mol - Emol - EZeo (1)

where Eyzeoamol 18 the electronic energy of the zeolite with the adsorbed molecule being
water or pyridine, E,,, is the electronic energy of the molecule in the gas phase, and Ey.,
is the electronic energy of the bare zeolite. F,,, was determined from a separate calculation
where the molecule is placed into a simulation box with dimensions of 40 A x 40 A x 40 A.

After determining A, F.qs, we calculated the Gibbs free energy changes related to adsorp-
tion, denoted as A,Guqs(T,P). This includes detailed internal energy, enthalpy and entropy

considerations. The standard Gibbs free energy change for adsorption, A,G2, (7T'), under

ads
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standard conditions (1 atm) includes these contributions:

ATGO (T) = ATEadS + AT \?ib + A7”]—11?01;4-1:1"&113 - T(ATS\c:ib + AT’Sfot—i—trans) (2)

ads

In this formula, A, F.qs represents the electronic adsorption energy, capturing the change
in electronic energy as the molecule adsorbs onto the zeolite surface. Additionally, A,Ug,

accounts for the change in vibrational internal energy, A, H? represents changes in

rot+4trans

rotational and translational internal energy, T is the temperature in K and the entropy

terms A,Sy,;, and A,.S],

rottrans Teflect alterations in vibrational, rotational, and translational

entropy upon adsorption.
To evaluate the Gibbs free energy change at specific temperature (7') and pressure (P)

environmental conditions, A,G,qs(T, P), we utilized the following formula:

A,Goas(T, P) = A, G2y (T) + RT'In <;) (3)

For water adsorption, configurations up to the saturation point (defined as the maximal
number of water molecules that can either adsorb on M by forming a new M-O bond,
or hydrolyse a Si-O-M bond) were examined, considering sequential adsorption processes
represented by n ranging from 1 to 6. The Gibbs free energy change for each adsorption

step, ArGadsn (T, Pr,0), was calculated as:

ArGads,n(T; PHQO) - GZeo@HQO,n(Ta PHQO) - n- GH2O(T; PH2O> - GZeo(Ta PHQO) (4)

where GZeo@Hzo,n(Ta PHQO) is the free energy of the zeolite with the adsorbed water at
the n-th step of adsorption under conditions 7" and Py,0, Gu,o0(T, Pu,0) is the free energy
of the molecule in the gas phase under conditions 7" and Py, 0, and Gzeo(T, PHQO) is the free

energy of the bare zeolite under conditions 7" and P, 0.
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Predominance diagrams featuring two parameters (7', Py,0) were then constructed using
these results, where at each point the predominant species is that of lowest Gibbs free energy,
thus the most stable. The temperature range considered spanned 290 to 1000 K, and the
water pressure range varied from 107¢ to 1 bar.

The adsorption of pyridine was simulated on closed and open sites. One molecule was
adsorbed to assess the Lewis acidity of the zeolite sites. The same methodology was ap-
plied to calculate the electronic adsorption energy (A, E,qs(Pyr)) and free adsorption en-
ergy (A,Gaas(Pyr)(T, Ppy,)) of pyridine, enabling a comparative analysis across the Beta-M

zeolites and the positions of the M atoms.

3 Results and discussions

3.1 Stability Analysis of T Sites in M-Beta Zeolites

We first aimed at identifying the most stable T site. We adhered to the T site numbering as
defined by the International Zeolite Association. We carried out the complete investigation
with M = Sn.

Specifically, we began with the introduction of Sn atoms into each of the nine distinct T
positions of Sn-Beta, maintaining a Si/Sn ratio of 63. The stability of these sites is reported
in Fig. S2, showing T7 as the most energetically favorable position and T8 as the least stable.
The figure also shows a closely balanced stability profile across the T sites as the difference
between the most and least stable stable is lower than 15 kJ mol~t. On the basis of this small
energetic span between the positions, most sites may thus be considered as having similar
probabilities of existence which is in agreement with previous theoretical studies. 33243

In our study focusing on Beta zeolite polymorph B, we strategically selected T1, T6,
and T9 sites based on insights derived from the seminal work of Kolyagin et al.?® Their

observations allowed for categorizing the tin sites in Sn-Beta materials containing a mixture

of A and B polymorphs, into three distinct groups based on their chemical properties. Group
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[ (assigned to T3, T4, T9 with respect to nomenclature in polymorph A) known for high
Lewis acidity and hydrolyzing ability; Group II (T1, T2, T8 in polymorph A) with low Lewis
acidity but very high hydrolyzing potential; and Group III (T5-T7 in polymorph A), which
are less reactive due to their energetically favorable positions.

In our study, we aimed to choose one representative T site from each group to ensure a
comprehensive analysis. To translate these findings to polymorph B, we established corre-
spondence between the T sites of polymorphs A and B, as detailed in Table S3. Accordingly,
we selected T1 in polymorph B as representative of Group II (corresponding to T2 in A),
T6 for Group I (corresponding to T3 in A), and T9 for Group III (corresponding to T7
in A). This selection allows us to explore a range of catalytic behaviors and reactivities in
the context of polymorph B, enriching our understanding of zeolite properties beyond the

commonly studied polymorph A.

3.2 Water adsorption on metal sites

We then examine the hydration of closed sites. In our approach, we drew inspiration from
the methodology originally proposed by Josephson et al.43 for the adsorption of a single
molecule on Sn, with the added incorporation of non-dissociated water molecules and the
inclusion of metals beyond Sn, such as Ti, Zr, and Hf. We carefully examined the water
adsorption process up to the saturation point with 6 water molecules after which no Si-O-M
bond is left to hydrolyze, vide infra. This comprehensive study allowed us to map out a
large set of open site configurations, both stable and unstable.

As shown in Fig. 3, our results for the T'1-Sn sites show that the adsorption of molecular,
non dissociated water molecule is the most exothermic adsorption mode that we obtained
(A, Faqs(H,0) = —65 kJ mol™'). This is consistent with the findings of Bukowski et al.*!
Their study showed that non-dissociated water adsorption mode on the closed site is ener-
getically favorable, and dissociation on an adjacent oxygen site requires an activation free

energy barrier of 0.75 eV. This suggests a strong interaction between the water molecule
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and the tin site, comparable to the interaction strength between water and aluminum in
aluminosilicate zeolites.”™ The dissociative adsorption modes, either in Syn configuration
where both hydroxyl groups are located on the same half-space with respect to the Sn atom
(A, Fas(HyO) = —41 kJ mol™!) or in Anti configuration (both hydroxyl groups in opposite
half-spaces with respect to the Sn atom, characterized by the Si-O-Sn-OH arrangement, with
A, Eaqs(H,0) = —46 kJ mol™! are significantly less stable. The fact that the Anti config-

uration is more stable than the Syn configuration is in line with previous results from the

43,46,57,79

literature.

4

SR H,0
AE, . (H,0) =-46 ki/mol

Figure 3: Most relevant adsorption modalities of a single water molecule on T1 site with
Sn metal demonstrated through molecular simulations. The first path represents the non-
dissociated adsorption form of water. The second path shows the dissociated state with the
protonated Sn-O-Si bridge positioned diametrically opposite to the SnOH group, indicating
a Anti configuration. The third path illustrates the Syn adsorption mode, where both
the protonated Sn-O-Si bridge and the SnOH group are on the same side. In the specific
dissociated adsorption configurations shown, Si-O-Sn hydrolysis does not take place, the Si-
O-M bridge being simply protonated, and the bridge maintained. The atom color coding is
as follows: hydrogen (H) is white, oxygen (O) is red, silicon (Si) is yellow, and tin (Sn) is
dark grey.

This result is qualitatively very general, as we reach similar conclusions for each T-site
(T1, T6 and T9) and each metal (Sn, Ti, Zr, Hf) under investigation (see Table S4). We thus

observed a clear energetic preference for the adsorption of non-dissociated water molecules
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across all metals.

Most of the time, the dissociative adsorption mode does not form a truly open site,
as the hydration does not lead to the full hydrolysis of a M-O-Si bridge: instead of being
broken, the bridge is simply protonated and the M hydration extends its coordination to
five. Indeed, in the Anti configuration, the metal atoms adopt a pentacoordinated pseudo
bipyramidal geometry, with one M-OH bond significantly longer than the other (typically,
2.36 A vs. 1.99 A for Sn at T1).

We extended our study with an advanced understanding of metal site full hydration by
analyzing the adsorption of up to six water molecules, a scenario not explored in previous
research. For each level of hydration, we analyzed various orientations and adsorption modes
(dissociative or not), identifying the most stable configuration at each step. Table S5 presents
the adsorption energies for the most stable configuration at each hydration level, representing
a selective subset of calculations from a total of around 1944 computations. The data
illustrates a trend where the adsorption energies become increasingly negative, as the number
of water molecules adsorbed rises. This trend is consistent across all three T sites and is
observed for all considered metals, with the exception of Ti at T6. A comparative analysis
of the metals shows that water adsorbs with significantly higher affinity on Hf and Zr, in
contrast to Sn and Ti. The dispersion component values of A, F,qs, as shown in Table S5, do
not explain the differences in hydrophilicity observed among the sites and metals. To probe

80-83 examining the

further into this phenomenon, we conducted a Bader charge analysis,
partial charge distributions of the metals and adjacent oxygen atoms, seeking explanations
for the observed adsorption behaviors. This analysis is visually represented in Fig. S3, with
charges quantified in atomic charge units. For Sn, a partial charge of +2.4 is observed,
with the nearby oxygen atoms carrying a charge of -1.4. In the case of Ti, the metal
exhibits a partial charge of +2.2, and the associated oxygen atoms have a charge of -1.3,

suggesting a marginally weaker ionic bond in comparison to Sn. Conversely, Zr and Hf show

evidence of stronger ionic bonding, with partial charges of +2.6 and +2.5, respectively, and
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an oxygen charge of -1.4, pointing to a nuanced interplay between metal type and adsorption
characteristics.

Fig. 4 shows the different geometries obtained along hydration progression of the T1 site
for all the metals. In the center of the figure, the non-hydrated state (a), the metal is in a

four-coordinate environment, bound to oxygen atoms in the zeolite framework.
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Figure 4: Most favorable structures determined for the progressive coordination of water
molecules (0 to 6) at the T1 site for different metals (M), specifically Sn, Ti, Zr, and Hf.
The metal displayed in each image is indicated in bold. The central image (a) represents the
initial, dehydrated state of the site. Moving outward from the center, each panel (b) to (i)
shows the site with an increasing number of water molecules bonded. The atom color coding
is as follows: hydrogen (H) is depicted in white, oxygen (O) in red, silicon (Si) in yellow,
and the metals (M) are shown in either dark grey or blue sky for distinction.

With the introduction of the first water molecule (b), as mentioned above, all metals
exhibit a preference for the adsorption of non-dissociated water. As we progress to the
adsorption of two water molecules, a divergence appears; Sn, Ti, and Zr (c) favor one non-
dissociated water molecule while the second in a dissociative adsorption mode forming a Anti
configuration. In this case, a Si-O-M bridge is hydrolyzed, with M-O bond breaking, so that
we can qualify the M as an hydrated open site, exhibiting a five-fold coordination. Hf (d),

however, maintains both water molecules in a non-dissociative mode, thus lying in a six-fold
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coordinated state. Introducing a third water molecule (e) unveils a consistent pattern across
all metals, with two non-dissociative and one dissociative Anti configuration, suggesting a
shift towards more complex hydration as the T1 site becomes more saturated. The metal
atom lies in octahedral coordination, explaining that further hydration involves more M-O-Si
bridges hydrolysis. With four water molecules, Sn (f) displays a unique behavior with one
non-dissociative and three dissociative Anti-configured water molecules, whereas the other
metals (Ti, Zr, Hf) (g) show two molecules in non-dissociative adsorption mode and final
water molecule in dissociative Anti-configured mode. With five water molecules, the system
reaches a uniform state across all metals (h), two non-dissociative and three dissociative.
Upon the coordination of six water molecules, each metal—Sn, Ti, Zr, and Hf (i) undergoes
a significant transformation from its initial four-coordinate state bound to oxygen atoms
within the zeolite framework. This stage represents a critical shift where the metals detach
from the zeolitic framework. This detachment is a crucial observation as it signifies the
saturation point beyond which the metal can no longer maintain its position within the
zeolite structure. While this outcome does not come as a surprise considering the steric and
electronic repulsions introduced by multiple water molecules, it has significant implications
for the application of these metal-doped zeolites in catalysis. The detachment of the metal
centers at high hydration levels exposes a limitation in the stability of Lewis acidic sites in
aqueous environments. The findings reported herein for the T1 site are generally transposable
to sites T6 and T9, with only slight variations that do not alter the main conclusions.

Our findings highlight the dynamic nature of metal coordination in zeolites under hy-
dration. The detachment of metals at a six-water molecule state emphasizes the need for a
careful balance in metal doping for Lewis acidity and hydration management.

In light of the preliminary findings, our investigation progressed beyond the initial as-
sessment of electronic energy changes (A, E,qs(H,0)) and we advanced our analysis to the
evaluation of Gibbs free energy (A,Gaas(H,O)(T, P o)), employing first-principles thermo-

dynamics as previously described. In this context, we construct phase diagrams (Fig. 5),
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color-coded to indicate the number of interacting water molecules, to specifically illustrate
the differential stability of these sites. The diagrams represent the most stable structure for

each condition (T, Py,0).
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Figure 5: Different phase diagrams for T1, T6, and T9 sites within a zeolite framework,
comparing the stability of non-hydrated and hydrated states under a range of temperatures
(K) and water pressures (bar). Each row represents a different metal dopant (Sn, Ti, Zr,
and Hf), and each column corresponds to one of the T sites. The diagrams illustrate the
transition between hydration levels from 0 to 3 water molecules (H,O) as denoted by the
color gradient, where deeper shades indicate a higher number of coordinated water molecules.
Models with a number of water molecules adsorbed higher than 3 are included in the model,
but since they are not predominant in any case in the (T,P) range considered, we omitted
the corresponding colour code for these hydration levels.

Considering the T1 site and Sn metal combination (T1-Sn) as an example, we show in
Fig. 5-a that closed, non-hydrated configuration prevails across a wide temperature range
from 300 K to 1000 K at low water pressures. A transition to a hydrated state occurs at

ambient temperature and water pressures exceeding 10~! bar, where T1-Sn site can interact

19



with three water molecules to form an open site with two non dissociated water molecules
and one dissociated water with Anti configuration (see Fig. 4-e).

We then compared the effect of varying the nature of the metal in a given T site, with
the example of T1. In the case of T1-Zr (Fig. 5-c), qualitatively the same hydration states
exist on the diagram, though their stability domains are larger than the case of T1-Sn. T1-
Hf (Fig. 5-d) site accommodates a single non-dissociated water molecule at temperatures
below 500 K with water pressures approaching 107! bar, yet retains its closed structure.
Converging with T1-Sn and T1-Zr, the T1-Hf site requires ambient temperatures and water
pressures exceeding 10~! bar to adopt an open configuration, where it then hosts two non-
dissociated and one dissociated water molecule. T1-Ti (Fig. 5-b) site presents a unique
case; Ti maintains a closed configuration with no interacting water molecules throughout the
entire temperature and water pressure range examined. This indicates a remarkable stability
and resistance to hydration, which could be particularly advantageous for low-temperature
applications where water is a byproduct rather than a reactant.

Next, we compared the T sites for the same metal, Sn. T6-Sn (Fig. 5-e) shows different
hydration behavior compared to T1-Sn. Its phase diagram displays a smaller temperature
range with a stable closed site with 0 water molecule. Around 500 K and moderate pres-
sures, the closed hydrated site configuration that accommodates two non-dissociated water
molecules becomes favored. This distinct feature of T6-Sn sites suggests they have the
capacity to interact with water molecules while maintaining their closed configuration.

T9-Sn site (Fig. 5-i) exhibits a predominance domain of closed, dehydrated site for tem-
peratures above approximately 400 K. As the temperature decreases and pressure increases,
the predominance domain of the closed site with one non-dissociated water molecule emerges,
while at the lowest temperatures and highest pressures studied, a transition to an open site
configuration accommodating three water molecules occurs, similar to T1-Sn.

This comprehensive analysis overall depicts a complex interplay between the dopant

metal, position of the T site, temperature, water pressure, and hydration behavior. T1-Hf
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and T1-Zr sites are more prone to hydration under specific conditions, likely due to the par-
ticular characteristics of Hf and Zr metals that facilitate water adsorption and dissociation.
The moderate hydration interaction observed with T1-Sn suggests potential for a controlled

hydrolytic process, which may be advantageous in certain catalytic reactions.

3.3 Probing acidity with pyridine

In this last part of our discussion, we try to answer a question which is central in our study:
how does the Lewis acidity vary accross T-sites and metals, and how hydration affects the
acidity of each metal in the different T sites 7 We investigated the adsorption of pyridine, a

84,85 under a pyridine pressure (Ppyr) of

typical probe molecule for acid site characterization,
10~* bar and a temperature of 298.15 K, which are representative conditions of adsorption of
pyridine experiments.® % We modelled the adsorption of pyridine on the non-hydrated sites
and the hydrated-sites with non-dissociated H,O and the Anti dissociated H,O. As shown
in Table S6, all the adsorption Gibbs free energies of the pyridine for all the studied sites and
metals are negative, indicating that the adsorption process is thermodynamically favorable
and spontaneous under a pyridine pressure of 10~* bar and a temperature of 298.15 K.

Fig. 6 shows the molecular structures for the different modes of pyridine adsorption on
the non-hydrated and hydrated T1 site for all the metals that we consider.

We begin with the depiction of the T1 site in its non-hydrated form (a) in Fig. 6i. In
this state, the metal atoms (Sn, Ti, Zr, and Hf) are primed for direct coordination with
the nitrogen atom of pyridine. The resulting interaction, demonstrated in (b), confirms
the Lewis acidic nature of the T1 site in its dehydrated form, a characteristic consistently
observed across the T6 and T9 sites under similar conditions.

Transitioning to the hydrated scenarios in Fig. 6ii, we first observe the T1 site coordinated
with a non-dissociated water molecule (c), followed by the outcomes of pyridine adsorption

(d and e). For metals such as Sn, Zr, and Hf (d), the nitrogen atom of pyridine interacts

with the hydrogen atom of the water molecule, and a proton transfer to the pyridine occurs
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Figure 6: Adsorption of pyridine on T1 sites: (i) non-hydrated closed T1 site, (ii) the
closed T1 site with a coordinated non-dissociated water molecule, and (iii) the T1 site
with a dissociated water molecule. The visualizations detail pyridine interaction at the T1
sites across metal dopants (Sn, Ti, Zr, and Hf), emphasizing the variations in molecular
orientation and bonding configuration resulting from the presence and state of water. The
atom color coding is as follows: hydrogen (H) in white, carbon (C) in silver, nitrogen (N)
in blue, oxygen (O) in red, silicon (Si) in yellow, and the metals (M) in either dark grey or
brown for distinction.
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wih the formation of a pyridinium, which typifies Brgnsted acidity. In the case of titanium
(e), the interaction is characterized by hydrogen bonding without proton transfer. Other
modes of adsorption, including the formation of a Lewis acid-base pair through the direct
coordination of pyridine with the metal (thus, to the co-adsorption of water and pyridine
on the same metallic center), are not feasible for Sn and Ti (spontaneous desorption was
observed). In the cases of Zr and Hf, although this process can be optimized, it leads to
significantly reduced stability compared to the Brgnsted adsorption mode, as illustrated in
Fig. S4ii. In Fig. 6iii, we explore the T1 site with a dissociated water molecule (f), followed
by the resultant state after pyridine adsorption (g). In that case, the most favorable mode
of adsorption for all metals consists in the formation of a pyridinium ion after transfer of the
proton from the Si—OH—M hydroxyl group. Adsorption mode such as Lewis acid-base pairs
appears to be less stable (see Fig. S4iii). Thus, hydrated sites, if present, should manifest
upon pyridine adsorption primarily as Brgnsted acid sites. Note that the hydrated site may
still express Lewis acidity provided that the water molecule is displaced by the pyridine
molecule. This exchange has typically a standard reaction free energy of -78 kJ mol~! at
298.15 K in the case of T1-Sn (the other values for the other sites are reported in Table
S7), which means that it is favorable when partial pressures of water and pyridine are the
same. In practice however, the thermodynamic feasibility of such a reaction will depend on
the respective chemical potentials (partial pressures) of pyridine and water.

From Fig. 6i through 6iii, our findings underscore the dynamic interplay between hydra-
tion states and acid properties within Beta zeolite. While the non-hydrated sites (a) demon-
strate the strongest Lewis acidity, the hydrated sites (¢ and f) primarily exhibit Brgnsted
acidity. This multifaceted nature of the T sites, influenced by water association and dissoci-
ation, shows the complex versatility of M-Beta zeolite catalytic sites.

In order to quantitatively compare the Lewis acidity of the various sites, we calculated
the desorption temperature of pyridine as the temperature at which A, Gaas(Pyr) (7, Ppyy)

becomes positive (see Fig. S5). We considered here only the adsorption on the closed sites
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according to the adsorption mode depicted on Fig. 6i, as this is the most probable state of
the sites after usual preparation conditions before experimental measurements (around 723
K and 107 bar),%¢ % see Fig. 5. A stronger Lewis acidity of the site is traduced by a higher
desorption temperature. Our comparative analysis extends to a variety of metals (Sn, Ti,
Zr, and Hf) and focuses on their Lewis acidity at the T1, T6, and T9 sites, as summarized
in Table 1.

Table 1: Desorption temperatures (K) of pyridine across different metals and sites.

Metal/Site | T1 | T6 | T9

Sn 537 | 631 | 470
Ti 370 | 411 | 353
Zr 551 | 581 | 462

Hf 5952 | 606 | 546

Two key observations emerge from the table analysis. Firstly, Ti consistently exhibits
the lowest desorption temperature across all metal and T-site combinations, indicating its
relatively lower Lewis acidity. Secondly, while the Lewis acidity ranking of the other metals
varies depending on the T-site, a consistent pattern emerges within each metal: the desorp-
tion temperatures are invariably lower at the T9 site, suggesting reduced acidity of metal
species at this position. Conversely, the T6 site appears to foster the strongest Lewis acid
sites, with T1 representing an intermediate scenario. Notably, across all evaluated systems,
T6-Sn demonstrates the highest Lewis acidity, whereas T9-Ti shows the lowest. This ob-
servation is in line with previous experimental research, which found that the density and
strength of Lewis acidity induced by metal ion incorporation follow the sequence: Sn-Beta
> 7Zr-Beta > Ti-Beta.? Supporting these findings, Kulkarni et al.?! conducted a theoretical
study on the Lewis acidity and reactivity of Sn- and Ti-substituted Beta zeolites. Their
conclusion, that Sn-Beta exhibits greater Lewis acidity compared to Ti-Beta, corroborates
our results.

To attempt to explain these differences, we carried out a series of additional analysis that

delve into different factors possibly linked to the Lewis acidity between the metals and the
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T sites investigated.

Firstly, we decomposed the adsorption energy into its various components, including
electronic interaction, deformation of each member (zeolite and pyridine) upon adsorption,
and dispersion energy as indicated in the schematic in Fig. S6i. The quantitative mea-
sures of these components are presented in Fig. S6ii. The examination of this decomposi-
tion shows that the main driver is the difference in the electronic interaction energy term,
for which a good correspondence with the desorption temperature is found (see Fig. ST7i),
though this needs to be nuanced. Sn sites have stronger electronic interaction with pyridine
(A, Eprr = —140 to —160 kJ mol™!, versus —130 to —100 kJ mol™! for Zr and Hf, and
—100 to —80 kJ mol~! for Ti), however, the deformation of the site caused by adsorption
is more detrimental (A, Eqef(Zeo) = 60-80 kJ mol~! compared to 30-50 kJ mol™! for the
other metals) which somehow negates the effect of the stronger electronic interaction (see
Fig. S7ii). The dispersion contribution ranges from A, Egispersion = —60 to —80 kJ mol~! for
all species and is not discriminant (see Fig. S7iii).

Fig. S3 illustrates the variations in partial charge distributions for metals at different
T sites, as determined through Bader charge analysis.®%®3 Ti consistently feature a slightly
lower positive charge compared to the other metals, which have among them the same charge
distribution. No difference is observed between the T sites. This overall suggests that charge
distribution alone does not significantly affect the variations in Lewis acidity.

Finally, we calculated the local electrostatic field at the adsorption site. Fig. S7iv shows
the relationship between electrostatic field strength at the adsorption sites and the corre-
sponding desorption temperatures of pyridine. We find that larger electrostatic fields tend
to correspond to higher desorption temperatures of pyridine, with for instance Ti having the
lowest local field than the other metals, and in the cases of Zr and Sn desorption temperature
increases almost linearly with the electrostatic field across the different T-sites. However, the
relationship is not systematically followed and is mostly qualitative, which we may interpret

as a significant contribution though other factors may interfere, as discussed above.
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Our results show that the hydration and Lewis acid properties of a given metal are
significantly affected by the position in the network. This is qualitatively consistent with the

1.3% on Sn-Beta zeolites, and we may compare our results

observations made by Kolyagin et a
with their experimental findings. In their contribution, they distinguished three groups of
sites, labelled Group I, II and III, characterized by their position in the lattice, tendency to
hydrolyze and catalytic activity, which may be related to Lewis acidity. As described above,
they are represented in our study respectively by T6, T1 and T9. Group II is the most prone
to being hydrolyzed, and shows the highest acidity, on par with that of Group I, while Group
ITI shows both low hydrolysis ability and low activity. The results regarding the Lewis acidity
is very consistent with these experimental results, as we found a significantly lower Lewis
acidity for T9-Sn than for the other sites, though we do observe a difference between T1-Sn
and T6-Sn. Regarding the hydrolysis ability, we find roughly similar domains of stability
of hydrolyzed sites for T6-Sn and T9-Sn, but T1-Sn has the smallest domain comparatively
(see Fig. 5). This is not consistent with the observations, however, note that our analysis
represents only thermodynamics, while kinetic considerations that we did not model might
be at stake in the process. This might also be related to the differences in polymorphs of the
Beta zeolites (B in our study, while a mixture is employed by Kolyagin et al., which might
affect the correspondence). Last but not least, we also did not consider the external surface
sites, which may also contribute to the experimental behaviors observed. We further extend
the scope beyond Sn and show that this may be generalized to Titanium (Ti), Zirconium

(Zr), and Hafnium (Hf) exchanged zeolites.

4 Conclusions

We employed periodic DFT calculations to investigate the stability and structural proper-
ties of closed, hydrated and open T sites in zeolite Beta doped with Sn, Ti, Zr and Hf.

A notable conclusion of the study is the preferential adsorption of non-dissociated water
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molecules on all metals, challenging traditional expectations of tetrahedral open sites. By
applying first-principles thermodynamics, we have generated diagrams covering a wide range
of temperature (T') and pressure (P) conditions, describing the most stable configurations in
terms of water coverage, coordination state of the metal, and water adsorption mode (non-
dissociative, dissociative, with or without M-O-Si bridge hydrolysis). Our results show that
regardless of the type of metal and its specific T-site position within the zeolite framework,
closed site configurations are predominantly favored under a wide range of conditions. The
degree of hydration and the preferred structural configurations are dependent on both the
type of metal dopant and its specific T-site position, emphasizing the intricate interplay
between the metal properties and the zeolite structure. Adsorption of pyridine, a well-
established probe for characterization of Lewis and Brgnsted acid sites, exposes nuanced
differences in Lewis acidity between the different closed T sites and metal dopants. T6
sites with Sn proved to be particularly strong Lewis acids, while T9 sites with Ti showed
the lowest pyridine desorption temperatures. Energy decomposition, Bader charge analyses
and electrostatic field estimations were conducted to conclude about the most influential
parameters playing on the Lewis acidity. In the case of hydrated sites, according to pyri-
dine adsorption, adsorbed water molecules and M-(OH)-Si groups are expected to behave as
Brgnsted acid sites. This thermodynamic perspective provides a solid foundation for future
research and, in particular, points to the need for kinetic studies to complement our findings,
in particular regarding the hydrolysis ability of given T sites. It also put the basis for next

works to establish structure-acidity-activity relationships in a variety of catalytic reactions.
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