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Abstract

Since Brgnsted acidity is a crucial aspect for the applications of zeolitic materials in
heterogeneous catalysis, great effort was devolved to characterize the number, strength
and location of the potentially active acidic sites. Quantum chemical calculations can
turn out essential in estimating the intrinsic acidity by computing deprotonation energy
(DPE) values, although each method comes with its own difficulties. In this context,
three approaches within density functional theory were employed to study the intrinsic
acidity of 30 topologically distinct Brgnsted sites in the -zeolite framework. Advantages
and disadvantages of the three methods were outlined and the acidity order between the
sites was assessed, being the DPE range 59 kJ mol~! wide, with the proposed best
approach. By dividing the range into three portions, the sites were classified as having
high, medium and low acidity. Hydrogen bonds formation was found to be a contributing
factor in determining a low Bregnsted acidity.

Keywords: fB-zeolite, DFT, intrinsic acidity, topological sites

1. Introduction

Zeolites are crystalline aluminosilicates with a specific microporous structure that find
wide application as heterogeneous catalysts, especially in the petrochemical industry [1-

6]. From the isomorphous substitution of a silicon atom by an aluminum atom in the
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pure-silica framework, a negative charge is generated which can be balanced by a proton.
This gives rise to the zeolites’ pronounced Brgnsted acidic properties, responsible for
most of their usage and notability [7-9]. The intrinsic strength of a zeolite Brgnsted
acidic site can be quantified in terms of its deprotonation energy (DPE), that is the
energy needed to separate a proton at an infinite distance from the resulting anion. In
real systems, however, Brgnsted acidity can only be observed if a base is present, so that
additional factors become important, such as accessibility of the involved zeolitic site,
steric hindrance, the tendency of the base to accept protons, and the stabilization of the
resulting ion pair.

According to this distinction, large effort was devoted, both through theoretical stud-
ies and experimental tecniques, to characterize the number, strength, and location of
the potentially active acidic sites, aiming at a formulation of acidity-reactivity relation-
ships in zeolite catalysis [10-13]. As a matter of fact, the synergism between experiment
and quantum chemistry calculation is instrumental to unveil the fundamental aspects of
catalytic reactions, assisting the design of new catalysts and orienting the optimization
of active sites [14-21]. For zeolite-based catalyst specifically, Density Functional The-
ory (DFT) proved to be essential in the development of materials and processes [22-25].
Common approaches to measure proton affinity of zeolites include IR and NMR spec-
troscopy, calorimetry and temperature-programmed desorption (TPD), exploiting the
interaction of the acidic sites with basic probe molecules such as ammonia and pyridine
[26-30]. Ammonia IRMS-TPD experiments, for example, have been successfully used
in combination with DFT studies to assign the stretching vibration bands of acidic OH
groups in the IR spectrum to each Brgnsted acidic site, located at crystallographically
non-equivalent position in MOR, FAU, CHA and BEA zeolite frameworks [31-34]. The
Brgnsted acidity of sites belonging to FAU, CHA, IFR, MOR, FER, and TON zeolites
was investigated by Trachta et al. [35] by the analysis of the adsorption of base molecules
with different proton affinities. Even if the authors recognize the difficulties in estimating
a site acidity ranking, they recommended a best acidity order based on the use of probes
(such as acetonitrile) whose proton affinity is just below the site deprotonation threshold.
However, it is our opinion that the use of the adsorption properties of small molecules

to sample the acidity of zeolites Bronsted sites is complicated by the orientation of the
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probe with respect to the zeolite framework. As a matter of fact, this orientation is
driven by a delicate balance between the directional interaction with the acid hydrogen
atom and a number of weak interactions with the zeolite walls; just these latters, from
the computational point of view, are very difficult to be estimated and, even if a number
of correction schemes for dispersion interactions was proposed in the recent years, it is
not guaranteed that these corrections allow to reach the accuracy needed for the most
reliable description. Accordingly, it is perhaps a better idea to avoid these complications
and resort to acidity rankings based on deprotonation energies, even if this quantity is
not accessible by direct measurements [36].

DPEs in various zeolites have been estimated from quantum chemical calculations
using either isolated or embedded clusters [37-39] and periodic models [36, 40], each
method bearing its advantages and disadvantages. In particular, values obtained using
small cluster models show significant variations with cluster size, reaching convergence
only when systems containing more than 20 tetrahedral SiO, units are investigated [28].
In case of embedded clusters, for example within a QM-Pot approach, the influence of
cluster size is much smaller although, as a downside, issues associated with embedding
may arise. In this context, Brandle and Sauer reported that all the calculated DPE values
for FAU and MFI are within a range 3 and 6 kJ mol~! wide, respectively, while values for
different crystalline structures span within a range of less than 30 kJ mol~! [37, 41|. These
findings would indicate that the intrinsic acidic strength of zeolites is hardly influenced
by the framework structure. To avoid embedding artifacts, periodic DFT was used
by Jones et al. [36] in a broad study of deprotonation energies for several zeolites,
mapping every unique crystallographic position for the Al-Si substitution. They reported
mean DPE values, obtained by averaging over the four distinct proton locations at each
Al atom, in the range of 1201411 kJ mol~! for all crystalline frameworks considered.
This investigation suggested that DPEs are insensitive to the Si—O—Al bond angles,
but conversely exhibit a dependence on the framework densities [40, 42]. However, the
employed method is not immune to errors, having to account for the artificial interactions
arising among charged cells, created after the deprotonation of a zeolite site, in periodic
calculations [43, 44]. More recently, the fact that the sites Bronsted acidity strength is

inversely correlated with the framework density was confirmed by Trachta and coworkers
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[45], which used a series of increasing-size cluster models to estimate the deprotonation
energies in FAU, CHA, IFR, MOR, FER, MFI, and TON zeolites. After the results of
cluster models have been corrected by applying an electrostatic embedding, from the
proposed deprotonation energies reported there a mean value of 124549 kJ mol~! can
be calculated, which is sensibly higher than the one obtained by Jones et al.

In spite of the significant number of studies reported on the topic, the effect of zeolite
topology and composition on intrinsic acidity and reactivity is far from being fully un-
derstood. Many questions are still open and, especially from an atomistic-scale point of
view, more accurate treatments are desirable, being however challenging the attempt to
correlate computational results and experimental data, due to the inherent dissimilarity
in what can be investigated in the two cases.

This work aims to add a piece of knowledge on the study of zeolite acidity based
on quantum chemical descriptors, providing a comparative analysis of DPEs calculated
through three different approaches, focusing on -zeolite’s framework (*BEA, if consid-
ering a mixture of polymorphs) as a case study.

Belonging to the large pore zeolites, BEA is one of the most notable and extensively
used [46-51]. In BEA structure, silicon and oxygen atoms are linked to form 3D twelve-
membered rings (diameter of 6-7 A along the [010] and [100] axes, 5-6 A along [001]),
together with six, five and four-membered rings. This give rise to 9 and 17 crystallograph-
ically non-equivalent Si and O atoms, respectively, causing the topological possibility of
32 unique Brgnsted acidic sites [zeo]. The intrinsic strength of all these sites is investi-
gated in the present study by using i) an ONIOM method, ii) periodic DFT calculations

and iii) a specially designed cluster approach based on the latter.

2. Models and Methods

2.1. ONIOM approach

From the periodic framework of the -zeolite builded by using the crystallographic in-
formation file provided by International Zeolite Association (IZA) website [zeo|, a portion
of about 800 atoms was selected, featuring two intersections between the main twelve-

membered ring channels (12T). To this fragment, terminal hydrogen atoms were added
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to complete the valences of the dangling oxygen atoms, thus obtaining the model, con-
sisting of 864 atoms, chosen as the real system for the subsequent ONIOM calculations
(see Figure 1). Six model systems, in the following indicated as m1-m6, were selected,
ranging in size from 39 to 102 atoms. Model systems from m1 to m4 were used to study
more than one topological silicon, while the smallest ones, m5 and m6, were defined to
investigate just one specific T site, namely T9 and T1, respectively, being these not prop-
erly embedded in the other models. In fact, careful attention has been paid so that the
portion with the silicon atoms of interest was centered with respect to the model system
itself, so to place these at a suitable distance in all directions from the boundary with
the low level. Figure 2 shows the six model systems embedded in the real system and,
in a close-up view of the model systems, all the labels of the investigated acidic sites.
Geometry optimizations were performed for: i) the silicalite systems as starting point,
ii) the anionic structures with one Si atom replaced by one Al and iii) the neutral struc-
tures with aluminum and a hydrogen atom. In the latter, the hydrogen was positioned so
that it interacted, in turn, with three of the four oxygen atoms of the AlO, tetrahedral
unit. In the following the different acidic sites will be labeled as TnOm, where T is the
tetrahedral center corresponding to the silicon atom substituted by aluminum whereas
n and m are couples of numbers pointing out the specific topological site as reported
in Figure 2. Excluding T5014 and T6014 sites, where the added hydrogen would not
be accessible, 40 cases were obtained out of the 32 topologically distinct acidic sites of
the §-zeolite. Some aluminum-hydrogen configurations were considered twice in different
model systems, as an internal consistency check. The site-topological label assignment
was made by comparison with labels reported in the crystallographic information file of

the BEA framework, using the VESTA program [53].
[Figure 1 about here.|
[Figure 2 about here.]

Gaussianl6 [54] was used with B3LYP hybrid exhange-correlation functional cor-
rected by the third order Grimme empirical treatment of dispersion interactions (B3LYP-
D3, [55]); the cc-pvdz basis set was employed for all atoms. The chosen low level of theory

for the application of ONIOM was the Universal Force Field. A singlet multiplicity state
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was considered for both high and low level. Inspection of the calculated harmonic vibra-
tional normal modes confirmed that the investigated structures correspond to minima

on the potential energy surface of their respective systems.

2.2. Periodic DF'T calculations

The structural model used for periodic DFT calculations is the BEA unit cell (a =
b=12.631 A, ¢ = 26.186 A, a = 3 = v = 90°) provided by IZA [zeo| and illustrated in
Figure 3. Periodic geometry optimization were performed for the 30 structures originated
by replacing, one at a time, all the topologically distinct silicon atoms with aluminum

and adding one H atom on the corresponding not equivalent oxygen centers.
[Figure 3 about here.|

All periodic calculations were performed by using the SIESTA approach as imple-
mented in the code [56] bearing the same name. The PBE exchange-correlation functional
was chosen, along with double-( quality numerical basis sets generated with an energy
shift of 0.005 Ry. New generation norm-conserving pseudopotentials were employed;
they were taken from the database of the PseudoDojo project [57] (labeled as nc-sr-
04_pbe_standard). The psml format is supported by the dedicated SIESTA-PSML-R1
version of the code [58]. Sampling was performed using a value of 450 Ry for the mesh
cutoff and a 2x2x2 Monkhorst-Pack grid, which was refined at 4x4x4 after a first

relaxation of the system geometry.

2.8. Cluster approach

Starting from optimized structures previously obtained through periodic DFT calcu-
lations, a zeolite unit cell reshaping procedure was performed to obtain clusters, then
adjusted for the valences of terminal oxygen and silicon atoms. The reshape procedure,
aimed at placing the acidic hydrogen atom roughly in the center of the new born fragment,
replicates the neighborhood of the hydrogen atom which in the periodic calculation gave
that specific arrangement after geometry optimization. Thus, the so obtained clusters
are homogeneous, both each other and singly with their starting optimized structures.
In detail, in order to build a reshaped cell, the position of the aluminum atom was fixed,

both in the anionic and in the corresponding neutral structures, in the center of a new
6
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defined cell, having the same a, b and ¢ constants of the original BEA repetition unit.
The atoms whose coordinates are inside this new cell do not undergo variations, while
those that fall outside of it are translated back inside, by applying to them the a, b, ¢
vectors. It should be noted that the choice of Al as the center of the new cell, being
the interest in the definition of the clusters the acidic hydrogen atom, is justified by the
proximity of the latter to Al and, on the other hand, its absence in the anionic structures.
Figure 4 shows, taking the site T101 as an example, the system at the start and at the
end of the described procedure, which was applied for the 30 neutral species and the 9
corresponding anions. After the reshaping stage is completed, we are left with many un-
dersaturated Si and O nuclei at the cell boundaries. An automatic saturation procedure,
whose algorithm is described in the following, was then applyed to prepare the structure
for a cluster calculation. For every undersaturated nuclei in the cell, consider: case 1)
it is a Si atom, so from 1 up to 3 neighboring oxygen atoms could be missing: in this
case the correct number of hydrogen atoms were placed in an appropriate tetrahedral
arrangement around Si, taking into account position and orientation of the already ex-
isting Si—O bonds; whenever an Si—H moiety was less than two Si—O bonds apart from
the acidic site, it was substituted by Si—OH; case 2) it is a O atom, in which case only
a single neighboring Si could be missing, and consequently a single hydrogen was added
at 109.5° Si—O—H angle. It is worth to note that: i) in the authors’ opinion, the average
Si—O—Si value of 136° typical of zeolites is too wide for a proper Si—O—H angle, an issue
that could give rise to energetic artifacts depending on the number of their occurrence,
hence the choice for the 109.5° value; ii) all the terminating -OH groups are oriented
in the same spatial direction (and so not in the direction of the next Si in the zeolite
framework) in order to avoid the occurrence of having two saturating hydrogens too close
each another, which is a possibility since two different oxygen atoms may be bonded to
the same silicon atom. Wherever this is not the case and the saturated hydroxyl group is
close to the Al region, the orientation was adjusted in order to match the one occurring
in the zeolite structure. The final geometry was checked to ascertain that no border
H-atom was less than 4.5 A from the acid hydrogen site, a distance that was considered
scarcely influent regarding the dispersion interactions between the real and the fictitious

hydrogen atoms.
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For the described cluster approach, the same exchange-correlation functional and
basis set used for the model systems of the ONIOM calculations were employed. It should
be emphasized that the SIESTA and the cluster approaches are intimately related one
to the other and the latter, which starts from the optimized structures obtained by the
periodic treatment, can be considered as an automatic, non-empirical correction of the

former in view of the evaluation of deprotonation energies.

[Figure 4 about here.|

3. Results and Discussion

In Table 1, DPE values for the 30 investigated topologically distinct acidic sites of
BEA, obtained by using the three chosen computational approaches (ONIOM, SIESTA,
cluster) are reported as three different sets. Deprotonation energy was calculated merely
as the difference between the SCF energy of the aluminated (-zeolite anionic form and
the SCF energy of the corresponding neutral form. Extrapolated energies were used in
the case of the ONIOM approach. Actually, the use of ONIOM allows to define systems
small enough to make affordable the calculation of vibrational frequencies, hence ther-
mochemical properties. By comparing the calculated DPE values based on the ONIOM
energy with those based on the ONIOM enthalpy, it can be estimated that the thermal
contributions to the deprotonation energy (leading to a decrease of the DPE) span be-
tween 27 and 36 kJ mol~!, depending on the nature of the zeolite site. This range is in
agreement with the average value of 29 kJ mol~! estimated in the literature [45] for the
contribution due to the difference of vibrational zero-point energies in various zeolites,
and can be considered simply as a constant contribution as regards a discussion about
the relative results obtained with the three approaches here described.

The three energy sets found with the different methods were normalized in the 0-100

interval following the expression

DPE} — DPE},

DPNM. — 100 - min 1
DPEM — DPEM S

where the normalized deprotonation energy of the i-th site according to method M,
DPNM. . is defined with respect to the raw DPE} and the minimum and maximum

n,:’
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DPE values found within the corresponding set. All the data were then collected in
the histogram of Figure 5, which is divided into three equally spaced bands to qualita-
tively indicate low, medium and high site acidity, being clear that the x-axis is sorted in
ascending order based on the numbering of silicon (and then oxygen) labels only.

A tentative explanation of the ONIOM behavior reported in the histogram is given in
the following. As can be noticed from Figure 2, in -zeolite the T8 and T9 sites feature
only two non equivalent oxygen atoms (O11 and O16 the former, O3 and O15 the latter).
The two T903 and the two T9015 sites are well defined in the same m5 model. Further,
as revealed by the presence of double ONIOM bars in the histograms reported in Figure
5, other cases have been examined twice (duplicate sites), using different model systems.
This makes it possible to obtain indications on the suitability of the model system choice,
thus of the application on this zeolitic system of the ONIOM method itself. Among the
8 duplicate sites there are some cases where the ONIOM results fall inside different
acidity groups, depending on the involved model system. The most striking ones are
precisely the sites T205 and T4011, and, to a lesser extent, T207. As an example,
T4011 is predicted to have a very low acidity by the m1 model while is among the most
acidic sites according to the m2 model. On the other hand, similar qualitative results
are obtained in the case of T405 and T707 sites (belonging to the same acidity zone),
while small differences are reported for T301, T308 and T708. Notably, in all the three
duplicate sites exhibiting more significant differences the model system m1 is involved,
always giving the highest value, which would suggest a bias of this model system. For the
T405 site, instead, m1 and m2 are in excellent agreement, while T301 and T308 show
only subtle differences between m1 and the other model systems in which they are taken
into consideration. Without going into details on the many factors that are certainly
involved, the phenomenon may find explanation in the basis nature of a model, which
for definition cannot capture all facets of the reality. In fact, it is easy to imagine that
the same ideal topological site of the periodic zeolite can be described differently by two
different model systems. In particular, the neighborhood of the rings to which the site
belongs can be different, being this neighborhood necessarily a subset of what defines

the topology of the same model site.

[Table 1 about here.]
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[Figure 5 about here.]

It is necessary to highlight that particular attention was given to ensure that the acidic
hydrogen was surrounded by atoms treated at DFT level within the ONIOM approach,
and that it was positioned at least 3 bonds away from the low-level region. However, in
almost all the model systems the silicon atom which is replaced by the aluminum atom
features only three of the four Si atoms belonging to the tetrahedrons around it in the
high level of calculation. This could limit the relaxation of the structure during geometry
optimization, with consequences on the deprotonation energies. Since this situation was
also found in literature [29], it was tried to solve the problem by including the missing
silicon and some other oxygen atoms in the model systems. This attempt anyway proved
to be unviable due to the intrinsic characteristics of the S-zeolite structure. In fact the
addition of atoms into the model system often makes ONIOM layers definition impossible,
as an example showing one atom in the real system bonded to more than one atom of the
model system. Even the shaping of smaller 5T systems centered at the topological silicon
of interest was not always possible due to the same problems in the ONIOM partitioning.
Li et al. in fact, got around the problem by removing some oxygen atoms from the high
level, an expedient that created model systems which were not homogeneous with each
other and that might cause significant artifacts considering their small size.

All this considered, the ONIOM approach does not seem a satisfactory mean to ade-
quately investigate the acidity of the 9 topologically distinct site of the S-zeolite. In order
to avoid the problem of both duplicate sites, differently described by the model systems,
and of shaping incomplete silicon tetrahedron around the topological site, we suggest
to eliminate the choice of model systems upstream, and carry out periodic calculations
followed by a refining treatment using a cluster approach, as illustrated in the following.

Actually, a drawback still exists in using periodic DFT when dealing with charged
unit cells, namely in geometry optimizations of zeolite anionic structures: the interaction
between charges of all the images leads, in fact, to energy artifacts that must be taken
into account and compensated. This is an open problem yet, as highlighted by the
work of Iglesia et al. [36]. One of the best proposed procedures to address this issue
contemplates an a posteriori correction, following the Freysoldt-Neugebauer-Van de Walle

(FNV) scheme [43], which applies to the energies, while the respective geometries remain
10
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unchanged. Therefore, one can reasonably trust on the optimized geometries found for
anions and, as proposed in this work, use them as a starting point for a cluster DFT
approach.

In such a method, each acidic site that in periodic calculations is located inside the
unit cell, subject to periodic boundary conditions, is now described by a finite fragment
of the zeolite framework. For this reason, changes to the starting structures are necessary
to reproduce in the new system the chemical local environment that characterizes each
site, hence the reshape procedure detailed in the Models and Methods section. The
approach here proposed features several advantages: (i) it avoids issues arising in the
choiche of a model system, (ii) even if the geometry optimization is not performed again,
it is based on reliable geometries, properly adapted by placing the acidic hydrogen atom
homogeneously in all the sites, (iii) without suffering from charges interaction artifacts,
it supplies DPE values more accurate than those obtained by any periodic DFT analysis
and (iv) it offers the possibility to choose exchange-correlation functionals and basis sets
more appropriate, with respect to those commonly available in softwares for periodic
calculations, to discriminate the intrinsic acidity of the zeolitic sites.

Referring to the DPE values obtained with the proposed cluster approach, an acidity
strenght order of the investigated 30 topologically distinct acidic sites of BEA can be
extrapolated. Among them 11 belongs to the middle portion of the range, 11 cases
feature the highest instrinsic Brgnsted acidity, in particular T707 and T8O11, and the
remaining 8 sites are less acidic, especially T4012, T102 and T6012. In order to get a
deeper insight into the cause of the acidity trend, a structural analysis of the 30 sites was
performed in terms of the hydrogen bond parameters involving the acidic hydrogen atom.
Structures with strong hydrogen bonds, namely those showing H-bond, O---H, distance
ranging from 1.5 to 3.0 A and O—H---O angle in-between 150° and 180° are depicted in
Figure 6, in descending order of acidity. The presence of H-bonds was detected in almost
all the sites belonging to the low and medium-low acidity groups and just occasionally in
the other groups (high and medium-high acidity). When this last issue occurred, the site
is less acid than the one which shares the same T and does not show H-bond formation,
like it is the case, e.g., of T80O16 and T80O11. A correlation may be therefore drawn

between hydrogen bond formation and the occurrence of a low acidity characterizing
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the corresponding site. In particular, it has been devised that H-bonds are formed when
proton donor and acceptor oxygen atoms belong to the same (5- or 6-membered) ring. At
the bottom of the low acidity range, sites T4012, T6012 and T6016 show two hydrogen
bonds with the right orientation. The correlation above can be considered as a further
evidence which substantiates the findings of Katada et al.[34] about the factors affecting

the vibrational frequency of the O—H stretching, taken as an index of site acidity.
[Figure 6 about here.]

It is, at this point, noteworth to compare the most and the least acidic sites according
to the three computational approaches employed. The site showing the highest intrinsic
acidity is T8011 according to the here proposed cluster approach (strictly followed by
T707, the two sites showing the acidic hydrogen that protrude in the main channel, a
fact surely auspicable when -zeolite is to be used as an acidic catalyst), while T5010
and T104 are indicated by ONIOM and SIESTA methods, respectively. In this respect,
the ONIOM approach sensibly fails if compared to the cluster one.

The optimized ONIOM and SIESTA structures both show hydrogen bonds in the
corresponding most acidic site (see Figure 6), being this occurrence the possible cause of
their collocation within the medium acidity group when they are treated by the cluster
approach. An excellent agreement between SIESTA and cluster is found regarding the
least acidic site, as they both predict that this role belongs to the T4012 site, where
the proton is involved in two strong hydrogen bonds. Conversely, ONIOM indicates the
near T409 site as the least acidic one, being in any case T4012 in the region of the low
acidity.

Deprotonation energies range from 1382 to 1275 kJ mol~! in the case of ONIOM,
while they are between 1049-1008 kJ mol~! for periodic calculations and 1238-1179 kJ
mol~! employing the cluster approach. It must be noted that only the acidity interval
resulting from this latter is in line with the one proposed for zeolites by Jones et al. [36]
and Trachta et al. [35], while the one guessed by ONIOM is overestimated, probably due
a destabilization of the anionic form caused by the fact that its negative charge cannot
be properly delocalized on the small model systems. As a matter of fact, if the average

of the Brgnsted acidity of all the Al—O sites —evaluated by the cluster method— is
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considered, the value of 1207 kJ mol~!, with a root mean square deviation of 15 kJ
mol~!, is obtained.

A striking difference between the data of Jones et al. on f-zeolite and those obtained
in this work is observed when the comparison between periodic and cluster outcomes
is performed. Indeed, the DPE values reported by Jones et al. for BEA, according to
their periodic calculations, are comprised between 1561 and 1583 kJ mol~! (neglecting
the Al5014 and Al6014 sites), and their ensemble averaged (DPE) decreases around
1200 kJ mol~! only after applying an empirical shift determined by the comparison with
previous results based on embedded or cluster models. Conversely, the periodic STESTA
results here reported, with an average DPE of 1025 kJ mol~! (RMSD of 6 kJ mol~!),
are well below with respect to those of the cluster values. Still, Jones et al. [36] proved
that their overestimated data were not due to simple problems related to the charged
cell issue, since the FNV correction [43] just increased the divergence from the seemingly
accepted value of 1200 kJ mol™!. In fact, the FNV correction should destabilize the
charged species and in any case, for singly negative charged systems and large employed
cells, it should not have a utterly significant magnitude [59]. In the work of Trachta et
al. [35] raw periodic data are not reported, but they get close to the mean value of 1245
kJ mol~! after correction. Still, in one of the last works on zeolite acidity, specifically on
the very same S-zeolite here investigated, Vorontsov and Smirniotis [60] reported indeed
uncorrected data, according to which DPE values should be in the narrow 1592-1603
kJ mol~! range. Since all the authors above used plane waves as basis set for their
periodic calculations, it can be hypothesized that the divergence between ours and their
data should be searched in the difference between the used computational approaches; in
details, being the same the DFT exchange-correlation functional, it seems that a plane-
wave type description of the zeolite electron density gives results which substantially differ
from those obtained by a STESTA-based approach using strictly localized numerical basis
sets.

In order to better compare our results with those found in the literature and to report
Brgnsted acidities which depend only on the position of the Al/Si substituted T site, a
Boltzmann average of the DPE values corresponding to different oxygen sites attached

on the same T site was considered. Barrierless processes were assumed for the proton
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shifts between the oxygen centers above. The energies used for the determination of
Boltzmann populations are those obtained by means of the SIESTA approach for the
optimized geometries (the relative energy values should be reliable, since they are those
of neutral systems), while the DPE values employed in the average are those obtained
with the cluster method (see Table 1). By taking a look at Table 2 it can be noticed
that the (DPE) values span a narrower segment (45 kJ mol~!) with respect to the raw
values, showing a mean value of 1212.8 kJ mol~!. Further, this acidity interval can be
divided into three subranges, with an energy interval of ca. 10 kJ mol~! in-between; in
particular, the high acidity sites T7, T8 and 79 are in the 1195-1200 kJ mol~! range,
the medium acidity T1, T2, T3 and T5 sites are within 1209-1219 kJ mol~! and the two
low acidity sites T4 and T6 fall in the 1229-1238 kJ mol~! range. If DPE differences
within each interval are neglected, the following acidity ranking of the §-zeolite T sites

can be finally written:
T8~ T7T~TI>Tsh~TlrT3~T2>~T6~ T4 (2)

This (DPE) order is obvioulsy affected by the stability of the protonated form, which in
turn depends on the occurring of hydrogen bond interactions. If only the most acidic

site of each TnOm set is considered for the ranking, this one would become
T8~T7>T5>T4~T9~T1l>T2~T3>T6 (3)

with all the DPEs comprised in the 1179-1213 kJ mol~' range. By comparing the two
rankings above, the most striking difference is the position of T4, an issue which is
not surprising since the most acid T4 site (T405) is also the least stable, being the
very low acid T4012 site the only one having an appreciable Boltzmann population at
room temperature. Moreover, it is here to emphasize that the Boltzmann-averaged DPE
ranking (2) could be somehow different if other computational approaches were employed;
this not only for the approximations inherent in the modelistic choices but also for the
intrinsic accuracy of energy differences calculated by (periodic) density functional theory,
which could be pretty far from the chemical accuracy (4 kJ mol~!) needed to obtain
trustworthy Boltzmann populations. In particular, within the present investigated cases,
we think that the position of T1 suffer from the largest uncertainty. As a matter of

fact, T1 (and to a lesser extent T7) is the only site whose acidity is heavily affected by
14
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the Boltzmann averaging procedure (see Table 2); the two sites T102 and T104 are
essentially isoenergetic but their DPEs differ by ca. 35 kJ mol~! according to the cluster
approach (and also according to the SIESTA one, see Table 1): if the error on their
energy difference was £4 kJ mol~! (but almost surely it is much larger than this), the
error on the (DPE) would be +12 kJ mol™!, meaning that T1 would be tossed either
high or low on the acidity scale.

Finally, the discrepancy between the position of T8 in the acidity order calculated
by our cluster approach (guessing T8 as the most acidic site) and the one reported by
Vorontsov and Smirniotis [60] (putting T8 as the least acidic) is to be discussed. In fact,
the difference between the raw, periodic, DPE values of T8 and of the most acidic site
(T2) according to Vorontsov and Smirniotis is only ca. 8 kJ mol~!, and could be affected
by accuracy flaws. The T8 site is indeed in the least acidic range if our SIESTA values
are considered, but it becomes the one with the lowest DPE after the application of the

cluster approach correction.

[Table 2 about here.|

4. Conclusions

The [-zeolite’s Brgnsted acidity has been characterized in terms of the deprotona-
tion energy (DPE) values of 30 topologically distinct acidic sites. DPEs were computed
through three different approaches within the DFT framework, namely: (i) an ONIOM
embedding scheme, (ii) periodic calculations according to the SIESTA formalism and
(iii) a novel cluster method specifically designed to avoid the disadvantages related to
the other two approaches. By the cluster approach a range of nearly 60 kJ mol~! was
found which, divided into three equally spaced portions, gives 11, 11 and 8 sites setting
high, medium and low Brgnsted acidity, respectively. The formation of hydrogen bonds,
actually detected in all the three groups of sites, was identified as a significant factor, if
only to determine, within the same T site, to which oxygen atom the proton is prefer-
entially bonded, hence site Boltzmann populations. As a matter of fact, if Boltzmann
averaged DPE values are calculated, even considering that the limited accuracy of the

computational methods could heavily influence the position of some sites in the acidity
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scale, it can be concluded that three acidity groups invariably exist, which are separated
by about 10 kJ mol~! one from the other. This insight on the acidity of 3-zeolite as well
as the relative topology can provide fundamental information for the use of this material
in catalysis, orienting the active sites optimization through the occurring relationship
between the aluminum placement and the activity/selectivity of the catalyst.

A general disagreement is found between the results obtained by the employed ap-
proaches, ONIOM, SIESTA and cluster, both in the absolute and relative DPE values.
If the cluster method is taken as the most appropriate, this disagreement is to be at-
tributed to the difficulty in the definition of a generally reliable model system, in the
case of ONIOM, and to the intrinsic problems of periodic formalisms related to charged
cells, in the SIESTA case. Regarding the latter, it seems that the use of localized atomic
orbitals, which defines the SIESTA formalism, leads to underestimate the site deproto-
nation energies in [-zeolite, oppositely to what happens in calculations based on plane
waves, delocalized by definition. The suggested cluster approach, consisting in the eval-
uation of DPE by means of non-periodic single point DFT calculations starting from
reshaped zeolite cell whose geometry was optimized by the SIESTA method, is therefore
proposed as a suitable tool to correct in an algorithmic way the DPE values resulting
from periodic calculations. This because it avoids the necessity of empirical corrections
and constitutes a homogeneous computational model. Indeed, it would allow to treat
essentially in the same modelistic way the zeolite acidic sites, possible modifiers of the
acidity strength (like, e.g. defects or embedded metal particles) and the reactions in
which zeolite catalitic activity is eventually involved. In the investigation of processes
occurring inside the zeolite cavities, for example, the reacting molecule would conve-
niently result located at the center of the system, just like the zeolite proton itself. The
simple cluster approach proposed in this work can be easily extended to other zeolite

architectures without any conceptual modification.

Data Availability

Supporting materials is available. It contains the optimized geometries, in xyz format,

of:

e the (-zeolite supercell used in the investigation;
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e the ONIOM models m1-m6;

e the protonated form of all cluster models.
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Figure 1: Two views of the zeolite portion, consisting of 864 atoms, selected as the real system for the
ONIOM approach (O=red, Si=cyan, H=white).
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Figure 2: ONIOM model systems, m1-m6, embedded in the real system and, having chosen a convenient
orientation, isolated. The topological labels of the examined tetrahedral and oxygen sites are reported
for each model system.
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Figure 3: BEA unit cell of 192 atoms (ball-and-stick), within the periodic framework (wired), viewed
along the ac plane. Cell parameters are: a =b = 12.631 A, ¢ = 26.186 A, a=p=~=90°
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Figure 4: T101 acidic site within the BEA unit cell (left) and the fragment, with terminal hydrogen
atoms, chosen to describe the same site (right) in the cluster approach. O=red, Si=cyan, Al=yellow,
H=white.
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Figure 5: Sub-histograms of normalized DPE values calculated with ONIOM, SIESTA and cluster
approaches characterizing the topologically distinct acidic sites of BEA. Whenever four bars are reported
on a site sub-histogram, the first two refer to ONIOM results obtained from two different model systems
(indicated by the labels above) or even from different sites of the same model system. A missing bar in
a sub-histogram indicates the zero value for the corresponding case. Horizontal lines equally divide the

histogram in three acidity zones.
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T7013 T5013 T5015 T8016 T104

1.72 A; 155° 1.83 A; 150° 2.68 A; 159°

T204 T5010 T409 T3010
2.31 A; 151° 2.59 A; 168° 2.08 A; 151° 2.51 A; 172°

T309 T6016 T6012 T102 T4012
2.04 A; 154° 1.80 A; 151° 1.88 A; 148° 1.72 A; 158° 1.81 A; 153°
3.00 A; 149° 2.93 A; 151° 3.00 A; 147°

Figure 6: Structural details of the most significant hydrogen bonds detected in the topological configura-
tions investigated, according to the cluster method. Below each image corresponding values of the O---H
distances and O—H:--O angles are reported. Different colors are used to label the acidity group to which
each site belongs: high, medium and low acidity are associated with red, green and blue, respectively.
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Table 1: DPE values® calculated whith the the ONIOM (O), SIESTA (S) and cluster (C) approaches.

site ‘ (0] ‘ S ‘ C H site ‘ (@) ‘ S ‘ C
T101 1344.9 (ml)b 1019.8 1220.9 T4012 1355.2 (m2) 1049.3 1237.9
T102 1367.4 (m6) 1042.7 | 1233.3 || T5010 1275.3 (m4) 1034.7 | 1210.2
T103 1351.9 (m1) 1025.7 | 1223.8 T5013 1352.3 (m4) 1022.8 1189.7
T104 1354.0 (m1) 1007.9 | 1197.6 || T5015 1336.6 (m4) 1026.4 | 1192.2
T204 1357.0 (m1) 1008.9 1209.0 T6012 1324.0 (m2) 1037.6 1230.3
T205 1370.3 (ml1) | 1304.0 (m3) | 1025.6 | 1219.5 T6016 1336.3 (m2) 1036.2 | 1227.4
T206 1339.0 (m3) 1014.2 1210.9 T6017 1330.6 (m2) 1021.9 1213.2
T207 1368.7 (m1) | 1330.8 (m3) 1013.2 1202.1 T707 1328.6 (m3) | 1313.6 (m4) 1011.6 1181.8
T301 | 1364.8 (ml) | 1339.1 (m4) | 1019.1 | 1205.9 || T708 | 1306.1 (m3) | 1313.4 (m4) | 1020.1 | 1195.3
T308 1346.8 (m1) | 1218.8 (m4) 1016.6 1211.5 T7013 1319.3 (m4) 1020.2 1189.1
T309 1371.0 (m1) 1025.6 | 1219.0 || T7017 1287.6 (m3) 1024.2 | 1204.4
T3010 1336.5 (m4) 1031.4 1217.4 T8O11 1326.6 (m2) 1027.4 1178.8
T405 1370.8 (m1) \ 1355.0 (m2) 1015.2 11954 T80O16 1340.9 (m2) 1043.1 1192.5
T409 1382.3 (ml) 1031.4 | 1216.5 || T903 | 1331.8 (m5) | 1318.1 (m5) | 1028.0 | 1194.7
T4011 1371.9 (m1) \ 1288.8 (m2) 1020.3 1202.4 T9015 1316.6 (m5) | 1345.8 (m5) 1015.8 1194.9

a Expressed in kJ mol~1.
b The employed model system is indicated in parentheses.

30



Table 2: DPE values according to the Boltzmann average over the different oxygen sites next
to a common tetrahedral site. The (e, p) numbers between parenthesis next to the O site
are the energy (relative to the most stable case in the same T site) and population at room
temperature, respectively.

T site O sites (DPE)®
1 01 (23.0, 0.000); O2 (0.1, 0.487); O3 (17.1, 0.001); O4 (0.0, 0.512) 1215.0
2 04 (16.7, 0.001); O5 (0.0, 0.982); 06 (11.4, 0.010); O7 (12.4, 0.007) 1219.3
3 01 (12.3, 0.006); O8 (14.9, 0.002); 09 (5.8, 0.087); O10 (0.0, 0.905) 1217.5
4 05 (34.1, 0.000); 09 (17.9, 0.001); O11 (29.0, 0.000); O12 (0.0, 0.999)  1237.9
5 010 (0.0, 0.958); 013 (11.9, 0.008); O15 (8.3, 0.034) 1209.4
6 012 (0.0, 0.632); 016 (1.3, 0.367); O17 (15.7, 0.001) 1229.2
7 07 (12.6, 0.004); O8 (4.0, 0.140); O13 (4.0, 0.143); O17 (0.0, 0.712) 1199.6
8 011 (14.8, 0.003); O16 (0.0, 0.997) 11925
9 03 (0.0, 0.993); O15 (12.1, 0.007) 1194.7

2 Relative energy values and (DPE) are expressed in kJ mol~!.
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