N
N

N

HAL

open science

Towards the Atomic Scale Simulation of Intricate Acidic
Aluminosilicate Catalysts
Céline Chizallet

» To cite this version:

Céline Chizallet. Towards the Atomic Scale Simulation of Intricate Acidic Aluminosilicate Catalysts.

ACS Catalysis, 2020, 10 (10), pp.5579-5601. 10.1021/acscatal.0c01136 . hal-02872184

HAL Id: hal-02872184
https://ifp.hal.science/hal-02872184

Submitted on 17 Jun 2020

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.


https://ifp.hal.science/hal-02872184
https://hal.archives-ouvertes.fr

Towards the Atomic Scale Simulation

of Intricate Acidic Aluminosilicate Catalysts

Céline Chizallet*

IFP Energies nouvelles — Rond-Point de I’Echangeur de Solaize — BP 3 69360 Solaize, France

celine.chizallet@ifpen.fr



mailto:celine.chizallet@ifpen.fr

KEYWORDS. Zeolite, dealumination, external surface, amorphous silica-alumina, Brgnsted

acid sites, Lewis acid sites, Density Functional Theory.

ABSTRACT. Zeolites are nanoporous aluminosilicates with well-defined crystalline
structures, considered key assets in heterogeneous catalysis, with a broad range of industrial
applications. Computational investigations dealing with zeolite catalysts have been
undertaken for decades with simple models of the bulk sites, known to be bridging Si;y-OH-
Al groups, in the case where the compensation cation is a proton. Real zeolite catalysts used
in practice are however finite size and intricate objects, with external surface sites and defects,
among other sources of complexity. Amorphous Silica-Alumina may also be obtained as a
consequence of zeolite post-treatments, or synthesized on purpose to obtain acid sites that are
milder than those of zeolites. In the present Perspective, some of the achievements in the field
of the atomic-scale simulation of intricate aluminosilicate catalysts (zeolites, amorphous
silica-aluminas) of industrial relevance are reviewed. Emphasis is put on the simulation of the
mechanisms of post-treatments of zeolites, and on the special structure and reactivity of acid
sites at external surfaces of zeolites and on amorphous silica-alumina, that is shown to differ
from the properties of the bulk bridging sites. Moreover, directions for future investigations

are proposed.



1. INTRODUCTION AND OPEN QUESTIONS

The tailoring of highly selective catalysts is a major issue in chemical reactivity. Zeolites
are key-players in that respect. They are nanoporous (historically called “microporous”, pore
diameter lower than 2 nm) aluminosilicates with a well-defined crystalline structure.' They
can be described as a three-dimensional network of TO, tetrahedra (where T is mostly Si).
These tetrahedra are linked at their corner via a common oxygen atom to form a secondary
building unit (SBU). More than 230 zeolite structures (natural and synthetic) have been
identified and listed on the International Zeolite Association (IZA) website.® Often, the
synthesis is oriented by the choice of a Structural Directing Agent (SDA). The presence of
AI** cations in crystallographic positions otherwise occupied by Si** is compensated in terms
of charge by extra-framework cations, conferring zeolite a large array of properties such as
ion exchange, gas separation and catalysis.*> In particular, zeolites are widely employed as
catalysts in industrial-scale refining and petrochemical processes due to their particular
properties such as high adsorption capacity, hydrothermal stability, shape selectivity,
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Bronsted and Lewis acidity.”® They are also used in pollution abatement, and are

promising candidates for biomass conversion.***

Their well-defined crystalline structure together with the large diversity of pore
architectures, make that the relationship between the structure and acidity of the bulk sites
was studied extensively for some decades.*®? The nanoporosity itself is also at the origin of
peculiar interactions with reactants, products or transition structures by confinement effect,?*
24 at the origin of the so-called shape selectivity.”?’ These made possible the design of
catalysts from structural considerations, in particular for CO, capture,? for the production® or
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transformation of hydrocarbons®**! and of biomass derivates.™

Moreover, if a proton is the compensation cation, a case that | will consider further in this

Perspective, it is known for decades that bridging Si;v-OH-Al,, hydroxyls, where silicon



and aluminium are both in tetrahedral coordination, are the Brgnsted acid sites in the

nanoporosity (Figure 1-a).>%*

a b
Ouy,, - 0 ~ I W |

~Sily Al W Si
o 1 oVySi~g

|
0 0 O

© (@) ! o

7 T o(’)"\'Si/o*m'u\

0y AN~ S0 0
0] |_|| (0]

) H<~~H (f)

T

 —
oy T ovyAl

.,
! \,

I ;N
o/ 0

)

Figure 1. Some of the possible hydroxyl groups present in and on intricate protonic aluminosilicate
catalysts: (a) bridging Sin-(OH)-Al\, groups, (b) silanols at the external surface and at defects, (c) Al-
OH groups close to bridging OH groups at the external surface of zeolites, discussed in ref. %, (d)
Pseudo-Bridging Silanols (PBS) suggested by ab initio calculations on amorphous silica-alumina,****
represented as confirmed by NMR,** (e) water molecules adsorbed at surface aluminium, suggested by
ab initio calculations at the external surface of zeolites,***° and on amorphous silica-alumina,*® the
coordination number of aluminum may vary from IV to VI depending on the location at the surface,
the temperature and the water partial pressure. (f) Lewis acid sites at the external surface of zeolites
and on ASA, suggested by ab initio calculations, obtained upon dehydration of (e).****

Knowing this, it is possible to build a model of the interior of the perfect crystalline
system. This explains why computational investigations dealing with the bulk of zeolites have
been undertaken for decades:'**"? a short section will be devoted to such simulations in this
Perspective (section 3). However, the behaviour of real zeolite catalysts will not be
quantitatively anticipated, as long as we restrict our understanding to the ideal nanopore sites.

Indeed real zeolite catalysts are much more intricate than the simplistic picture of bridging

OH groups all equivalently distributed in nanopores.



First, zeolite crystals are finite size objects, that exhibit an external surface (by contrast
with the internal surface, in nanopores). Big zeolite particles (several um, figure 2-a) are used
at the laboratory scale to better understand the structure and reactivity of the inner parts of the
crystals,**** but zeolite particles that are used in practice exhibit much smaller crystal sizes,
so as to shorten the diffusion path of reactants and products. Crystallites of much reduced size
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are more and more looked at, such as nanocrystals (below 100 nm, Figure 2-b), embryonic

448 zeolite nanosheets™ (Figure 2-d), nanoslabs,

zeolites (below 10 nm, Figure 2-c),
delaminated and 2D zeolites.>™®® From infra-red, the presence of silanols (Figure 1-b) at the
external surface is known,” but their weak Brgnsted acidity cannot account for the
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observation of pore-mouth catalysis, when reactants that are too bulky to enter the pore

are nevertheless converted by acid-catalysis.

Second, zeolite crystals exhibit a variety of poorly-defined defects. This is due to
difficulties that may arise in crystallization control in the synthesis medium, or to post-
treatments with steam or aqueous solutions. These are applied on purpose to zeolite crystals to
increase the Si/Al ratio (thus, to tune the number of acid sites) and to generate mesopores
(diameter > 2 nm, Figure 2-e), again in the aim to decrease diffusion limitations.**®
Dealumination is usually performed by steaming or acid leaching, whereas desilication is
done by basic leaching.®*®®* These methods not only generate point or extended defects such
as mesopores, but also extra-framework species, dislodged from their framework position but
not eliminated in the post-treatments, in particular EFAI (Extra-framework aluminium). The
mechanisms at the atomic scale of the dealumination/desilication reactions (that imply the
hydrolysis of Si-O-Si and Si-O-Al bridges), the preference for the dealumination/desilication
of certain T sites and zeolites, the way the defects propagate in the framework,®? with a subtle
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interplay between thermal effects and water-induced mobility of cations, are however

poorly known, despite decades of research.?®



Moreover, some amorphous zones can exist after synthesis and/or post-treatment of
zeolites, with specific Brgnsted acidity. Amorphous silica-alumina (ASA) is indeed suspected
as debris in (non-leached) dealuminated zeolites,® " whereas ASAs in general are reputed for
their milder acidity as compared to zeolites.”* Due to their amorphous nature, these solids are
by far less understood that crystalline zeolites, and there is still a debate on the nature of the
Bransted acid sites on ASA. Some authors claim that they are bridging Si-(OH)-Al groups,’®
" j.e. same as in zeolites, while others propose alternative structures to explain the absence of
bridging OH group signature in the infra-red and *H NMR spectrum of some ASA samples.76'
% Such question is related to the nature of the acid sites of the amorphous embryonic zeolites,

which is not known to date.*®%

Finally, in industrial reactors, all aluminosilicate catalysts are shaped with binders
(typically, alumina, silica, or other kinds of aluminosilicates) and other additives, so as to
produce millimetre-sized objects such as extrudates or spheres (Figure 2-f). % Their impact
on the zeolite’s properties (structure, acidity) is poorly understood,* despite very recent
experimental work, including advanced characterization techniques.”%®° Shaping induces
physical and chemical modification of the zeolites, and thus affects their catalytic
performance.®®"%1%% The atomic-scale level of knowledge of these modifications is strongly
limited.

Quantum chemistry, in particular density functional theory (DFT) calculations, have
proven to be highly relevant to elucidate the nature of active sites and mechanisms of
reactions taking place at the bulk bridging OH groups of zeolites.'®*"2%22103197 Tha varijous
sources of complexity above mentioned now need to be taken into account in the simulations.
Notably, the question of how to take into account complexity in the simulation of
heterogeneous catalysis is not restricted to the case of aluminosilicates.’®™ After briefly
setting the scene in terms of relevant methodologies (section 2) and a short overview of the

state-of-the-art with respect to the simulation of bulk sites (section 3), the present Perspective
6



reports recent achievements in the field of first principles approaches of the complexity of
intricate aluminosilicate catalysts. First, the simulation of defect formation upon zeolite post-
treatments is addressed (section 4), then the specificity of the acid sites present at the external
surface of zeolites (section 5), finally the structure and reactivity of amorphous silica-alumina
(section 6). Future directions to reach an ever more realistic description of the systems are
then proposed (section 7), keeping as a ultimate goal the prediction of the behavior of

industrial-like catalysts.

<+=hinder.

Figure 2. Scanning (a and f) and Transmission (b to €) Electron Microscopy pictures of zeolites, with
MFI framework, at various sizes and hierarchical degrees (the scale bar is given in parentheses): (a)
ZSM-5 coffin-shaped crystals (20 pm). Reproduced with permission from ref. *3. Copyright 2008,
American Chemical Society. (b) W-MFI defect-free nanocrystals (40 nm). Reproduced with
permission from ref.*®. Copyright 2017, Nature. (c) aggregated ensemble of ZSM-5 embryos (100
nm). Reproduced with permission from ref. 4. Copyright 2018, American Chemical Society. (d) ZSM-
5 nanosheets (5 nm). Reproduced with permission from ref.**. Copyright 2009, Nature. (e) micro-
mesoporous hierarchical desilicated ZSM-5 (100 nm). Reproduced with permission from ref.'"".
Copyright 2005, American Chemical Society. (f) FIB-prepared cross-section of an extrudate of H-
ZSM-5 shaped with silica (2 pm). Reproduced with permission from ref.®’. Copyright 2014, American
Chemical Society.



2. AFEW METHODOLOGICAL CONSIDERATIONS

2.1. Calculation of the energy of the system, and of derived quantities
Our aim is to model atomic ensembles and their interactions, in the course of chemical
reactions. A first and efficient technique consists in using analytical potentials for this, called
forcefields, then considering that atoms interact according to Newton’s mechanics. This
approach, called molecular mechanics (MM), has been extensively used for the simulation of
adsorption isotherm and diffusion of various molecules in zeolite frameworks, as well as for
template design.”®?**2? For catalytic materials and reactions, most of the time, such an
approach is however not sufficient, because we are dealing with variable coordination for
surface species, due to dangling bonds at the surface and the existence of defects, and due to
the catalytic reaction itself. In such cases, quantum chemistry needs to be considered. The
goal of these calculations is to solve the Schrédinger equation HY =¢¥, which can only be
done approximately for polyelectronic systems. Two philosophies can then be chosen: one
may chose specific mathematical expressions for the wavefunction W, keeping an exact
expression of the Hamiltonian H, or at reverse choose approximate expressions of H. The
wavefunction methods correspond to the first philosophy, whereas DFT, in practice, obeys the
second one. The exchange-correlation functional gathers all the tricky terms of DFT, its
choice impacts both the accuracy and cost of the calculation.’® "% Long-range interactions
have been shown to be crucial for reactions in zeolites,'%” in particular electrostatic and van
der Waals interactions. Due to its significant computational cost, quantum approaches are
however limited in terms of size of the simulations (hnumber of atoms, number of steps), and
of accuracy. A compromise between the level of realism, the accuracy and the calculation cost
is always required.
Obtaining the optimal geometry of systems corresponding to local energy minima requires
the minimization of forces, which is called a geometry optimization. With dedicated

algorithms, transition structures can also be determined. This ensemble of methods is called
8



the static approach. Indeed, the effect of thermal motions is not explicitly addressed in such
calculations, and the reactant, the product, the intermediates and transition states are defined
by a single structure each. Once these structures are known, their electronic and spectroscopic
properties can be determined thanks to the analysis of the electron density and shape of the
neighboring potential energy surface. In particular, the vibrational degrees of freedom may be
determined, giving rise to an estimation of the vibration partition function, and of the
corresponding free energy. Free energy profiles along a reaction path are thus calculated. As
will be shown in section 3, in some cases, this approach appeared to be unsatisfactory for the
identification of reaction intermediates in acid-catalyzed reactions in zeolites, and for the
accurate quantification of their free energy.

A costly alternative is ab initio molecular dynamics (AIMD), which consists in the
calculation of the propagation of the movement of the considered particles, by the integration
of the Newton’s equations (often, the nuclei are treated classically), according to a given time
step. The quality of the result depends on the level of theory used for the calculation of forces
and on the length of the trajectory, itself limited by calculation time. Reaction events are rare
with respect to non-reactive thermal motions, so that quantification of free energy profiles
requires to bias the system, for example by forcing it to follow the direction given by a chosen
reaction coordinate. Several approaches (metadynamics, umbrella sampling, bluemoon
sampling, transition path sampling, etc.) have been applied in the case of zeolite science with
success, %3124 byt can currently not be considered as routine techniques, both due to

limitation in computational time, and to difficulties in defining relevant variable coordinates.

2.2. Structural models
A model of the catalytic site needs to be constructed. Contrary to organic molecules or
small organometallic complexes, a single zeolite nanocrystallite already contains several

thousands of atoms, which cannot easily lead to an explicit quantum calculation. Several
9



strategies can be chosen to overcome this problem, they are depicted in Figure 3 in the case of

the simulation of a Brgnsted acid site of a zeolite or ASA.
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Figure 3. Various formalisms for the simulation of actives sites of a protonic zeolite, mordenite —
MOR-, and an Amorphous Silica-Alumina surface: (a) cluster containing 8 T sites (Al and Si), the
Bregnsted acid site (BAS) is shown, all other hydrogen atoms are saturators to remove dangling bonds;
(b) periodic model of MOR, the unit cell is depicted by black lines; (c) periodic model of ASA,
including a vacuum layer to obtain a surface model; (d) hybrid approach for the BAS of mordenite,
two levels being considered, for the specific case of a periodic treatment of the low level part. For the
sake of clarity, the saturating H are not depicted around the cluster chosen for the high level part.

The cluster approach (Figure 3-(a)) consists in the simulation of a fragment of a particle
(expected to represent the active site) from 10 to several tens of atoms. The main advantage is
that the system can be treated as a molecule, which is possible in many codes, with a large
variety of alternatives for the level of the resolution of the Schrddinger equation, including
state-of-the-art methods. Clusters were used right from the 70’s to simulate
aluminosilicates.*®"#*125128 partions of the structure have to be cut, which induces spurious
electronic density variations at the border of the cluster. To remove these dangling bonds, the
border of the cluster is usually saturated by H atoms. These atoms are however at the origin of
deviations of electronic properties from that of the full solid. Moreover, taking into account
the topology around the active site requires a significant number of T atoms (Al and Si),
which renders the calculation quite demanding. Two strategies can be chosen to overcome the

question of the accurate simulation of long range effects.
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The periodic approach consists in the simulation of an elementary cell, containing from
several tens to several hundreds of atoms. The cell is periodically replicated over three
directions in space for the simulation of a crystal (Figure 3-(b)). For the simulation of an
infinite surface, a vacuum layer is introduced in the cell (Figure 3-(c)). In this last case, the
layers representing the solid are called a “slab”. This approach has become highly popular

since the 90°s for the first principles simulation of zeolites, 2103129132

as the crystallographic
structure of the latter is known, thus the initial content of the cell can be rather easily defined.
Another strategy considers the cluster as a first level, and tries to make it a better
model for the heterogeneous catalyst. In the spirit of hybrid schemes developed for the
simulation of macromolecules by Warshel, Levitt and Karplus (the Nobel Prizes in Chemistry

133-135

2014), in particular biomacromolecules, embedding species can be added in the

surrounding of the cluster to describe, at a lower level of theory, the remaining part of the

catalyst particle.’"**%*%® The

“low level” part can be treated either periodically (Figure 3-(d))
or as a macromolecule, with force-fields or at a “low” quantum level. The “high level” part is
the cluster investigated with much more accurate first principles approaches. When the “low
level” part is addressed with molecular mechanics (MM), and the “high level” part with
quantum chemistry (QM), this approach is called QM/MM.

Whatever the approach chosen, simulating defects or surface sites, or accounting for
the amorphous nature of ASA, requires the construction of much bigger systems (larger cells
for periodic simulations) than for bulk sites, due to loss of symmetry. This explains why such
simulations have been rather poorly undertaken in the past. The evolution of high
performance supercomputing is key in progressing in that field.**

Should the reactions investigated take place in a solvent, the simulation of its effect is
required. This shall be done either considering the solvent molecules explicitly —most of the

time performing molecular dynamics, or implicitly. In this last case, the solvent is represented

as a continuum, with electrostatic models of the solvent/solute interactions. **° This prevents
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the accounting of effects linked to hydrogen bonding. Hybrid QM/MM approaches may also

be chosen.}*

3. PRELIMINARY: COMPUTATIONAL INVESTIGATIONS OF BULK

BRIDGING OH GROUPS

The corpus of computational studies of the properties of bulk protonic zeolites is huge,
reviewing all of it is beyond the scope of the present Perspective. The reader is referred to
previous reviews that directly or indirectly deal with this.***"?221%3197 1mportant questions

that are still vivid in this field, and that also apply when dealing with defects, are listed below.

3.1. Where is the acid site ?

To start a calculation, one needs to locate aluminum atoms is specific T sites locations,
as well as the associated proton. However, these locations (in terms of bulk crystallographic
position) remain largely unknown for most frameworks. In practice it depends on synthesis
conditions,**>**® but due to the very close atomic weights of Si and Al, the Al sitting cannot
be deduced from X-Ray Diffraction. X-Ray standing waves fluorescence appeared to be a
promising technique in that respect, but appeared to be limited to a very small number of
frameworks.*’ Multiquantum %Al NMR experiments give some insights (in particular for
MF|,142'146'148-150 FER’151-152 BEA*'153-155 CHA156 frameworks).

The intrinsic stability of all occupation configurations was exhaustive sampled for
several frameworks (by DFT or forcefield approaches).33917169 Typically, the stability
varies by at most 50-60 kJ/mol. Not all studies agree on the preferred location of the {Al,H}
pairs, suggesting that the difference in stability of these sites is not pronounced enough to
draw conclusions, and that kinetic factors may also play an important role. Thus, in the
absence of clear preference of Al for a given T site, for DFT calculations, sampling several (if

not all) possible sites is needed.®**"® Also, the number of Al to be considered per simulation
12



unit cell needs to be addressed, to investigate the effect of the Si/Al ratio, having a crucial
impact both on post-treatment mechanisms, and on the acidic properties.
Notably, the mobility of the protons inside the framework, activated by high

temperatures and by the presence of water as carrying agent,'’”

makes the comparison
between calculations and experiments a challenge at finite temperature.'”> Molecular
dynamics provide useful information about this process.””***™ |n that respect, nuclear

quantum effects are expected to play a role, >’

and should in principle be taken into
account for a proper quantifications of the properties of mobile protons in zeolites.
Developments relying on Path Integral MD (where the nuclei are now treated quantum
mechanically) make this feasible,"’"® but to the best of my knowledge, no report of an

application of these methods to the case of protonic zeolites was ever published so far.

3.2. Quantification of the acidity of bulk bridging OH groups

Several earlier cluster investigations consisted in the quantification of the intrinsic

17,34,179

acidity of bridging OH groups through their deprotonation energy, or proton affinity of

the conjugated base.'*®*# Correlations with T-O-T angles were invoked on the basis of semi-
empirical calculations,*®? but not found any more in more recent Hartree-Fock'®* and DFT*®*
18 investigations. The transposition of such approaches to periodic calculations raises the
problem of the electroneutrality of the cell, generally compensated after proton removal by a
positive background charge.’® This makes the comparison of the deprotonation energy for
several sites of a given site possible, but not truly relevant from one kind of cell to another.'®®
Recently, Sauer et al. proposed the decomposition of the deprotonation energy into an
intrinsic deprotonation energy and a proton “solvation” energy (dependent on the dielectric
constant of the material), that they estimate thanks to a QM/MM approach.®

Mimicking the experimental procedure consisting in the adsorption/desorption of basic

53,186

probe molecules susceptible to interact with Brgnsted acid sites, many computational
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works (that cannot be cited exhaustively here) have been devoted to the simulation of the
adsorption of molecules such as carbon monoxide, pyridines, amines, to name a few. The
quantification of acidity using such calculations differs from that of the deprotonation energy:
not only the intrinsic acidity of the site plays a role, but also the stabilization of the adsorbed
molecule (or its conjugated acid, when proton transfer occurs) within the cavity, in particular

when taking into account dispersion forces accurately.'®17103107.187

3.3. Reactivity investigations

Driven by the historical use of acidic zeolites in refining, petrochemistry, and natural
gas conversion, a large majority of computational studies devoted to the reactivity of protonic
zeolites deal with the transformation of various kinds of hydrocarbons, such as alkanes,
alkenes, and aromatic."?*'% An important question behind this is the impact of the level of
theory and of the investigation method (static versus molecular dynamics) on the computed
stabilities of possible reaction intermediates. Already, the nature of adsorption adducts and
heats have been the objects of many improvements over the past decades. The impact of
dispersion forces appeared to be key for the accurate description of the adsorption of
alkanes,® as well as the accounting for anharmonicity corrections for the calculation of
adsorption Gibbs free energies.*®

In the case of alkenes, there have been a long debate about the prefered adsorption
mode before (n-complex) or after protonation, with two competitive forms in the second case:
carbenium ions versus alkoxides (see later Figure 8). For a long time, carbenium ions were
claimed to be transition structures, alkoxides to be intermediates, on the basis of calculations
performed on small clusters.®*** It then appeared that these conclusions were dependent on
the structural models chosen for zeolites (small clusters versus bigger clusters, versus periodic
boundary conditions), on the level of theory (Hartree-Fock, DFT versus post-HF methods)

and on the simulation approach chosen (static versus AIMD),'04116-117.121-122.198-199 i\
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carbenium ions are found to be reaction intermediates, in particular tertiary carbenium,'¢2%

122,198 116,121-

the situation being strongly temperature-dependant for secondary carbenium ions.
122 Beyond adsorption and protonation, much efforts were devoted to the elucidation of free
energy profiles for reactions undergone by hydrocarbons, such as cracking, isomerization,
alkylation, to name a few. Most recent investigations point out the need for dispersion
corrections,'®"*®" and either for AIMD, 4116118120 ¢ for high level of theory (beyond DFT,
including anharmonicity corrections) for an accurate description of reaction intermediates and
transition states.?’?*® The two kinds of requirements are currently hard to combine due to
computational limitations.

Implementation of Bragnsted acidic zeolite catalysis in fine chemistry and for biomass
conversion motivates investigations of the reactivity of bulk bridging OH groups for the
transformation of molecules containing oxygen atoms. | will put here a special emphasis on
the question of the dehydration of alcohols, as a useful comparison with other acidic
aluminosilicates will be done later (section 6.4.). Earliest published studies of methanol
dehydration into dimethylether are suggesting the participation of alkoxides.?**** Depending
on the investigated alcohols and sites, a debate still remains about the preferred mechanism
(E2 versus E1) for water elimination in zeolites.??**® Significant effort was done by Reyniers
et al. to determine the mechanisms and kinetic feature ab initio for 1-butanol dehydration into
ethers and butenes in various zeolitic frameworks.?®?"? In particular they revealed the
importance of a pathway implying ether decomposition for the formation of butene. They also
built microkinetic models from these data, which consist in the integration of the rate
equations for the whole set of elementary steps, using ab initio rate constants. This model
reveals a strong dependence of the relevant intermediates and mechanisms on the operating
conditions and catalyst’s framework.

Thus, the knowledge obtained by computational methods about the structure, acidity

and reactivity of bulk bridging OH groups in zeolites is more than significant, motivating ever
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more numerous investigations combining experiments with theory. Some of the Kkinetic data
quantified by these approaches start to be relevant enough to be close to chemical accuracy,
opening the route for their integration in higher scale models, such as microkinetic schemes.
This was attempted in a few cases so far for Bransted acid catalysis by zeolites.??*?*?' This
approach brings useful information about trends, but the comparison with experimental results
remains rather qualitative to date in the case of zeolites. Besides the challenges linked to the
calculation of a large set of kinetic data at a sufficient level of theory, one of the factors that

may explain this discrepancy is the need for taking into account the role of defects in the

catalytic performance.

4. SIMULATION OF DEFECTS AND POST-TREATMENT MECHANISMS

OF ZEOLITES

4.1. Proposals for the structure of defects and extra-framework species

Earlier works were devoted to the simulation of possible structures for point defects
and extra-framework species, in particular EFAIs. Isolated [AI(OH)x(H20)nx]>* aluminum
complexes were used as simplistic models for EFAIs, in tetrahedral, pentahedral and
octoahedral coordination.?!® The structure and stability of these complexes were shown to
depend on the charge hold by the complex, linked to its deprotonation degree, but the change
in coordination number was shown not to require large energies (calculated at the MP2 level).
The first simulations of the interaction of EFALs (Al(OH)3(H,0); and Al(OH)3(H,0)) with a

hole-free zeolite framework, was made by Benco et al.*’

with a periodic representation of the
gmelinite zeolite, and AIMD at 300 K. Two water molecules detached the octahedral
aluminum atom in the course of the dynamics. The mobility of the EFAI appeared to be
strongly dependent on the local topology, with possible immobilization in cages (Figure 4-a),

that then become occluded, thanks to hydrogen-bonds. Proton transfer from bridging OH

groups and neutral EFAIs was observed, revealing the basic character of this neutral EFAL.
16



Bhering and co-workers®*® undertook a DFT simulation of the interaction of some EFAI (AI**,
Al(OH),", AI(OH)3) with faujasite, modeled as a Tg cluster containing one bridging OH
group. The structure and stability of the EFAI was shown to depend strongly on its hydration
degree. Embedded cluster simulations combined to *H NMR experiments also confirmed that
when considering a mononuclear octoahedral aluminum atom as an EFAI in faujasite, some of
the water molecules connected to the aluminum atom can be qualified of mobile.?*°

Benco et al. also investigated the preferred location of the bare AI** ion as EFAI
within a periodic Mordenite framework, formally considered as the compensation cation
corresponding to three framework aluminum.?®® They observed limited relaxation of the
framework around this EFAI. Most favorable configurations correspond to a connection of
the AI** cation to oxygen atoms themselves connected to framework aluminum atoms. This
EFAI exhibits strong Lewis acidity probed by CO. More recently, Pidko et al. published a
series of periodic DFT works dealing with the possible structure of monomeric and
multimeric (up to 4 aluminum atoms) EFAIs in faujasite, the bigger species (3 and 4 Al) being
stabilized in the sodalite cage. This induces acidity enhancement of neighboring bridging OH

groups in the supercages,? %%

assigned to the additional compensation of the negative charge
of the deprotonated lattice sites by the multiply charged cationic EFAI cluster. This may be

seen as an effect of the Si/Al;q, ratio, if one includes in its estimation the EFAI content.
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Figure 4. (a) Al(OH)3(H,0O) species occluded in the cage of gmelinite. The acidic proton of the
bridging OH group is transferred to the hydroxyl group of the EFAL. Reproduced with permission
from ref.?"’. Copyright 2002, Elsevier. (b) Calculated relative Gibbs free energies of EFAI species in
faujasite zeolite as a function of water chemical potential. The most stable trimer is drawn.
Reproduced with permission from ref. ??. Copyright 2015, American Chemical Society. (c)
Dealumination intermediates from the T40O4 site in mordenite. The names of the intermediates
correspond to the number of water molecules added, and to the location of the free energy diagram of
Figure 5-b. Redrawn form data published in ref. ?%.

Such a synergy effect between Brensted and Lewis acid sites of faujasite was invoked
before from experimental observations,?** and analyzed on (embedded) cluster models, with
contradictory conclusions from one study to another. Computing deprotonation and ammonia
adsorption energies, Mota et al.??*??® found that the intrinsic Bransted acidity of bridging OH
groups is reduced upon proximity with an EFAI, but that the conjugated base is stabilized by
hydrogen bonds thanks to the EFAI. Combining NMR and DFT, and using acetone as a probe
molecule, Deng et al. observe an increase in Brgnsted acidity of bridging OH groups even in

the absence of these hydrogen bonds.?’

A specific role of tricoordinated aluminum atoms as
EFAIs was proposed,??® this species exhibiting strong Lewis acidity with respect to

trimethylphosphine. These diverse conclusions regarding the Brgnsted/Lewis synergy suggest
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a significant dependence of the phenomenon upon the structure and nucleation degree of the
EFAI species, and on the modeling method employed for the simulation of their interaction
with the framework.

However, the removal of framework hydroxylated Al or Si species, upon hydrolysis of
Si-O-Si and Si-O-Al bridges, should also lead to the formation of a silanol nest, besides EFAI
and EFSi (Extra-framework silicon) species. All the simulations mentioned above omit the
effect of the presence of such species. A silanol nest is expected to be composed of four
silanols surrounding the tetrahedral void.??***" Sokol et al. published a series of studies?*22*®
dealing with the stability and reactivity of silanol nests and other kinds of non-stoechiometric
defects in silicalite. All these species are considered to be possibly formed in the structure.
Their lifetime is, however, strongly questioned.?®*¥ As mesopores are formed, the
propagation of the initial point defect may be invoked. Marcilly® proposed a tentative scheme
consisting in the extraction of T sites connected to the first extracted one, and self-healing by
EFAI and EFSi that would fill other holes, likely to explain the formation of mesopore

without full dissolution of the solid. This is however only a tentative proposal, that deserves

atomic-scale investigations.

4.2. Simulation of the dealumination / desilication mechanisms

Getting an accurate knowledge of the structure of defects however requires to know
how these species are formed, as kinetic control prevails in zeolite chemistry. Most published
computational work in that area deal with steaming post-treatments, meaning that gas phase
water is considered as the reactant.

Possible intermediates in the formation of EFAI plus silanol nest, were first
determined by Lisboa et al.,?*® using DFT on cluster models of H-ZSM-5. A full reaction
pathway, including transition structures, for the formation of point defects and extra-

framework species (EFAI - Al(OH)3H,0, or EFSi - Si(OH),) was first determined by Swang
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et al.?®® starting from a H-SSZ-13 (CHA) periodic model (Figure 5-a). Dealumination was
found to be a less activated process than desilication, when dealing with stepwise water
attacks. The activation barriers, however, appeared to be prohibitive (close to 200 kJ/mol) due
to a very unstable vicinal disilanol species, where two pentahedral silicon atoms are part of a
two-membered ring. Similar disilanol intermediates were previously invoked as possible

232234 and were also invoked for the desilication of SAPO-

defects in siliceous zeolite models,
34.240

Silaghi et al. identified much easier initiation steps for the dealumination mechanisms
upon water attack,?***! leading to the formation of a Al(OH)3(H,0) EFAI, and a silanol nest
(Figure 5-b and 4-c). The most favorable orientation found for water attack is in anti with
respect to the bulk bridging OH group. It is followed by a 1,2-dissociation of water on
adjacent framework oxygen, leading to reasonable activation barriers (close to 100 kJ/mol),
for CHA, MFI, MOR and FAU frameworks. A critical aspect orientating the regio-selectivity
of the attack was shown to be the accessibility of the anti-position (rather than that of the
bridging OH group itself). In H-ZSM-5, the sites located at the intersection between the
straight and sinusoidal channels were shown to be the most prone to delalumination upon
steaming, which was later confirmed experimentally.**® DFT was used throughout these
studies, which validity, in terms of energy of hydrolysis intermediate and transition states,

was confirmed thanks to higher level calculations (MP2/DFT hybrid schemes).?*
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Figure 5. (a) Energy profile (top) and key-structures (bottom) for the dealumination mechanism of
SSZ-13. The intermediate described at step 1 is called a vicinal disilanol. Reproduced with permission
from ref. . Copyright 2012, Wiley. (b) Free energy profile for the dealumination of the T404 site
of mordenite, according to 1,2 dissociation with axial substitution elementary steps. Redrawn from
data published in ref.?”®. Some of the intermediates are shown in Figure 4-(c).

Nielsen et al.?*?

then published a detailed study where they predict the dealumination
rate for SSZ-13 by kinetic modeling, as a function of temperature and water partial pressure,
based on ab initio rate constants. The need was shown for considering the physisorbed state as
a reference for water, rather than the gas phase state, based on the comparison of experimental
and computed apparent Arrhenius activation energies. Similar mechanisms starting by water

283 and for

adsorption on aluminum were moreover shown to be valid in the presence of HCI,
the dealumination of zeolites exchanged with cations different than protons.'*®#42% The anti-
approach to silicon also appeared as relevant to infer Si-O-Si breaking mechanisms.?*

The previously mentioned investigations usually consider a stepwise mechanism for
the breaking of the Al-O-Si and Si-O-Si bonds, whereas several water molecules may play a

role in a same elementary step.?’

Very recently, the cooperative role of water molecules for
the dealumination and desilication pathways was taken into account (instead of adding
molecules one by one) either in static (for MFI)?*® or AIMD simulations (for CHA).*9%4
These studies show that the anti-approach is still valid in these conditions, but barriers are
made lower thanks to the cooperation. Alternative mechanisms also become possible when
increasing the water loading,?*® or when considering already partially dislodged aluminum
species,*? suggesting that the complexity of the reaction landscape increases with the number
of available directions for proton jumps. Very recently, the effect of the presence of a second
inequivalent aluminum atom in the SSZ-13 cell (thus, of the Si/Al ratio) was analyzed by

periodic static calculations.'® It appeared that the water attack on the second Al becomes

easier once the close Al is dislodged.

4.3.0utlooks
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Most of the investigations reported in section 4.2 deal with the interaction of water with
zeolite frameworks, in conditions that are susceptible to be representative of steaming post-

243 the effect of ions that

treatments. Except a few preliminary computational investigations,
are present in solution (such as the one used in acidic or alkaline aqueous conditions) have not
been considered. This requires the accurate simulation of confined aqueous solutions, which
remains a challenge as AIMD shall be needed. Moreover, although interatomic potential
simulations of extended defects have been proposed,?*® mechanistic ab initio studies have so
far been restricted to the extraction of the very first extra-framework species, the feature of
the propagation of the defects are unknown at the atomic scale. The evolution of the extra-
framework species, in terms of location, migration, aggregation, is also a fully open question.
Reactive forcefield, that have only scarcely be used in the simulation of zeolites,”*%** are an
attractive possibility to reach these goals, but optimizing an accurate reactive forcefield
remains challenging. Finally, as mentioned in section 4.1., the consequences of the presence
of defects on acidic properties was investigated computationally in the spirit of the validation

of the synergy concept between Brgnsted and Lewis acid sites. It requires to be extended to

the various species generated in the course and at the end of the defect formation mechanisms.

5. EXTERNAL SURFACE MODELS

5.1. Structure of external surface sites

Considering the finite size nature of zeolite crystallites, the behavior of the external
surface needs to be known at the atomic scale. The first achievements in this field have been
motivated by the identification of the structure of specific surface terminations for purely
silicic zeolites, exhibiting silanol groups. The method generally employed is the cut of the
bulk structure along given crystallographic planes, then saturation with OH groups: hydrogen

atoms are added to monocoordinated O atoms and OH moieties saturate Sij,/Si;/Si; atoms.

22



Most of the works reported below are periodic, even if a few cluster simulations were also
undertaken.>"%>*

Forcefield and ab initio simulations of external surfaces of zeolites, nanosheets or 2D
zeolites, have been undertaken for various frameworks: SOD,?**?*® EDI,®’ MOR,3**%82%0
CHA®' BEC” BEA® LTL* LTA®™® UTL and ITH? FAUY
M| %037 39.162184.254.268271 jnter glia. 2D zeolites grown on metallic substrates, composed of
silicate bilayers without any Si-OH group at native state, have been the object of specific
simulations.?”#%"® Algorithms defining the most stable orientations that minimizes the number
of cut bonds have recently been proposed.?’® From a thermodynamic point of view, taking
thermal effects into account, these orientations indeed appear as the most stable.*
Equilibrium morphologies can be deduced from the calculation of the surface (free) energies
of the exposed Miller plans. Rather nice agreement with experiments were obtained for

sodalite®®

(surface energies determined by Buckingham potentials, Figure 6-a) and silicalite-
1% (surface free energies determined by DFT, Figure 6-b), although it is known that kinetic
factors, tuned by synthesis conditions, drive morphology changes experimentally. In the case
of silicalite-1, a Sisz precursor structure has been proposed from a set of experiments by
Kirschhock et al.?”” The construction of surface models from this building block appeared to
be similar with the one deduced from the cut of the bulk crystal for the (010) and (100)
orientations, but not for the (101) orientation.* This results in longer coffin-like geometries

(Figure 6-c) than with the models cut from the bulk (Figure 6-b).

@

Figure 6. Calculated equilibrium morphologies of (a) sodalite, reproduced with permission from ref.
2% Copyright 1994, Royal Society of Chemistry. (b)-(c) silicalite-1, reproduced with permission from
ref. *°. Copyright 2020, American Chemical Society. Surface models were obtained by cutting the bulk
structure for (a) and (b), and deduced from a crystal growth approach for (c).
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Bransted acid sites can then be modelled starting from silicic slabs. The approach is
similar as for the bulk (substitution of Si by {Al,H} pairs, section 3.1), but at the external
surface part of the symmetry is broken due to the modified environment, which increases even
further the number of configurations to be sampled. Several studies invoke bridging OH
groups as the sole possible sites, mimicking the knowledge from perfect bulk sites, avoiding
configurations that may lead to other types of sites, except Al-OH groups next to bridging OH

$5-31.162,184,254.261.271 pacently, we constructed external surface models for

groups (Figure 1-c).
zeolite Beta®® and ZSM-5, that comprehensively model the location of compensation
protons. According to these DFT calculations, bridging Si-(OH)-Al groups are still existing at
the open nanopores (pores emerging at the external surface, Figure 7), giving a substance to
the pore mouth catalysis concept.>*> However, at the outermost surface (no emerging
nanopores), water molecules adsorbed on aluminum atoms (Al-(H,O)(OH), with n=0-2)
prevail (Figures 1-e and 7). Notably, Al-(H,0O) was invoked before as an intermediate before

dehydration.®*%*®

Outermost
surface
(@)

Open = poremouth
nanopore _ ’CT‘)
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Figure 7. Dehydration of Al-(H,0)(OH), groups (exemplified in the case of n = 0) at the outermost
surface of zeolites, according to DFT calculations, depending on the presence of a nanopore (b) or a
siloxane bridge (c) below the Al atom, while bridging OH groups at the pore mouth (a) are stable upon
dehydration. Adapted with permission from ref. **. Copyright 2020, American Chemical Society.
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Indeed, the local structure of those surface Al atoms was shown to depend on the
temperature and water partial pressure. Hydration (at low temperature, high water partial
pressure, or in liquid water) is shown to lead to Aly and Aly, species, in agreement with
experimental findings.?’®?"® Dehydration was shown to proceed via condensation of silanols,
giving birth to additional siloxane bridges, sometimes in the form of 2ZMR, and also via the
desorption of water from Al-(H,O)(OH), species. Several situations were encountered on
Beta and ZSM-5 (Figures 1-f and 7-b-c).*®* When a siloxane bridge is present close to the
surface Al atom, water desorption is promoted by the formation of an additional Al-O bond
with the oxygen of the siloxane bridge. However, if such bridge is not present close to the
surface aluminum atom, desorption leads to a less stable surface Aly; atom. On mordenite®®
and ZSM-5,*® some of the Aly;, were shown to relax into a Si-Al 2MR ring upon bonding of a
neighboring silanol group with the Aly,. This species was shown to be nearly of equal energy

with respect to the separate silanol and Aly,.

5.2. Acidity of external surface sites

The diversity of surface groups revealed by DFT calculations at the external surface of
zeolites suggests the possible expression of a diversity of acidity types (Brensted, Lewis) and
strengths. Computationally, this was probed by the quantification of the deprotonation

162,184,261

energy, and by the simulation of the adsorption of basic probe molecules such as

38,271,280 39,260-261
CO,

pyridine, ammonia,?*?* 2 6-dimethylpyridine?® and trimethylphosphine
oxide.?®! The reactivity in terms of transfer ability to isobutene was also calculated in the case
of zeolite Beta.*® Generally speaking, bridging OH groups of the external surface maintain a
similar acidity as that of the bulk, whereas Al-(H,O) located at the outermost surface exhibit
weaker Brgnsted acidity, and silanols are even weaker sites. Aly;, sites exhibit stronger Lewis

acidity than surface Al (obtained upon dehydration of Al-(H,O) and bonding of the Aly,

with a close siloxane bridge).** Environment effects (confinement induced by van der Waals,
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electrostatic and hydrogen bonds) play an important role in the stabilization of the conjugated
acid of the basic probe molecule (once protonated or coordinated to aluminum): at the
external surface, this leads to adsorption configurations that maximize such interactions.**?>°
CO can be considered as a probe of the local electrostatic field.>**®? In the case of zeolite beta,
it appears that the local electrostatic field (and the CO vibration frequency) remains as high in
the open nanopores as in the bulk nanopores and is depleted only at the outermost surface, in

280 and even less at Al-

particular close to aluminol groups, in a lower extent close to silanols
(H,0) groups.*®

To date, calculation of a reaction pathways for proton-catalyzed reactions at the
external surface of zeolites are scarce, and so far limited to static approaches, due to the size
of the models. Protonation of isobutene was modeled at the surface of zeolite Beta.*® At the
pore mouth, in the open nanopores, bridging OH groups are able to transfer their proton and
the carbenium ion is as stable as in the bulk of the zeolite (Figure 8). Alkoxides are also local
energy minima, with a better stability as in the bulk, probably because of lower repulsion with
the framework, leading to more favorable dispersion interactions. By contrast, Al-(H,0)
species at the outermost surface are not able to stabilize carbenium ions as energy minima.
This results from the presence of the aluminol (conjugated base of Al-(H,0O)), which is too
basic to afford the stabilization of the highly acidic carbenium and leads to the formation of a
C-O bond (thus of an alkoxide). Using embedded cluster models of the ZSM-5 surface
exhibiting Si-OH and AI-OH groups, Ferrante et al. investigated the mechanisms of butene
isomerization and double-bond migration, that appeared to be more activated for Al-OH than
for Si-OH sites.*” Concerted mechanisms and alkoxide intermediates were invoked. With
cluster models exhibiting bridging OH groups, the dehydration of propan-2-ol catalyzed by
Brgnsted acid sites appears to be less activated in the bulk of ZSM-5 than at the external

254

surface.”® With periodic models of the external surface of mordenite, Bucko et al.?®®

quantified the respective reactivity of mordenite internal and external surface for the
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Beckmann rearrangement of cyclohexanone oxime: Si-OH appeared to be less reactive than
bridging OH groups from the bulk. The tautomerization of phenol and catechol catalyzed by
three-coordinated Al, playing the role of Lewis acid sites, was investigated in the case of
ZSM-5 (010) surfaces.”® Barriers appeared to be quite low, suggesting that this reaction, of
interest in the context of lignin transformation, can be catalyzed by ZSM-5 nanosheets.
Overall, the presence of open nanopores at the external surface appears to be crucial for the
stabilization of charged species generated upon proton transfer, thus for the expression of the
acidity.®*? In section 6, a comparison will be made with amorphous zones which confirms
the need for crystallinity to get strong Bransted acid sites.
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Figure 8. (a) Energy profiles for the protonation of isobutene on ASA (PBS-AIl and Al-(H,0)) and
zeolite Beta (selection of bulk and surface sites). Redrawn from data published in ref. %° (b) Scheme
depicting the location where the formation of the carbenium ion is possible, versus places where
alkoxides only may be formed.

Notably, forcefield investigations (mainly molecular dynamics and grand-canonical
Monte Carlo simulations) aiming at simulating adsorption and transport in zeolite slabs
reproducing nanosheets or membranes have also been conducted.?®” 22 Most of the time,

purely silicic slabs have been considered. Sometimes, the presence of silanols at the external
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surface was also neglected.”®"?82922% |nsights on the specificity of external surfaces in terms
of surface barrier could however be obtained. Concentration profiles and transport properties

appeared to be significantly impacted by the presence of the surface.

5.3. Outlooks

So far, most investigations done for the simulations of external surfaces assume one or
several surface orientations to be considered, starting from experimental observations.
Whereas this is sound to fit to a given observed morphology, this does not help in the
definition of the most probable surface orientation that will develop in given synthesis
conditions. The most relevant simulation would reproduce the synthesis procedure of zeolites,
starting from a model of the precursors solution, in the presence of the template. This has
been undertaken by static and AIMD approaches,?>?****" hut due to the computational cost of
this method, the very first steps of the growth could be described, up to the formation of a
4MR,?*® even if larger models have recently been built to understand the interaction between
the structure-directing agent and possible Sis; precursors in solution.”®® A scale change is
clearly required to simulate the growth of particles of realistic sizes. Kinetic Monte Carlo may
be an option to propagate the ab initio data obtained for small entities to bigger assemblies.?*
As for the simulation of the formation of defects in zeolites, the question of the
regioselectivity of water attack, in terms of internal versus external surface, still needs to be
addressed. Finally, the investigation of the reactivity of external surface sites is still open,
keeping in mind that performing AIMD on external surface models is in principle required,
learning from the findings made in reactivity investigations of bulk sites (section 3.3). It
remains very challenging due to the size of the cells needed to simulate external surfaces.
Addressing at the same time the complexity of the reaction network, and that of the nature of

the acid sites, is a current difficulty.
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6. AMORPHOUS SILICA-ALUMINA MODELS

Amorphous silica-aluminas (ASAs) are composed of variable amounts of silica, alumina
and water. Beside their expected presence as debris in dealuminated zeolites, non-crystaline
aluminosilicates are used as acidic catalysts themselves, in particular for the enhancement of

6300 and for biomass

the selectivity in middle distillates in hydrocracking reactions,
conversion.****® By contrast to well-crystallized zeolites, the lack of long range ordering in
ASA hampers systematic characterization of the local environment around silicon and
aluminum. DFT calculations have been performed to shed light on the structure of surface
species, on their acidity, and reactivity.

Many works deal with the forcefields or first principles simulation of bulk glassy
aluminosilicates,®®>" but far more scarce are the investigations devoted to the simulation of
the surface properties of ASAs. Starting from 2009, | co-published a series of works devoted
to the simulation of the interaction of silica derivates with y-Al,O3, and to the deciphering of
the acidic properties of ASAs,*0-4#109.2822853043LL T4 the hest of my knowledge, this is the first
time an ASA surface was modeled, with only a few other attempts afterwards. These

achievements are reviewed in the following, and put in perspective with recent experimental

findings.

6.1. Construction of the model and OH groups in presence

The grafting of monomeric silicic acid Si(OH), was first modeled by exchange with
surface OH groups of y-Al,0s.*" This procedure aimed at reproducing the overall synthesis
sequence of ASA samples obtained by deposition of organosilanes Si(OR), followed by
hydrolysis.®*#3! Starting from the (100) y-Al,O; surface model built previously by Digne et
al.,3>31% we showed that before thermal treatment (fully hydroxylated surface), no intimate

interaction between silica and alumina could be observed. The effect of thermal treatments

was deduced from simulations starting from fully dehydrated silicic and alumina systems.
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Annealing was simulated by DFT and force-field molecular dynamics. An amorphous surface
where silica and alumina are mixed was formed, with a higher proportion of Al,, and Aly
(with respect to Aly;) than on the y-Al,O; surface, in line with NMR observations. 3318
Then, water adsorption was simulated at various coverage, and the thermodynamic stability of
the surface quantified as a function of the temperature and the water partial pressure. Models
depicting between 5 and 7 OH.nm™ appeared as relevant (Figures 9-a and b), with a large
diversity of OH groups exposed at the surface (Figures 9-c to f). A single bridging OH groups
is present (Figure 9-c), bonded to an Aly (instead of Al,, in the bulk of zeolites) and
hydrogen-bond donor to a neighboring oxygen. Silanol groups connected to aluminum atom
by Si-O-Al bridges are present (called Silanol-Al, Figure 9-d). Similar structure were

78
l.

proposed by Crépeau et al.”” Most interestingly, some silanols are tilting toward aluminum

atoms, but without any covalent bond:*!*

we called these groups aluminic Pseudo-Bridging
Silanols (PBS-AI, Figure 9-e). For one of these, a silicon atom plays the role of the acceptor
(PBS-Si, Figure 9-f). Also, Al-(H,0) species could be found on some surface models (Figure

1-e).%
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Figure 9. Top view of the ASA surface model first proposed in ref.  for (a) 8oy = 6.4 OH nm™?, (b)
0oy = 5.4 OH nm™%; (c) bridging OH group; (d) example of silanol-Al group; (e) example of PBS-Al
(PBS: Pseudo-Bridging Silanol); (f) example of PBS-Si. Reproduced with permission from ref. %
Copyright 2014, Royal Society of Chemistry.

Other models were proposed in the literature to mimic the grafting of aluminic species
on silica models (either crystalline or amorphous).”>*'**?* On some of these models, Al-OH,

320

Al-(H,0),** bridging OH groups®®®* and pseudo-bridging silanols*®® were observed.

Molecular models of hydroxyl groups of ASA were also proposed such as alumino-

322-323 324-325

silsesquioxanes and other kinds of clusters: even if they cannot considered as
representative of a complex amorphous surface, they can be considered as tools to

experimentally access the behavior of individual functional groups.

6.2. Spectroscopic validation
A fruitful comparison with spectroscopic (IR, NMR) investigations could be

performed. Such spectroscopy studies have a double interest: together with the assignment of
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the spectra of ASA samples, a validation of the theoretical model is obtained. The vibration
frequencies of OH groups on the ASA surface model were calculated and compared to
experiments.*® The Si-OH frequency, calculated and observed near 3740 cm™ in silica,*® is
lowered when the silanol is in close proximity (Silanol-Al and PBS-AIl) with an Al atom.
Zeolite-like bridging OH groups on ASA are expected to give rise to a broad and low
frequency signal, due to its hydrogen-bond donor nature, explaining why it can only hardly be
detected experimentally. The same holds true for most PBS, for which no unambiguous
signature can be found due to the strong surface hydrogen-bond network.

Calculated NMR chemical shifts for Al and *Si nuclei present on the model at 5.4
OH.nm™ were compared with advanced dynamic nuclear polarization surface enhanced NMR
spectroscopy (DNP SENS) performed on well-controlled silicated alumina samples with
variable Si weight.*> The calculated **Si chemical shifts of the various surface sites are
distributed between —78 to —99 ppm, in good agreement with experiments. On the basis of
DFT calculations, we could propose an assignment of the spectra of the Si/Al,O3 samples,

%7331 in terms of numbers of H and Al as second

showing that classical assignments
neighbors, assuming that all oxygen atoms are two-fold coordinated only, are not valid in the
present case. This is likely due to the fact that on the model, oxygen atoms can be more than
two-fold coordinated due to the higher ionicity of a silicated alumina framework than a silicic
one. 332333 Finally, considering DNP SENS scalar refocused INEPT and dipolar refocused
R3-INEPT #Si—?’Al heteronuclear correlation experiments, a critical role of the proximity of
silicon nuclei with Al,y in the Brgnsted acid sites of ASA is deduced, both through Si-O-Al,y
bridges (scalar) and Si-O---Al,y (dipolar) proximities. Together with the PBS structures
obtained on the DFT model, this led to the proposal depicted in Figure 1-d. However, we must

admit that if calculations are compatible with experiments, certainly some other local

structures not reported in our models could be compatible as well. Notably, on the basis of
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2"Al-{"H} D-HMQC 2D NMR experiments, Huang et al. proposed that non only Al,y atoms
can be part of PBS-Al, but also Aly, in line with our calculations.®

Hensen et al. showed by H/D exchange of OH groups with deuterated benzene,
monitored by FTIR, that bridging OH groups are present on their ASA samples.’*"® Recently,
however, 3D YO{*H} and 2D YO{'H,>’Al} NMR techniques were developed to estimate
O---Al distances in OH groups, found between 3 and 4.4. A on samples obtained by flame
pyrolysis,® which compares very well with the O---Al distances measured on our models for
a variety of PBS-AL* This strongly reinforces the PBS-Al proposal. No bridging OH groups
could be observed in this NMR investigation. Considering the diverging conclusions from
experiments regarding the possible existence of bridging and/or pseudo-bridging OH groups
from one investigation to another, one may conclude that the nature of OH groups at the
surface of ASA strongly depends on the composition (Si/Al ratio) and synthesis mode of the

samples.®** Both proposals (bridging and pseudo-bridging) may be valid.

6.3.Acidity of surface OH groups on ASA
The various surface OH groups obtained on the model were probed by the simulation

0,%8231 pyridine,3* ammonia,*™* and lutidine.***** CO was shown to

of the adsorption of C
probe the electrostatic field, proportional to the CO frequency blue-shift as predicted by the
vibrational Stark effect. The linear relation appeared to be valid for many alumino-silicates
(ASA, zeolites, including external surface sites, silica, alumina).***** PBS-AIl sites are at the
origin of high electrostatic fields, thus high CO frequency shifts (~35 cm™), in good
agreement with the signal experimentally assigned to strong Brensted acid sites.®”""® More
basic probe molecules able to catch acidic protons, appeared to be able to deprotonate
bridging OH groups, PBS-AI, and also PBS-Si groups.“®*'* On PBS sites, this transfer occurs

together with the formation of a new Si-O-Al or Si-O-Si bridge, resulting from the reaction of

the deprotonated silanolate with the acceptor Al or Si atom. This phenomenon was supposed

33



to take place by Busca et al. in the case of an Aly, acceptor atom.” Even if we do not see any

3% is shown to be relevant with an

Al on our ASA model, the closing of the “drawbridge
Al,y, that becomes Al after closure of the bridge. Moreover, from NMR experiments, Huang
et al. proposed a synergetic effects of several Al/Aly, atoms close to the same PBS-Al as a
way to get stronger Bransted acidity. %%

The Al-(H,0) species present on the ASA model were also shown to be acidic, and to
promote the acidity of neighboring silanol groups by cascade proton transfer.*° This is also in
agreement with experimental observations according to which water molecules on ASA
contribute to the Bransted acidity of these.”"*****" Generally speaking, the stabilization of the
conjugated base of the acid site, and of the protonated probe molecules (i.e., the products of
the proton transfer reaction) appeared to be key for the expression of Brensted acidity of
ASA. Whereas these factors also play the role in and on zeolites,* the acidity ranking of Al-
(H20) versus bridging OH groups at the external surface of ZSM-5 appeared to be dominated
by the intrinsically lower acidity of these two sites. For both sites, the calculations show that
the protonated probe molecules will better stabilize in the cavity close to the surface. Thus,
the optimal expression of the acidity at the zeolite pore mouth requires to control the degree
of crystallinity of the external surface of the zeolite in a very cautious way. Should an
amorphous surface be obtained instead, dramatic consequences in terms of depletion of the
acidity should be expected.

6.4. Reactivity in acid-catalyzed reactions

The ability of ASA to protonate an alkene (DIB, 2,4,4-trimethyl-2-pentene), and to
give rise to cracked products (two isobutene molecules), was then inferred from static
estimation of the stability of carbenium versus alkoxide species at the ASA surface in
comparison with mordenite.”®® The carbocationic pathway is favored in mordenite, whereas

on ASA it is strongly activated. On ASA, most sites appeared to be unable (at least, from

static calculations) to stabilize a carbenium ion. Only at the PBS-AI sites, a local energy
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minimum could be obtained, but with prohibitive energy (illustrated for the case of isobutene
in Figure 8-a). Alkoxide ions are much more stable at the ASA surface, and with similar
stability with respect to the external surface of zeolite Beta. Thus, for the DIB cracking
reaction, PBS-Al sites of ASA promote a tertiary alkoxide route. This was assigned to the
electrostatic field, much higher in the zeolite than on ASA.®

ASA:s are also relevant catalysts for the dehydration of alcohols: we have investigated
the ability of the various surface sites to catalyze the production of propene from
isopropanol.304 The PBS-AI site is the only one leading to excellent agreement between
measured (103 + 5 kJ.mol™) and calculated (104 kJ.mol'1) activation enthalpies. All other
sites of the ASA surfaces provide much higher values, thus exhibit much lower reactivity. The
analysis of the transition structures (Figure 10) shows that this low activation enthalpy is
explained by a synergistic effect between the Lewis and Brgnsted acidity simultaneously
present at PBS-Al sites. In a concerted step (E2 mechanism), the hydrogen atom of the methyl
group is transferred to the neighboring (Si,Al)-u,-O; the C-O bond is broken; and the proton
from Si-OH is transferred to the OH group of the alcohol. The “OH-* leaving group is thus
stabilized at the same time by the Al Lewis acid site and the OH Brgnsted acid site. The
bridge of the PBS is then closed. Catalysis for alcohol dehydration on ASA is thus primarily
Lewis-driven, which is in line with recent spectroscopic findings,*® but even though the
Brgnsted moiety does not directly activate the alcohol by protonation, it clearly helps to
stabilize the transition state compared to a naked Aly site from ASA or alumina.**® From the
data calculated ab initio, we constructed a Langmuir-Hinshelwood kinetic model,**
constructed on the basis of microkinetics schemes deduced for y-Al,03.**° The agreement
with experiments is good, considering the uncertainty of DFT calculations in terms of
adsorption features. Overall, this combined computational and experimental study is certainly

the most advanced indication for the relevance of the PBS-Al model.

35



QAl ©si

150+

1004

50

04

G°(473 K) (kJ/mol)

50

Figure 10. Reaction pathway and Gibbs free energy profile calculated for the formation of propene
from isopropanol on PBS-Al sites of the ASA surface model. Inset: representation of the transition
state structure. Redrawn from data published in ref. **.

Comparing the feature of ASA regarding alcohol dehydration with that of crystalline
zeolites (see section 3.3.) is then natural. Comparing with the investigation of Reyniers et al.
for 1-butanol dehydration into ethers and butenes in various zeolitic frameworks,?*%?'
significant mechanistic differences appear with our finding on ASA for isopropanol. We find
that ASA is not able to catalyze the formation of ether easily, whereas on zeolites, the
importance of a pathway implying ether decomposition for the formation of butene is
revealed. The comparison with respect to our results on ASA also suggest that the association
of Lewis and Brgnsted acidic functions is not invoked or not possible in the surrounding of a
perfect bridging OH group of a zeolite. This leads to higher energy barriers (both
experimental®*3*? and theoretical®®’?'?) within zeolites than on the PBS-Al sites of ASA for
the formation of alkenes. The higher reactivity of zeolites with respect to ASA®**® thus needs
to be assigned to other factors: concentration of acid sites (a surface density of PBS-Al as low
as 0.01-0.1 nm™ - 0.02-0.2 pmol.m™ - is expected on silicated alumina investigated in ref. 3%,

adsorption features (thanks to confinement effects in zeolites, absent in ASA), or activation

entropy parameters (possibly again linked to confinement).

6.5. Outlooks
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The possible transferability of specific site structures (in particular PBS-Al) found for
silicated alumina, to other kinds of amorphous aluminosilicate structures, needs to be
investigated. In particular, the case of silica-rich entities is of interest, when dealing with
amorphous entities present after zeolite synthesis or post-treatments. So far, on the models
built for the external surfaces of zeolites, no PBS site could be observed (section 5). Thus, a
certain level of disorder seems to be required to obtain such species: the situation of a poorly
crystalline zeolite surface could be somewhere in-between ordered surfaces and fully
amorphous zones. As for other kinds of defects, the evaluation of the reactivity of ASA at a
higher level of theory and with molecular dynamics is required, but currently very

challenging, again due to the size of the cells.

7. SUMMARY AND GENERAL OUTLOOKS

This Perspective illustrates how computational chemistry helps in bringing atomic-scale
information on the sources of complexity that make a real acidic zeolite catalyst an intricate
system. Unequaled level of knowledge were obtained on the structure of defects such as
EFAI, on the mechanism of their formation upon water attack, about the surface sites present
at the external surfaces of zeolites and on amorphous silica-alumina. Consequences on acidity
and reactivity were also reviewed. The gap is however still large between the current
achievements in the field of simulation of intricate zeolite catalysts, and the full description of
an industrial-like catalyst.

As mentioned in section 1, shaping of the zeolites is required before industrial use.
Aluminum and other ions migration, genesis of new acid sites, pore blockage, are likely
occurring due to the zeolite / binder interaction, with impact on the catalyst activity,
selectivity and deactivation properties.*“" %92 To address such a question, the structure of
the external surface of zeolite crystallites (the main contact zone with the binder) has to be

known first, before its interaction with the binder can be investigated. From the computational
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point of view, this last aspect was never addressed so far to the best of my knowledge, which
justifies a research program in that direction in the future.

Many industrial zeolite catalysts are actually bifunctional. The acidic function of zeolites
is beneficially combined to another active phase (e.g. a metal, or a metallic sulfide), which
expands the capacity of zeolites to transform poorly reactive molecules (such as alkanes)
thanks to pre-activation by the co-catalyst (upon dehydrogenation into alkenes for
example).***** The later may be deposited either on the binder, either on the zeolite itself.3**
% In some cases, but not all, the location of the metallic phase with respect to the acidic
phase plays a role in the catalytic performance, that needs to be elucidated. Confinement
effects, pore mouth catalysis and diffusion limitations may all play a role in that respect.'®”*%"
9 From a computational point of view, several teams established some models for small

206,350-353 :

metallic particles (from 1 to 6 atoms) occluded within the nanopores of zeolites, in

particular in the case of platinum.***® Advanced models of platinum-based metallic particles

supported on y-Al,05 (frequently used as a binder) have also been proposed,®®3*

and they
dehydrogenation ability investigated.**>*®® All these investigations pave the way for a better
understanding of the bifunctional mechanisms into play, and on the impact on the support
(either the binder, either the zeolite) on the reactivity of the metallic phase.

Then, quantifying the effect of diffusion limitations by computational chemistry requires
to undertake higher scale simulations. Forcefield approaches have been reported to deduce
diffusion coefficients of various molecules in zeolites, in particular by molecular dynamics.*
The impact of external surfaces was quantified in a few cases (see section 5.2), but generally
speaking the effect of defects was not quantified. These properties are moreover not converted
into components of the apparent reaction rate, as mechanistic and diffusion investigations are

performed with different tools. Diffusion induces limitations in apparent reaction rate. Thus,

there is a urgent need to integrate diffusion and reaction limitations in unified kinetic models.
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Many other sources of complexity of acidic zeolite-based industrial catalysts, from the
atomic to the particle size, could be listed, such as the presence of other elements than Si or
Al (in framework or extra-framework positions), or the interconnected nano/meso/macropore
systems, that all play a role in the performance. Reaching a full understanding and prediction
ability of these systems will require multi-scale approaches, both experimentally and

computationally speaking.
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