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Amorphous silica-based materials are often used as support for catalysis experiments. The insertion of heteroelements (i.e., neither
a silicon nor an oxygen atom) leads to the formation of Brgnsted or Lewis acid sites. Despite their widespread use, the characteri-
zation of their acidic properties and the correlation with structural features remain challenging. In this context, computing chemical
properties with quantum chemical methods can bring insights into such materials, while the large size of these systems implies the
use of models to control the computational effort. This work aims to present a general procedure for calculating chemical properties
of amorphous silica-based catalysts. The amorphous network is generated using classical molecular dynamics via a thermal treat-
ment called melt-and-quench. Particular attention is devoted to the catalyst shape and the silanol coverage. The quality of the fi-
nal amorphous network is assessed through the characterization of the geometrical structures involving primitive ring analysis. DFT
calculations are then performed on hemispheres extracted from the amorphous silica frameworks to model aluminosilicate Brgnsted
acid sites. The impact of cluster size on the prediction of chemical properties is illustrated by calculations of deprotonation energies,
chemical shifts, and vibrational frequencies. The influence of the exchange-correlation (XC) functional on those quantities is also dis-

cussed.

1 Introduction

Catalysis is a central process in chemistry. It allows performing reactions under milder temperature and
pressure conditions by lowering the activation energy.[!] The use of heterogeneous catalysts facilitates

their separation from the reactive mixture. Among them, acid catalysts play a key role in many indus-

trial reactions. In addition to their separability from the reaction mixture, solid acids are generally reusable
and less hazardous than their homogeneous counterparts (e.g. HF, HySOy4).12 However, due to their weak
acidic character their use as acid catalysts requires a suitable modification of the surface and/or frame-
work features.®! Acid sites are generated by replacing one silicon atom with another element having sim-
ilar physical properties.* A wide range of trivalent or tetravalent heteroatoms has been isomorphously
incorporated in zeolites (crystalline silica structures) such as Be?T, Zn?t, B3T, AI¥T, GaT, Fe? ', Ge't,
Ti*", and Sn*".0) The heteroelement nature determines both the ratio between the acid types and their

strengths.[® For instance, atoms from the boron group (B, Al, Ga, and In) can act as Brgnsted and Lewis
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Figure 1: Models of Brgnsted and Lewis acid sites generated by the insertion of an atom (M) from the boron group inside
a silica framework.

acid sites depending on their surrounding within the framework (Figure 1).[71C

The isomorphic substi-
tution is guided by the energy consumed to distort the structure and the entropy gained by lowering the
global order.¥ Silica-based catalysts can adopt an amorphous structure. The absence of a well-defined
crystalline arrangement makes those materials more easily tunable but also more complex to character-
ize.

Although these amorphous materials are widely used, there is still a lack of understanding of their acidic
properties. ' Several experimental methods have been developed to study (amorphous and crystalline)
heterogeneous catalysts, as well as to quantify their acidity character.'? However, they are not able to
give a complete picture of what is happening at the molecular scale. This is especially the case for phe-
nomena occurring on the surface like catalytic reactions. Computational chemistry tools can help to fill
this gap, by solving the electronic structure of atoms involved in the catalytic process. 1% However,
unlike molecular catalysts, solid catalysts are often too large for direct quantum chemistry calculations
on the whole structure. They must, therefore, be represented by a model, and these models must repro-
duce the properties of the studied material while circumventing computational power limitations. "% In
addition to being essential, building the most realistic model is a challenge in the context of catalysis us-
ing amorphous materials.

Two main schemes are usually employed to model solid-state catalysts: the periodic and the cluster ap-
proaches. 1719 In the former case, a representative piece of the system is repeated in the 3 dimensions
of the space and the electronic structure and properties are evaluated using crystalline orbitals and Peri-
odic Boundary Conditions (PBC). In the latter case, a small part of the molecular structure is extracted,
and calculations are performed on isolated species. Unlike in the cluster approach, the solid state charac-
ter (and its long-range interactions) is retained in PBC calculations. On the other hand, the cluster ap-
proach enables to work on smaller systems, thus reducing computational costs. It also allows performing
reference calculations with high-level wavefunction methods while it requires assessing the convergence
of the results as a function of the cluster size.l?) Furthermore, the most widely used Quantum Mechan-
ics (QM) methods in catalysis are derived from Density Functional Theory (DFT), and the use of hybrid
exchange-correlation (XC) functionals is discouraged by their high computational costs within PBC. %]
For those reasons, this work presents a multistep procedure spanning from the production of an amor-
phous silica box to DFT calculations on Brgnsted aluminosilicate clusters.

This work starts with the production of an amorphous silica framework and the steps involved in shap-

ing a realistic catalyst (creation of a hydrated surface and modeling of a porous structure). Next, the



WILEY-VCH

extraction of a Brgnsted acid site cluster from the amorphous silica and the protocol to calculate the
properties of the active site are presented. The work continues with an in-depth analysis of the struc-
tural properties of the amorphous system. Finally, the influence of cluster size and the impact of the XC

functional on selected properties, chemical shifts () and deprotonation energies (DPE), are discussed.

2 MD-then-QM computational approach

The large amount of atoms constituting silica-based catalysts implies the use of models to limit the com-
putational resources. The cluster approach, chosen here, requires the production of an amorphous sil-
ica structure by Molecular Dynamics (MD). Quantum chemistry calculations are then performed on sev-
eral clusters extracted from the generated structures, estimating a statistical distribution of the targeted
properties. Brgnsted aluminosilicate clusters are modeled to illustrate this sequential MD-then-QM pro-
cedure. This protocol is intended to be general and therefore, provided minor adaptation, applicable to

systems carrying different heteroelements or modeling Lewis acid sites.

2.1 The MD-based melt-and-quench method

Due to its amorphous nature, the catalyst structure cannot be extracted from databases. As mentioned
above, it must be represented by a model. There exist many schemes to model amorphous silica sur-
faces. One of them consists of using small silica structures, such as f-cristobalite surface (one of the crys-
talline forms of silica) or silsesquioxane (a small silica cage).?"??l However, those models lack long-range
disorder, which is characteristic of amorphous materials. Nowadays, the main technique for creating an
amorphous silica framework is a procedure called melt-and-quench (Figure 2). This is a thermal treat-
ment where a SiOs crystal is heated at a high temperature to produce a liquid, then cooled down at a

certain rate to generate a disordered solid. 2%

B-cristobalite crystal Melted silica [Amorphous silica bulk

Figure 2: Melt-and-quench procedure for the production of an amorphous silica framework from a $-cristobalite supercell.
The crystal is heated at 5000 K then cooled down to 300 K at a cooling rate of 5 K ps~! to yield a disordered solid. Color
code: Si in red and O in yellow.

It was adopted here by using [-cristobalite as starting structure, which constitutes the usual procedure.*4

This process is performed with MD, where the Newton equations of motion are solved through time.
The interactions between atoms are described via an empirical equation, called a Force Field (FF). It al-
lows investigating larger systems than with QM methods. ?” The Beest-Kramer-van Santen (BKS)!?¢/ FF

was selected because it has been shown to yield realistic amorphous silica structures.?” (Equation (1))
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Cij qiq;
Virs(riz) = Aijexp(=Byjrij) — o T Treory v

where r;; is the distance between atoms 7 and j, ¢; is the charge of the atom ¢, ¢ is the vacuum permit-
tivity, A;; and B;; are the parameters of the Buckingham repulsive term, and Cj; is the parameter of the

attractive term. The parameters are presented in Table 1.

Table 1: BKS potential parameters. [26]

Atom 1 Atom 2 A;; [kecal mol™'] B [A_l] Cij [keal A° mol 1]

O O 32025.86 2.76 4036
0] Si 415176.39 4.87 3079
Si Si 0 0 0

Nevertheless, at short distances, the BKS potential is replaced by a Lennard-Jones (LJ) potential to avoid
unphysical situations (Equations (2-4)). The switch is made at 1.2 A and 1.6 A for the Si-O and O-O in-

teractions, respectively. 28!

€ij = \/€€j (4)

where 0; and ¢; are the LJ parameters for atom 4 and 7;; is the distance between atoms 4 and j. The pa-

rameters and charges for each atom are presented in Table 2.

Table 2: LJ and electrostatic parameters used in the BKS and CLAYFF potentials. (29:30]

BKS CLAYFF
€ [kcal mol™!]  o;[A]  qife] e [kcalmol™l]  oi[A] g [e]
(0] -0.15 1.75 2.1 -0.1554 1.7766 -1.050
Si -0.3 2.1475  -1.2 -1.84x1076 1.8532 2.1
H 0 0 0.425
0OSI -0.1554 1.7766  -0.950

The melt-and-quench procedure was enacted with the NAMD2.14 software ! within PBC. A S-cristobalite
unit cell (a=b=c=7.12 A, a=[=v=90°) is taken as the starting structure. The procedure was applied

on a 7x7x7 cubic supercell containing 8232 atoms with an edge length of 49.84 A. During the melting

step, the crystal is heated at 5000 K for 1 ns at 1 atm. This process is carried out in the canonical en-
semble (NPT). The temperature is controlled by a Langevin thermostat with a damping coefficient of 1
ps~'. The pressure was set by a Langevin piston with a period of 100 fs and a decay of 50 fs. The cool-

1 was applied for

ing procedure takes place directly after the melting process. A cooling rate of 5 K ps™
lowering the temperature by 100 K every 20 ps at 1 atm. The electrostatic interactions are evaluated us-

ing the Particle mesh Ewald (PME) method.
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2.2 Generation of a surface

2.2.1 Surface creation and saturation of dangling bonds

As mentioned in the introduction, catalytic processes occur at the interface between the catalyst sur-
face and the reactants. One simple way to generate a surface is to create a slab from the simulation box.
This is done by increasing one of the edges of the simulation box. As a consequence, the newly created
surface contains a large proportion of undercoordinated atoms. These anomalies are corrected by delet-
ing atoms with lower valency and by saturating the surface oxygen atoms that are only bonded to one
silicon atom. Saturating an oxygen atom consists of attaching one hydrogen atom to form a silanol func-
tion (the corresponding silanol oxygen is denoted OSI). Geske et al.?] and Williams et al.’®? proposed
an algorithm to saturate a silica surface (Figure 3). It first computes the number of neighbors each atom
possesses (two atoms of the same kind cannot be bonded). A silicon atom i is considered bonded to an
oxygen atom 7, if 7 is one of the two nearest neighbors of j and j is one of the four nearest neighbors of
i (with a maximum bond length of 2.1 A). Knowing this information, the procedure adopted works as

follows:
1. All silicon atoms bonded to less than 4 oxygen atoms are deleted.
2. All non-bonded oxygen atoms are removed.

3. Hydrogen atoms are attached to oxygen atoms that are only bonded to one silicon atom, at a dis-

tance of 1 A, to form a silanol function.

4 ‘ . &) 3 ' aJl Y by A 3
P Samsi e
Amorphous silica Cleaned surface H-saturated surface
surface of amorphous silica of amorphous silica
Figure 3: Steps to generate a realistic silica surface from an amorphous silica slab. The undercoordinated atoms are first
removed then hydrogen atoms are added on single-bonded oxygen atoms. Color code: Si in red, O in yellow, and H in grey.

In practice, a slab was created from the amorphous silica box by increasing the edge of the simulation
box in the z-direction by 20 A. 390 hydrogen atoms have been added during the procedure, yielding a
silica slab with 8409 atoms. The saturation algorithm only relies on geometric parameters, therefore,
some of the newly created hydroxyl groups are in strained positions. An additional MD simulation is
therefore necessary to avoid unphysical situations. Since the BKS FF does not contain any parameter

for hydrogen atoms, the surface relaxation was performed with the CLAYFF potential.®” It is commonly
used to simulate zeolites and clays. It contains additional parameters for the hydrogen atom. While the
BKS FF does not possess explicit bonding terms, CLAYFF describes bonds and angles at the surface
with harmonic potentials (Equations (5-7)).
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VC’LAYFF(Tij) = VC’oul + VLJ + ‘/bond + ‘/angle (5)
Viona(ri;) = kn(rij — 7ij0)° (6)
Vangte(Oijr) = ko(Oijr. — Oijro)” (7)

where Vo (last term of Equation (1)), Vz; (Equation (2)), Vionding, and Vapge are the Coulomb, LJ,
bond and angle potentials, r;; is the distance between atoms ¢ and j, ;50 is the equilibrium bond dis-
tance, k, is the spring constant, 0;;, is the angle between atoms ¢, j, and £, 0;j; o is the equilibrium angle
and, kg is the angle force constant. The parameters are presented in Table 3. Although CLAYFF has
not been designed to simulate amorphous silica frameworks, it is adequate to relax the surface. The re-
laxation was performed in the NPT ensemble at 300 K and 1 atm for 100 ps. The Langevin thermostat

and barostat parameters from the melt-and-quench procedure were kept unchanged.

Table 3: Harmonic bonding and angle parameters for the CLAYFF potential. (3%

Atom 1 Atom 2k, [kcal mol™! A_2] Tij,O[A]
0OSI H 554.13 1.00

Atom 1 Atom 2 Atom 3 ko [kcal mol™* °=2] 610 []
Si OSI H 30 109.47

2.2.2 Dehydroxylation of the surfaces

Slabs are described by their silanol concentration (aop), which measures the amount of hydrogen atoms
on the surface. 390 hydrogen atoms distributed on the two surfaces of dimensions 50.00 A x 49.83 A cor-
respond to an aoy of 7.9 OH nm~2. Similar concentrations have been observed on hydrated silica mate-
rials. *¥ However, silica-based catalysts usually undergo thermal treatment, resulting in lower con (4-6
OH nm~2). Several methods exist to produce silica surfaces with more realistic aoy. '8! Tielens et al.[3
started from an unsaturated amorphous silica surface and simulated its hydration by water molecules
with Ab Initio Molecular Dynamics (AIMD). Ewing et al.[® started from a hydrated amorphous silica
surface and reduced the aqoy iteratively. They computed the Gibbs free energy of dehydroxylation at the
DFT level (SiOH + SiOH — SiOSi + H,0). By iterating calculations after each reaction, they were able
to reproduce the experimental evolution of apg as a function of the temperature. However, this method
requires quantum chemistry calculations, which can be demanding from a computational perspective
when performed on large systems. Recently, Fought et al.!® proposed dehydroxylation strategies based
on the silanol type, which is supported by Nuclear Magnetic Resonance (NMR) results. The following
nomenclature is adopted to describe silanol types: isolated, geminal and trio silanols correspond to sil-
icon atoms bonded to, respectively, one, two, and three hydroxyl groups, while two silanols sharing a

common oxygen are called vicinal (Figure 4a).
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Figure 4: a) Classification of silanol groups, b) Silanol dehydroxylation scheme proposed by Fought et al. [36]

They assumed that trio silanols are very rare on the surface, so they are unlikely to be involved in cat-
alytic processes. Therefore, the first step consists of deleting every trio silanols. This modification re-
duces aopn from 7.9 to 7.2 OH nm~2. Despite this improvement, there are still too many silanol groups.
The second step focuses on vicinal silanols. Every vicinal pair containing a geminal silanol is condensed
into a siloxane bridge (by losing one water molecule). The pairs of hydroxyl groups involved in the short-
est hydrogen bond are deleted (Figure 4b). By applying this procedure, a slab with an agy of 5.0 OH
nm~? was produced, which corresponds to the targeted concentration (Table 4).

Table 4: Numbers and proportions of the isolated, geminal, and trio silanols at the surface of differently shaped amorphous
silica frameworks and the impact of dehydroxylation strategies.

Slab Isolated %  Geminal % Trio % Total aou(OH nm~2)
Hydrated 163 61.0 85 31.8 19 7.1 390 7.9
Without trio silanols 180 67.7 86 32.3 0 0.0 352 7.2
Without vicinal-geminal pairs 196 88.7 25 11.3 0 0.0 246 5.0

Tube
Hydrated 412 64.9 191 30.1 32 5.0 890 7.2
Without trio silanols 440 68.5 202 31.5 0 0.0 844 6.8
Without vicinal-geminal pairs 457 91.0 45 9.0 0 0.0 547 4.4
MCM-41-like

Hydrated 104 62.7 52 31.3 10 6.0 238 8.9
Without trio silanols 114 68.7 52 31.3 0 0.0 218 8.2
Without vicinal-geminal pairs 120 85.7 20 14.3 0 0.0 160 6.0

2.2.3 Defining the shape of the catalyst

One way to improve catalytic performances is to maximize the accessible surface, which is usually done
by synthesizing porous materials because they display a large surface/volume ratio and an elevated spe-
cific surface area.” So, in this work, amorphous silica slabs serve as starting materials to model alumi-
nosilicate catalysts. The protocol presented here to produce an amorphous silica structure is easily tun-
able to any catalyst shape. From a modeling perspective, creating a porous catalyst amounts to post-

processing of the selected starting structure. Mesoporous silica constitutes a class of catalysts with pore

size ranging from 20 A to 500 A.8 Therefore, a mesoporous nanotube can be produced by carving a
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hole in the amorphous silica framework generated via the melt-and-quench procedure. Modeling an infi-

nite (along the z-axis) tube corresponds to deleting the atoms that do not satisfy the following equation.

Rint S \/('T’L - ch)Z + (yz - yc)2 S Remt (8)

where x;, y;, and z; are the coordinates of an atom i, x., ., and z. are the coordinates of the center of
the amorphous silica box, and R;,; and R.,; are the radii determining respectively the pore size and the
wall thickness (thickness = R, - Rin). On the other hand, some mesoporous silicates have a long-range
organization, yielding more complex structures. Among the most widely used, MCM-41 and SBA-
15149 have a hexagonal porous architecture¥. These materials can also be modeled from a crystal with
similar symmetry as a starting point. So, among crystalline silica polymorphs, a-quartz has a hexag-
onal unit cell (a=b=4.916 A, ¢=5.4505 A, a==90" and, y=120°). First, the melt-and-quench proce-
dure was applied to a 8x8x2 a-quartz supercell. The mesoporous silicate with a hexagonal porous archi-
tecture was then created by deleting the atoms that do not satisfy Equation (8) at each corner of the
periodic box (no need to specify R..;). Both types of porous structures can then undergo the satura-
tion/dehydroxylation procedure described in the previous section to produce realistic model catalysts
with high surface area (Figure 5). Table 4 shows that the dehydroxylation scheme yields satisfactory

aon for every structure.

198 5 aﬂkpwkkk
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bulk amorphous silica structure

(a) (b)

>

Figure 5: modeling of mesoporous silica a) Nanotube produced by carving holes in an amorphous silica box. b) Hexagonal
porous architecture generated from an a-quartz supercell. The hexagonal pattern appears when the supercell is replicated.

2.3 Creation of clusters for QM calculations

This work aims at presenting a complete procedure to compute properties on amorphous silica-based
catalysts. QM calculations are performed on small silica clusters extracted from an amorphous slab sur-
face. This cluster approach relies on the assumption that, by exploring a sufficiently large number of
configurations, the whole set of results should converge towards the average behavior of the studied ma-
terial. ') The general protocol is presented and tested for Brgnsted amorphous aluminosilicate catalysts.
Here, for each active site, hemispherical cuts are performed at the silica slab surface around targeted sil-
icon atoms to generate the acid site models. The dangling bonds are then saturated using the algorithm
presented in Section 2.2.1. The surface silicon atoms chosen as hemisphere centers must be bonded to
four oxygen atoms themselves bonded to two silicon atoms (i.e., not involved in silanol groups). This
condition is applied to represent Brgnsted acid sites. The central silicon atom is then replaced by an alu-
minum atom and a proton is added on a neighboring oxygen atom as a balancing charge. These clusters

are subjected to QM calculations.
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T
optimization Substitution Optimization
\
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O,

Figure 6: QM-Opt protocol to optimize the geometry of a silica cluster generated from MD (green), doped with a het-
eroelement (M=Al) adapted from Vandervelden et al.[?/ A hemisphere is first extracted from an amorphous silica slab
generated with MD. The cluster is saturated with O-H groups and ”pre-optimized” at the DFT/QM level with a loose
(L) convergence criterion (orange). The central atom is then replaced by the heteroelement (M) and a proton is added on
a neighboring oxygen atom. The acid site is finally optimized with a tighter (T) convergence criterion (red), where only
atoms close to the active site are allowed to move (delimited with dotted lines).

Vandervelden et al.?? showed that in such a sequential MD-QM scheme, the properties computed can
be biased by the initial MD structure. Therefore, they designed a multistep protocol to limit the influ-
ence of this so-called “procedural disorder”. This scheme is adapted here. It starts with a geometry pre-
optimization step, where the cluster structure is first fully relaxed at the DFT level. In this step, a ”loose”
convergence criterion is applied to reach an equilibrium geometry more quickly. Then, the acid site is
created by substituting the central silicon atom with an aluminum atom and adding a hydrogen atom as
a balancing charge on a neighboring oxygen atom. Those "doped” clusters are then “sliced” into tetra-
hedral atoms (Si or M) layers. The first layer corresponds to the aluminum atom and its neighboring
oxygen atoms (including the one bearing the acidic proton), the second layer corresponds to the follow-
ing silicon atoms and their neighboring oxygen atoms, and so on. This protocol ends with a second ge-
ometry optimization step, but here, the allowed geometrical relaxation cover at most the first four layers.
Freezing terminal atoms allows to keep the constrained nature of the material. Here, a "tight” conver-

gence criterion is applied to obtain the final structure (Figure 6).

2.4 QM Calculations parameters

These QM calculations are performed at the DFT level with the GAUSSIAN16“Y software. During the
pre-optimization step, the B3LYP 2 XC functional and the 6-311G* basis set are used, the "loose” con-

43] were included in the last

vergence criterion on RMS forces is 0.0017 au. The D3 dispersion corrections
geometry optimization step, the "tight” convergence criterion on RMS forces is 0.00001 au. These opti-
mized geometries were employed to calculate the harmonic vibrational frequencies and to simulate the

IR absorption spectra. Those calculations used the same B3LYP-D3/6-311G* scheme. Magnetic shield-

ing tensors were computed at the B3LYP/6-311G** level using the Gauge-Including Atomic Orbital (GIAO)

scheme.
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Figure 7: Structural analysis of amorphous silica frameworks produced by the melt-and-quench procedure from a -
cristobalite supercell: a) Si-O bond length distribution, b) Si-O-Si and O-Si-O angle distributions and ¢) Si-O, O-0O, Si-Si
RDFs.

3 Results and Discussion

3.1 MD-based melt-and-quench simulations

3.1.1 Basic structural analysis

The amorphous silica structure generated from the S-cristobalite is validated by the geometrical anal-
ysis shown in Figure 7. First, bond length and angle distributions are evaluated. The bond length dis-
tribution is centered at 1.60 4 0.03 A. This is close to 1.62 A, which is the average Si-O bond length in
amorphous silica frameworks as determined from X-ray diffraction (XRD).*4 The O-Si-O angle distri-
bution (109.37 &+ 6.68°) is narrower than for the Si-O-Si angle (151.46 4+ 12.67°). The former represents
the angle between the central Si atom and its four neighboring oxygen forming a tetrahedron. The lat-
ter angle distribution is wider and corresponds to the linkage between the tetrahedrons. The amorphous
nature of such materials arise from the diversity of angles that link the tetrahedral silicon atoms. Bond
and angle distributions allow to study the first neighboring shell of the atoms. By computing Radial
Distribution Functions (RDFs), additional information can be gained on further atoms. RDFs describe
the probability of finding an atom within a certain radius. The first Si-O peak ending at 1.9 A repre-
sents the first neighboring shell (Figure 7c). The following peak is broader, confirming that the second
neighboring shell is responsible for the disorder. Beyond the second layer, the curve flattens out, corre-
sponding to an isotropic environment. This combination of short-range order and long-range disorder is
characteristic of amorphous solids. O-O and Si-Si RDF's curves adopt similar shapes.

As mentioned above, by modifying the starting crystal during the procedure, catalysts of different shapes
can be modeled. Therefore, a-quartz has been used to model a mesoporous catalyst with a hexagonal
pore structure. As the protocol depicted here is intended to be general, the starting crystal should not
influence the characteristics of the amorphous network produced by the melt-and-quench procedure. The
same structural analysis has been adapted to validate the amorphous skeleton of a material generated
from an a-quartz supercell (Figure S1). Indeed, the bond and angle distributions and RDFs were similar

to those obtained when starting from [-cristobalite.

10
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Figure 8: Selected primitive rings in an amorphous silica framework (left). Primitive rings distribution in amorphous silica
frameworks produced by the melt-and-quench procedure and in their starting crystal unit cell (right).

3.1.2 Ring statistics

However, RDF's and angle distributions mostly describe the amorphous structure around the first two
neighboring shells, which could be insufficient to identify remnants from the crystalline structure. These
identifications can be done using ring statistics that reveal the medium-range disorder. Mysovsky and
Paklin %! used ring statistics to demonstrate that certain domains in the melted silica may retain struc-
tural similarities to the original crystal. Introduced in 1967,1*% ring statistics is an application of graph

47.48] where

theory to describe materials. It is used to study the structure of zeolites or amorphous silica, |
the silicon and oxygen atoms correspond to the nodes and edges of the graph, respectively. In those topo-
logical networks, a path corresponds to a series of sequentially connected nodes, and a ring is a path

that starts and ends at the same node. It is a useful tool to study amorphous systems beyond the sec-
ond coordination sphere. There exist many classes of rings. In the context of this work, the focus is on
primitive rings.”! A primitive ring is defined as one that contains no shortcuts. Formally, it cannot be
decomposed into two smaller rings. **]

In an a-quartz unit cell each silicon atom contributes to forming six 6-membered primitive rings (6-rings)
and 40 8-rings, while in the S-cristobalite unit cell, they are involved in the formation of 12 6-rings. On
the contrary, a typical primitive ring analysis for amorphous silica yields a distribution centered around

[50.51] Mysovsky and Paklin noticed that some amorphous silica frameworks generated via the

7-rings.
melt-and-quench procedure from a-quartz were presenting an abnormally large number of 8-rings, demon-
strating that the ring distribution should be assessed.[*’] A primitive ring analysis has therefore been
performed on a-quartz and [-cristobalite as well as on the amorphous silica frameworks generated from
both crystalline structures (Figure 8). Searching for primitive rings in large structures is a computation-
ally demanding task.” Yuan et al.*” developed an efficient algorithm that can be decomposed into
three steps. First, potential rings are searched by finding mid-nodes. A mid-node is the furthest node

on the ring from a reference node. For any even 2n-ring, there is only one mid-node for each reference

node. For any odd (2n+1)-ring, there are two mid-nodes for each check node, and they must be linked

11
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Table 5: Primitive rings distribution of amorphous silica boxes generated via the melt-and-quench procedure. When the
melting temperature is modified, the cooling rate is 5 K ps~'. When the cooling rate is modified, the melting temperature
is set to 5000 K.

Ring size [n-rings]

Temperature [K] 2 3 4 5 6 7 8 9 10 11 12 13
1000 0 O 0 0 12.00 0 0 0 0 0 0 0
2000 0 O 0 0 12.00 0 0 0 0 0 0 0
3000 0 O 0 0 12.00 0 0 0 0 0 0 0
4000 0 O 0 0.02 11.92 0.06 0 0 0 0 0 0
5000 0 0 053 188 284 340 2.02 153 045 0.06 0.04 0
6000 0 0 056 191 278 350 245 136 041 0.15 0.02 0
Cooling rate [K ps™!]
1 0 0 052 197 317 333 241 130 031 0.06 0.01 0
) 0 0 060 1.86 289 341 226 155 0.39 0.08 0.05 0
25 0 0 062 175 27 334 232 173 063 021 0.03 0.03
100 0 0 062 170 250 3.03 238 148 080 0.48 0.19 0.08

to each other. Then, rings are formed by joining all pairs of shortest paths (of length n) between the ref-
erence and mid-nodes. Finally, every ring that contains a shortcut is deleted, leaving all primitive rings.
For this work, this algorithm has been implemented in an open source Python package.®? After com-
putations, S-cristobalite and a-quartz unit cells contain the expected amount of 6-rings and 8-rings. The
primitive ring distributions of the amorphous silica framework generated from a-quartz and S-cristobalite
are highly similar. There are very few 3 and 4-rings since they consist of strained positions. Most rings
are between 5 and 8-rings, as already seen in the literature®l. The absence of signatures correspond-

ing to the initial crystals in the primitive ring distributions confirms that the melt-and-quench procedure

does not depend on the starting structure.

3.1.3 Effect of melting temperature and cooling rate

The melting temperature of crystalline silica polymorphs stands around 1800 K. 53!

However, most melt-
and-quench procedures employ much higher temperatures.!?3 This is usually justified by the need for to-
tal memory loss of the initial crystal structure. In this work, several melt-and-quench procedures were
performed on S-cristobalite supercells with melting temperatures ranging from 1000 to 6000 K, while
keeping the cooling rate constant (5 K ps™'). RDF and primitive ring analysis have been used to study
the influence of the melting temperature on the final amorphous structure. The primitive ring distribu-
tion analysis has proved to be a very powerful tool to detect traces of the original crystal structure (Ta-
ble 5). Indeed, below 5000 K, almost all the rings formed are 6-membered, as in the S-cristobalite unit
cell. Above 5000 K, the ring distribution becomes distributed around 7-rings, typical of amorphous sil-
ica frameworks. This can also be seen in the RDF's, which still exhibits some long-range organization

I In

(Figure S2). The same analysis has been performed with cooling rates ranging from 1 to 100 K ps~
general, a very low cooling rate is recommended to give the atoms enough time to reorganize themselves
and form an amorphous network. However, Table 5 and Figure S3 show that, for this range of cooling

rates, no matter the cooling rate employed, a homogeneous distribution is always obtained.
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3.2 QM cluster calculations

Once the amorphous nature of the generated catalyst has been established, the next step is to extract

a cluster to calculate its properties. QM calculations require high accuracy within a reasonable compu-
tational time. In this section, several parameters of the QM-Opt protocol are varied to find the most
cost-effective combination. On one hand, the cluster size and the region where the atomic positions are
frozen, later referred as the "high layer”, are modified. Indeed, the so-called partitioning scheme is cru-
cial to take into account long-range interactions, but increasing the amount of atoms also increases the
computational time. On the other hand, since DFT calculations are performed, the impact of the na-
ture of the XC functional is also monitored, as the level of approximation has an impact on the calcula-
tion accuracy. Two quantities have been chosen to assess the validity of this sequential MD-then-QM ap-
proach, the DPE and *Al §. The DPE is a widely computed metric to quantify the intrinsic strength of
Brensted acids. ™ It corresponds to the energy required to separate the proton of an acid from its con-

jugate base.

DPE =FE - + Eg+ — Ega (9)

where F4—, Fy+, and Ey4 are the energies of the deprotonated species, of the proton, and of the proto-
nated species. Calculations were performed in gas phase (no solvent), therefore, the DFT energy of the
proton is equal to zero. Both Fy4 and E4- were obtained after geometry optimizations as described in
Section 2.3.

The chemical shift is a descriptor of the chemical environment of an atom. It can be measured exper-
imentally, so unlike DPE, the calculations can be directly compared with NMR data. It is calculated
from the magnetic shielding tensor (o) corresponding to the magnetic field induced on an atom under
the effect of an external magnetic field. The induced magnetic field results from the interaction of the
atom electronic cloud with the external field. Thus, this quantity highly depends on the chemical envi-
ronment of the targeted atom. The experimentally measured chemical shift is derived directly from the

trace of o,

1
Oiso — §T7’O’ (10)

0iso 18 the isotropic average of the magnetic shielding tensor, and

0= Oiso,ref — Oiso,sample (11)

Oiso,sample A s rep are the isotropic averages of the magnetic shielding tensor of the studied atom in
the sample and in a reference molecule. When studying ?*Al nuclei, Al(H,0)g*" is used as reference and
Oiso = D77.74 ppm. ") For the 'H nucleus, the reference is tetramethylsilane (TMS) with o5, = 32.29
ppm. These reference values were obtained from B3LYP/6-311G** calculations on B3LYP/6-311G* op-

timized geometries.
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3.2.1 Study of the partitioning scheme

DPE and 4 have been computed on a set of 24 acid sites to study the influence of the partitioning scheme
on properties computed at the DFT level. The accurate description of the acid site surroundings is one
of the main challenges of the cluster approach. Two parameters are considered, i) the size of the whole
cluster and ii) the number of layers in the "high layer”, i.e. where a high level method is employed. Hemi-
spherical clusters of 7 A, 9 A, and 11 A have been constructed. For each cluster, the ”high layer” size
has been enlarged up to four layers of tetrahedral atoms. The labeling scheme is simple: a 9 A cluster
with a two-layer large "high layer” is named C9L2.

The influence of the partitioning scheme on the DPE values and chemical shifts are summarized in Table
S1. As illustrated in Figure 9, increasing both the cluster and the ”high layer” sizes leads to lower DPE
values. For the C11 series, no convergence towards a stable value is observed in the partitioning schemes
investigated in this work. Similar behavior was observed by Trachta et al.!! for DPE calculations on ze-
olite clusters of increasing sizes, even for clusters containing up to 150 tetrahedral atoms (twice as large
as C11). This effect was justified by long-range electrostatic interactions. Apart from this, the standard
deviations on the DPE (around 27 kJ mol™!) remain very similar across all partitioning schemes, show-
ing that the amorphous character of the clusters is well reproduced even with the smallest models. Due
to the drift towards more negative values as a function of the system size, comparisons should be per-
formed within fixed partitioning scheme. Those values fall in the typical 1200 kJ mol™! range, which
corresponds to what is obtained when computing DPE on aluminosilicate catalysts. [1%:57]

The influence of the partitioning scheme is more systematic for the 2?Al chemical shifts as presented in
Figure 9. For all cluster sizes, the average calculated § values are about 75 ppm when only the central
tetrahedron atom is included in the ”high layer”. Increasing the "high layer” size leads to smaller §. For
C9 and C11, the change gets less and less abrupt, reaching a plateau around 60 ppm. This can be un-
derstood as follows: only allowing the central tetrahedron to relax during the last step of the QM-Opt
protocol (L1 case) does not allow the aluminum to adopt a fully stable position. Enlarging the relax-
ation zone allows reducing constraints on the positions of the atoms in the surroundings of the active
site. Moreover, the standard deviation is also increasing with a larger "high layer”. These calculated
27Al chemical shifts are consistent with related calculations performed on tetrahedral Al atoms in silica
frameworks. ®®! Moreover, in solid-state NMR spectra, the signal corresponding to tetrahedral aluminum

59 Tndeed, the 2"Al atom possesses a nu-

is usually observed as a broad peak centered around 60 ppm.
clear quadrupole moment leading to interactions with the electric field gradient at the nucleus.® The
magnitude of these quadrupolar interactions highly depends on the symmetry of the selected nucleus
and on its close environment, so that the amorphous nature of materials yields a distribution of chemi-
cal shifts and of quadrupolar coupling constants, leading to this broadening. Subsequently, this leads to
overlaps between signals corresponding to different Al species, which complicates the analysis of experi-
mental spectra. % Note that these interactions also cause the broadening of the signal in crystalline alu-
minosilicates (such as zeolites). Therefore, we can conclude that a ”high layer” larger than two tetrahe-
dral layers (C9L3, C11L3, and C11L4) yields accurate 0 values. Therefore, the C9L3 partitioning scheme
appears to be a good compromise between accuracy and computational resources.

In the calculations reported so far, all clusters have been extracted from the same amorphous silica slab.

Though our first purpose is to illustrate the calculation protocol, it is interesting to assess whether the
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Figure 9: DPEs and 2“Al chemical shifts computed on hemi-spherical aluminosilicate clusters with different sizes and re-
gions where atoms are allowed to relax during the QM-Opt protocol. Points represent the average values and error bars
represent the standard deviations. The geometries were obtained at the B3LYP-D3/6-311G* level while the o5, values
were computed at the B3LYP/6-311G** level.

configurational and chemical spaces are sufficiently explored. As a matter of fact, additional calculations
were performed on three new sets of 10 aluminosilicate clusters. The first two were generated from MD
simulations adopting the same melt-and-quench parameters as above (a melting temperature of 5000 K
and a cooling rate of 5 K ps™1), and the last one by using 6000 K as melting temperature (and the same
cooling rate of 5 K ps™!). All the other aspects of the calculations were kept the same. The results pre-
sented in Table S2 demonstrate overlaps between the different distributions as well as with the original
one, though the number of clusters was kept low in these additional calculations. This demonstrates the

reliability of the sampling of the configurational space.

3.2.2 Impact of the XC functional

While lots of studies have explored the design of suitable models (cluster vs periodic approaches), very
few have focused on the effect of the XC functional. ') Yet this parameter can be crucial for calculating
properties when using DFT. In this section, DPE and chemical shifts have been computed on C9L3 clus-
ters using 6 different XC functionals. Results obtained with two Generalized Gradient Approximation
(GGA): BLYP!1262 PBE63] three hybrids: B3LYP“2, PBE0®Y, M06-2X %, and one range-separated
hybrid w-B97X-D %% are compared in Figure 10 and Table S3. The QM-Opt protocol has been applied
consistently with each XC functional. When computing DPE, dispersion corrections were included in the
functional, with the exception of M06-2X since it has been designed to take into account these interac-
tions. There is no systematic effect of the XC functional on the DPE values, i.e. for instance no system-
atic variation with the percentage of the Hartee-Fock (HF) exchange. Average DPE values range from
1170 to 1190 kJ mol~t. As mentioned above, DPEs cannot be directly compared to experimental values.
Yet, since the standard deviations are very similar for the different XC functionals there is no preferred
XC functional.

The computed average chemical shifts fall within the 60-68 ppm range, which remains close to what is

being experimentally measured (o5, value of 27Al in AI(HQO)63+ computed with each XC functional can
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be found in Table S4). Moreover, the difference in chemical shift between the different XC functionals
can partly be attributed to the geometries obtained after the QM-Opt protocol. To show it, 27Al chemi-
cal shifts have been computed with different XC functionals on the geometry obtained with B3LYP-D3.
The red lines in Figure 10 effectively show that the differences between the XC functionals is slightly

smaller than those of the black lines.
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Figure 10: DPEs and 27Al chemical shifts computed on the C9L3 hemi-spherical aluminosilicate cluster optimized with the
QM-Opt protocol using different XC functionals. Points represent the average values and error bars represent the stan-
dard deviations. Geometries obtained with dispersion corrections except for M06-2X with the 6-311G* basis set and o,
obtained with the 6-311G** basis set.

3.2.3 modeling of other spectroscopic signatures

In addition to calculating the DPEs and %"Al chemical shifts, the sequential MD-QM procedure has been
enacted to determine two additional spectroscopic signatures of the bare aluminosilicate clusters bearing
a Brensted acid site, i.e. the IR spectrum in the O-H stretching region (3000 — 3800 cm™!) and the 'H
NMR chemical shifts. %667 To do so, the optimized geometries of the 24 CIL3 clusters were employed.
The harmonic vibrational frequencies were scaled by a 0.97 factor to account for anharmonicity contri-
butions while a Gaussian broadening of 30 cm~! was applied to each vertical transition. The IR spec-
trum of the amorphous aluminosilicate catalysts bearing a Brgnsted acid function was then simulated

by averaging out the contributions of the 24 C9L3 clusters (Figure 11). This simulated spectrum ac-
curately reproduces the broad band ascribed to the silanol stretching frequency in this specific region.
This large band accounts for all O-H stretching modes. Computing the vibrational frequencies allows

to isolate the contribution arising from the stretching of the O-H group containing the acidic proton.
These normal modes are mainly found in the 3600-3800 cm™! region as observed for aluminosilicate ma-
terials. (696571~ A good correlation was subsequently found between these silanol O-H vibrational fre-
quencies and the corresponding equilibrium O-H bond lengths (Figure S4). Such observation has already
been made within the IR spectrum analysis of an aluminated SBA-15 (a mesoporous aluminosilicate cat-
alyst with amorphous structure) from periodic DFT calculations. [°7]

Then, the 'H chemical shifts were calculated using Equation (11). The signal corresponding to the acidic

proton is observed between 3 and 11 ppm (4.96 £ 2.22 ppm), which is consistent with experimental spec-
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Figure 11: Simulated IR spectrum generated by averaging out the contributions of 24 amorphous aluminosilicate Brgnsted
CIL3 clusters. The harmonic vibrational frequencies were computed at the BSLYP-D3/6-311G* level. A scaling factor of
0.97 and a Gaussian broadening of 30 cm~! have been applied at each vertical transition (left). Correlation between the
acidic proton chemical shift and the O-H stretching vibrational frequency, only the O-H groups involving the acidic proton
have been considered (right).

tra recorded on amorphous aluminosilicate materials. "> Subsequently, a good correlation was revealed

between these 'H chemical shifts and the corresponding O-H stretching vibrational frequencies (Figure 11).

4 Conclusions and outlook

In this work, a complete route to compute chemical properties of amorphous aluminosilicate catalysts
has been presented. Amorphous silica frameworks are generated via a melt-and-quench procedure using
molecular dynamics simulation. Bond and angle distributions and RDF's are used to ensure the loss of
long-range order from the initial S-cristobalite crystal. Using a homemade code, this analysis is com-
pleted by computing primitive rings distributions, which appears to be a powerful tool to analyze the
impact of the melting temperature and of the cooling rate on the generated amorphous structure. This
enables to establish that a melting temperature of 5000 K is necessary for obtaining an amorphous lat-
tice, i.e. a lattice that no longer displays the ordered domains inherited from the initial crystal. Indeed,
below a temperature of 5000 K, the 12 6-rings, typical of the S-cristobalite, are kept, while above this
temperature, a wide distribution of ring sizes is obtained. Particular care has also been taken in the post-
treatment of amorphous silica to model realistic catalysts. A hydration and dehydration procedure was
undertaken to obtain a silanol concentration around 5 OH nm~2, typical of what is observed experimen-
tally. Next, catalysts with hexagonal porous architecture were modeled by manipulating an amorphous
silica bulk.

In a second step, chemical properties are computed at the DFT level on hemispherical clusters carved
from the saturated amorphous silica slabs. The geometries of the extracted clusters were optimized us-
ing a procedure similar to the QM-Opt protocol reported in the literature.?! DPE and ?"Al chemical
shift calculations were used to illustrate the influence of the partitioning scheme (the size of the whole

cluster and of the atom relaxation zone) and of the XC functional on the calculated chemical proper-
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ties. Regarding the partitioning scheme, a convergence towards chemical shifts values of 60 ppm is ob-
served for a relaxation zone containing at least three layers of tetrahedral atoms (L3). Although DPE
calculations did not give as clear a trend, the values obtained are around 1200 kJ mol™!, similar to what
can be found in the literature. Among the 6 tested XC functionals, no large differences are observed for
these properties. In conclusion, performing QM calculations with a cluster approach on Brgnsted amor-
phous aluminosilicate acid sites with a combination of the so-called C9L3 system with the B3LYP XC
functional (using D3 dispersion corrections for geometry optimization) yields satisfactory DPE and *"Al
chemical shift values. Finally, those QM parameters have been used to compute other spectroscopic sig-
natures, O-H stretching frequencies and 'H chemical shifts, of the Brgnsted acid sites.

The protocol depicted here is intended to be as general as possible. DPEs, chemical shifts, and vibra-
tional frequencies have been computed, but this scheme can easily be extended to other properties (e.g.
adsorption energy), and to other heteroelements (e.g. B, Ga, In), or acid sites (Lewis acid). Moreover,
the proposed protocol could also be employed on surfaces with controlled roughness. These rough sur-
faces can be generated by following the method of Nguyen and Laird ™ by post-processing the selected
starting structures. These rough structures are indeed of interest because they have a larger surface/volume

ratio, influencing the catalyst performances.
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