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Preface

This thesis collects the research conducted over the three years of my doctoral
studies in the field of computational catalysis. I investigated platinum-modified
Beta zeolite for its application as a heterogeneous catalyst in reactions of sig-
nificance within the industrial sector of fuels, particularly structural conversion
processes of hydrocarbons.

Initially, I constructed a model of the catalyst, considering its two types of
active sites, acidic and metallic, treated independently. I employed various com-
putational approaches and attempted to discern which would be most suitable.
In this I faced challenges, particularly in the case of acidic functionality, in line
with the current literature debate. Once I achieved a satisfactory description,
I proceeded to investigate the interactions between the two functionalities, ap-
proaching this aspect experimentally as well. Indeed, I spent three months at
the “Industrial Chemistry and Reaction Engineering” group of Abo Akademi
University (FIN), where I prepared and characterized bifunctional catalytic ma-
terials, analyzing how the presence of metal affected acidic properties. Then,
I endeavored to integrate these two perspectives, with potentially interesting
results. Finally, I addressed an atomistic-level study of a model reaction mech-
anism, focusing on the isomerization of a small alkene. This served as an initial
exploration into structural conversion processes.

The organization of the dissertation follows the outlined chronological order.
After a general introduction and a more in-depth focus on the aim of the re-
search, the thesis is divided into four main chapters, each one presenting its own
final thoughts. Lastly, the overall conclusions are drawn, together with future
perspectives. In the appendix, the two articles that I authored on the topic are
provided, published in indexed journals in the course of these three years.

It has been a long and at times challenging journey, albeit undeniably re-
warding, yet it feels like it passed in the blink of an eye. I am grateful for every

moment. I hope I have made the most of them...
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Introduction

1.1 Transportation fuels

The global demand for energy to fuel transportation is exceptionally high, reach-
ing approximately 11 billion liters per day, encompassing gasoline, diesel, heavy
fuel oil, and jet fuel collectively. At present, the vast majority of global trans-
portation relies on combustion engines, predominantly consuming liquid petroleum
fuels [1].

Gasoline is a refined petroleum product comprising a mixture of over 500
hydrocarbons with 5 to 12 carbon atoms, along with additives and blending
agents. It serves as the primary fuel for spark-ignition engines in cars and mo-
torcycles, where a spark plug ignites the fuel-air mixture in the cylinder engine
[2]. The composition of gasoline varies significantly, influenced by factors such
as the crude oils used, available refinery processes, overall product demand, and
product specifications. Further, hydrocarbon blends may contain contaminants
like sulfur, nitrogen, oxygen, and specific metals [3]. Consequently, the typical
composition of gasoline hydrocarbons (in volume %) includes 4-8% alkanes, 2-5%
alkenes, 25-40% iso-alkanes, 3-7% cycloalkanes, 1-4% cycloalkenes, and 20-50%
total aromatics, of which 0.5-2.5% is represented by benzene. The four ma-
jor constituent groups of gasoline are therefore olefins, aromatics, paraffins, and
naphthenes.

The fundamental characteristics of gasoline include density, vapor pressure,
distillation range, octane number and chemical composition. In the context of
motor gasoline, its appeal depends on having optimal volatility, resistance to
knocking (linked to octane rating), efficient fuel economy, minimal deposition on
engine components, and achieving complete combustion with low pollutant emis-
sions. The octane number, or octane rating, quantifies the resistance of gasoline to
abnormal combustion phenomena such as pre-detonation, commonly referred to
as knocking. This measurement is relative to a blend of 2,2,4-trimethylpentane

and n-heptane. Higher octane numbers are preferable in internal combustion



engines [4]. Current environmental standards have prompted governments and
industries to advocate for gasoline production with minimal content of environ-
mentally or health-harmful compounds, such as lead, aromatics, and oxygenated
compounds. However, the reduction in these detrimental compounds adversely
affects the octane number of the gasoline pool [5].

Diesel fuel finds widespread use in diesel engines, prevalently employed in
trucks, buses, and some automobiles. Differing from spark ignition engines,
diesel engines operate on the principle of compression ignition, where the fuel-air
mixture ignites due to the heat generated by compressing the air in the engine
cylinders. Diesel fuel is a denser and less refined product compared to gasoline,
characterized by a hydrocarbon chain in the range of 15-18 carbon atoms with
fewer volatile compounds [6]. Similar to diesel, jet fuels are liquid transporta-
tion fuels specifically designed for use in aircraft. Commercial jet fuel constitutes
a complex mixture of various compounds, including n-paraffins, iso-paraffins,
olefins, naphthenic, and aromatic compounds, distributed in the ranges of 0-7.5
wt%, 38-81 wt%, 0.3-6.6 wt%, 4.9-15.1 wt%, and 2.6-14.4 wt%, respectively [7].
The hydrocarbon chain length in jet fuels typically falls between 9 and 14 carbon
atoms.

For complex hydrocarbon mixtures like diesel, jet fuels, and lubricants, the
pivotal characteristics revolve around their cold flow properties, typically indi-
cated by the cloud point, cold filter plugging point, or the pour point of the
fuel. Importantly, all these are interconnected and depend on the composition
of the fuel. The specifications for cold flow properties in diesel fuel differ based
on the geographical region of use; for instance, the pour point can range from
+3 °C in tropical regions to -35 °C in cold regions [8]. If n-paraffins exhibit a
higher melting point compared to other hydrocarbons with equivalent molecular
weights, conversely, iso-paraffins display superior cold flow properties having at
the same time a lesser impact on other fuel properties. For this reason, the hy-
droisomerization process of n-paraffins has garnered increased attention in recent
years, as outlined in the subsequent section.

All the energy sources discussed so far for transportation derive from fossil
fuels. Concerns have been raised about the potential depletion of petroleum-
based fuel resources and the environmental issues arising from the release of
greenhouse gases and other pollutants into the atmosphere. These factors make
it crucial to earnestly explore alternative fuels. While these substitutes aim to
replace petroleum fuels, some still incorporate a small amount of petroleum in
their composition. Key alternative fuels include alcohol, liquefied petroleum gas,

compressed natural gas, hydrogen, and electricity for gasoline-type vehicle oper-



ation. For diesel engines, Fischer-Tropsch liquids derived from natural gas and
ethanol from biomass may gain prominence, alongside the use of vegetable oil
and dimethyl ether [4, 9]. However, despite the ongoing efforts towards alter-
native fuels and propulsion systems, projections for the year 2050 indicate that

petroleum fuels will continue to play a substantial role in global transportation

[1].

1.2 Hydroconversion reactions of hydrocarbons

Hydroconversion has played a pivotal role in the petroleum industry for decades,
being a well-explored and established technology that has been extensively used
in crude oil refining. The term hydroconversion generally refers to two distinct
but interconnected processes, i.e., hydrocracking and hydroisomerization, carried
out in the presence of hydrogen for different oil fractions. In hydrocracking, the
feedstock is catalytically converted to lower carbon numbers, while in hydroiso-
merization normal hydrocarbons are transformed into branched ones having the
same number of carbon atoms in the chain.

Among the first to exploit the possibilities offered by the hydrocracking pro-
cess, Mobil commercialized selective catalytic cracking of long-chain hydrocar-
bons in the lube dewaxing process, using a ZSM-5 catalyst with strong acidity
and a uniform pore size [10]. Following this, extensive research has been de-
volved, either in partnership with oil companies or within an academic context,
to achieve a deeper understanding of the process [5, 11, 12, 13, 14]. Even in
the current scenario, where the focus is on renewable sources, hydrocracking is
always a hot topic. For example it has been reported within the conversion of
algae oil to aviation fuel-range hydrocarbons [15]. Selective hydroisomerization is
mainly desired for the improvement of the octane number, when the interest is in
the gasoline pool (C5-C6), and for dewaxing of long-chain hydrocarbons aimed
at improving their cetane number and cold flow properties [16]. Notably, even
when producing green diesel by vegetable oil hydrodeoxygenation, the so formed
n-paraffins have to be isomerized in order to comply with the commercial diesel
fuel specifications [17, 18].

Both hydrocracking and hydroisomerization are catalyzed by bifunctional cat-
alysts, that combine two catalytic functions in the same material, i.e. in this case,
the acidic function of a support and the hydrogen affinity properties found in
many noble metals. In fact, the metal is responsible of the hydrogenation/dehy-
drogenation steps, while acidity is required for isomerization [16, 19, 20]. Hence

the balance between the two functionalities, together with their grade of intimacy,
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Figure 1.1: A selection of possible processes and products connected to hydrocracking,

taking hexadecane as a model hydrocarbon.

are fundamental factors orienting activity and selectivity of the catalyst towards
one or the other hydroconversion process [21].

Selective isomerization of gasoline range alkanes is easier to realize than for
long-chain hydrocarbons, because the latter are more prone to rapid and diverse
cracking during hydroisomerization. As an example, an overview of all the pos-
sible products originating from hexadecane hydrocracking is given in Figure 1.1.
Still, also long-chain hydrocarbons (C>15) are of primary interest, since they
make up to 80 wt% of material known as wax and, as already mentioned, exten-
sive research has been carried out to obtain, from a waxy feedstock, value-added
products with improved fuel quality [22]. Therefore catalyst development be-
come a crucial area of investigation, aimed at optimizing the relation between
substrate molecules and suitable materials specifically tailored to maximize the
isomer yield.

Table 1.1 summarizes the great variety of catalyst that has been proposed dur-
ing the years. More information can be found in several reviews on the topic, that
have been published in the last decade [16, 23, 24]. As metallic component, most
catalysts contain platinum or palladium, but also Ni-Pt and Ni-Mo have been
recently employed in hydroisomerization of long-chain alkanes. For the acidic
supports Beta-zeolites, SAPO-11, and ZSM-5 are well established; besides, com-
posite materials containing mesoporous MCM-41, MCM-48, and SBA-15 were
explored [25], together with the more recent inclusion of hierarchical zeolites
[26, 27].

As regards operating conditions, hydroisomerisation of long chain paraffins
has been typically performed in continuous reactors in the 220-300 °C range of
temperature, under 20-45 bar of pressure. The continuous operation facilitates a

high hydrogen to liquid feed ratio giving relatively high conversions and selectivity



Table 1.1: Different catalysts employed for the hydroconversion of alkanes in the
C15—Cg range, together with the optimum reaction condition and conversion

levels reported, in percentage yield or selectivity.

Feed Conditions Catalyst Conversion Ref
C15-C1s alkanes | 310 °C, 30 bar, LHSV=1 hr— !, Hy/0il=800 Ni-Mo-SAPO-11 S=58-65 (28]
n-hexadecane 220 °C, 30 bar 0.7 wt% Pt-H-Beta/Al203 80 [21]
n-hexadecane 290 °C, 75 bar, WHSV=1.3 hr— ! Pt-Al-Beta (80) 35.5 [20]
n-hexadecane 280 °C, 60 bar Pt-SAPO-11-S 80 [29]
n-hexadecane 280, 290 and 300 °C, 55 bar Pt/Al-SBA-15 S=43 [30]
n-hexadecane 8 points in the 280-370 °C range, 20 bar, WHSV=3.7 hr—1! Pd-SAPO-41 89 [31]
n-dodecane 300 °C Pt-ZSM-22-BUN 49 [32]
n-decane 270-280 °C, 20 bar, WHSV=2.5 hr—1! Ni/Pd-ZSM-22 S=74 [33]
n-hexane 205-358 °C, 17 bar, Hp=180 mL/min, feed=0.24 mL/min Pt-H-Beta-25/Bentonite S=80 [34]
n-hexane 250 °C, 0.066 bar in CgH14 Ni/Pt-HZSM-5 90 [35]

towards isomerisation products opposite to the batch operation [10]. Similarly,
also the hydrocracking process has been very scarcely investigated batch-wise [36],
while a continuous reactor was employed, for example, by Kaka Khel et al. [37].
They prepared several catalysts based on H-Beta zeolites, varying the silicon-
aluminium ratio and the metal used (Pt, Ni, Ru), to then study the hexadecane

hydrocracking at ca. 230 °C and a Hs pressure of 40 bar.

1.2.1 Hydroisomerization reaction: the mechanism

The scheme of bifunctional n-alkane hydroisomerization was established more
than 60 years ago [38]. Later on, a comprehensive review was given by Weitkamp
[19] and many applicative papers were based on this mechanism [16, 20, 21, 39].
Hydroisomerization occurs as shown in Figure 1.2. The reactant (in blue) is
first dehydrogenated on a metallic site forming an alkene, or more precisely a
mixture of n-alkenes, n-C;Hs;. These desorb from the metallic sites and diffuse
to Bronsted acidic sites (the portion represented inside the rectangle in the Fig-
ure) where they are protonated to the secondary alkylcarbenium ions, n—CiH; 11
Carbenium ions are reactive intermediates which can undergo a number of conver-
sions, such as skeletal rearrangements and carbon-carbon bond rupture, through
[-scission. The latter consists of a radical reaction that takes places two carbons
away from the charged carbon: breaking that bond an olefin and a free radical
with two fewer carbon atoms are produced. In the case of 5-scission of n—Cngri 11
a primary carbenium ion would be formed, which is energetically unfavorable.
The n-alkylcarbenium ions hence undergo skeletal rearrangements exclusively,
whereby monobranched alkylcarbenium ions, iso—CiH; 41, are formed. If there is
an efficient mechanism of desorption from the acidic sites, monobranched alkenes,

1s0-C;Hg;, are released and diffuse to metallic sites where they are hydrogenated
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Figure 1.2: The reaction mechanism of isomerization and hydrocracking of an n-alkane
on a bifunctional catalyst. The reactants and the main products are de-
picted in blue. The steps enclosed by the red rectangle occur on Brgnsted
acidic sites, while the other steps take place on the metallic sites. Adapted
from [19].

to monobranched alkanes, iso-olefins, iso-C;Hg; 2. These are the primary prod-
ucts observed at low conversions [19].

Summing up, 7 successive steps are required, namely 3 chemical and 4 physical
steps. In the order, dehydrogenation on the metallic site of the n-alkane into n-
alkene, isomerization over the acidic site into a iso-alkene molecule, hydrogenation
of this iso-alkene, diffusion of n-alkane molecule from the gas phase to the metallic
site, diffusion of the n-alkene from the metallic to the acidic site, diffusion of iso-
alkene from the acidic to the metallic site, and finally diffusion of the iso-alkane

from the metallic site to the gas phase.

0\/\0( H (6] (6]
Si Al Si 0 0 Si Al Si
pent-2-oxide Si/ \Al/ \Si iso-pent-2-oxide

adsorbed DMCP

Figure 1.3: Skeletal isomerization scheme of pent-2-oxide into iso-pent-2-oxide. Either
the formation of an adsorbed dimethyl-cyclopropane (DMCP) could be

involved as an intermediate species or not.



If a sufficient number of dispersed metallic species are present so that equi-
librium in the (de)hydrogenation step is allowed, then the skeletal isomerization
is the rate-determining step. Support for this mechanism is provided by the fact
that the rate of n-pentene isomerization on a metal-free catalyst is essentially
equal to that of the above overall reaction [40, 41].

A remarkable advantage in using a bifunctional catalyst for this hydrocar-
bon hydroisomerization is that the concentration of alkenes within the zeolite
micropores remains low, thus minimizing consecutive cracking or oligomeriza-
tion. The latter reactions lead to coke formation and hence deactivate the cata-
lysts. However, as the conversion increases, consecutive reactions can occur at the
acidic sites, specifically a second and a third branching rearrangement forming
dibranched iso—CiH;i 41 and tribranched alkylcarbenium ions. These tribranched
cations are not desorbed, they rather undergo S-scission into an alkylcarbenium
ion C]-H;errl and an alkene C(;_; Hy(;_j), where j is an integer lower than i [19].

Going deeper in detail into the skeletal isomerization step of the process,
the most likely mechanism, according to literature [40, 42] involves at first the
interaction of a secondary alkylcarbenium ion with a zeolitic oxygen atom (alkoxy
species). Subsequently, a proton backdonation to the framework occurs, leading
to the closure of the hydrocarbon into a three-membered protonated ring. Then,
the ring is reopened by protonation and a different bond is broken, leading to
a secondary alkoxide. The isomerization is finally completed when a hydrogen
atom is donated from the hydrocarbon intermediate to the zeolite, restoring the
Brgnsted acidic site, and the iso-olefin is obtained.

As depicted in Figure 1.3, the critical point lies in the formation of the
cyclopropane-like species interacting with the zeolite, specifically dimethyl-cyclopro-
pane (DMCP) if referring to n-pentene as isomerization substrate.

Weitkamp et al. [19] found that the traditional methyl or hydride transfer mech-
anism could not explain the product distribution in the study of C6-C15 n-alkane
isomerization catalyzed by the Pt/CaY molecular sieve. Therefore, the involve-
ment of some protonated cyclopropene-like species (PCP) was used to explain
isomerization in zeolite catalysts [40, 43]. However, the hypothesis is based on
indirect experimental evidence and, to the best of the present knowledge, substi-
tuted cyclopropane species have never been isolated. This is the reason why the
nature of these species has been debated for long time [44]. The possibility of
DMCP as intermediate is often disregarded [43] and static ab initio calculations
dealing with zeolites suggest instead a PCP as a transition state [45, 46]. Demuth
et al. [40], on the other hand, were the firsts, nearly 20 years ago, to propose

a mechanism via cyclopropane intermediates for the isomerization of 2-pentene



using a periodic model. In support of this, recent ab initio molecular dynamics
showed that, at a certain temperature, tertiary carbenium ions exist in signifi-
cant concentrations [47, 48]. A possible scenario could be a transfer of a hydrogen
atom within the ring of the cyclopropane, in an edge-protonated transition state,
thus avoiding the formation on the physisorbed intermediate. Otherwise, the ex-
istence of an ephemeral intermediate could be effectively feasible, being however

difficult to prove experimentally.

1.3 Zeolites

1.3.1 Origins and applications

Zeolites are among the most abundant minerals on Earth. They are crystalline
aluminosilicates with a three-dimensional structure characterized by channels and
cavities of molecular size.

Of mainly volcanic origin, they can be found in crystallized forms in igneous
and metamorphic rocks or, in grains of smaller diameters, accumulated in sedi-
mentary rocks [49]. For example, ocean bottom sediments are moderately rich in
zeolites, but these deposits are so far rather inaccessible. Luckily, zeolites may
also constitute important components of tufs or clay, that is relatively simple
mining, creating perfect conditions for their wider use. The zeolites occurring in
nature that possess practical significance principally are clinoptilolite, mordenite
and chabazite. They can find application, for example, in agriculture, as carriers
of compounds or in the treatment of soil and fish ponds and as a feed additive
[49, 50]. However, natural zeolites can hardly be employed in industrial pro-
cesses, mainly because of the fact that their properties strictly depend on their
crystal structure. First of all, the channel diameters are too small (in the case of
clinoptilolite, for instance it is 0.30-4 nm [51]), not allowing for the adsorption
of larger gas molecules and organic compounds. Moreover, a time-related and
“green” concern is that zeolite deposits are non-renewable sources. Thus, even if
natural zeolites were discovered in the 18th century, industrial applications did
not began before the 1950s, when procedures were developed to obtain synthetic
zeolites of commercial interest [52].

The first attempt to synthesize zeolites in laboratory conditions was to imi-
tate hydrothermal processes, using elevated temperature or pressure and natural
raw materials and/or synthetic silicates as initial substrates. They showed that,
by heating the aluminosilicate raw materials in the presence of alkaline solutions
within a few hours or days, depending on the case conditions, the final desired

product could be obtained. However, since appropriate equipment, clean sub-



strates and energy are required, the price of the product may be much higher
than that of natural zeolite. Therefore, current trends in the synthesis of zeolites
are focused both on finding cheaper and greener substrates and on reducing the
cost of the reaction itself.

Today, in addition to hydrothermal synthesis several methods are known,
such as: molten salt method, fusion method, alkali activation, microwave-assisted
synthesis, synthesis by dialysis [49]. In general, the synthetic approaches can be
divided into two main assembles on the basis of secondary porous formation,
namely, bottom-up and top-down approaches [53]. The bottom-up is a one-step
approach, that results in a sequential rotational intergrowth of zeolite frameworks,
in which the secondary porous is created during templates’ stage [54]. Conversely,
in the “top-down” approach, the secondary porous is created at the post-synthesis
stage [55], through demetallation, delamination, and recrystallization processes
[56].

A huge effort has been devoted to zeolite syntesis because numerous studies
confirmed the superiority of synthetic zeolites compared to natural ones. To name
a few, they showed much higher adsorption capacity for heavy metal ions than
the natural zeolites [57] and, as already stressed out, the significantly larger pore
size of synthetic zeolites happens to constitute another sensible advantage. In
fact, this not only extends the range of application to reaction involving larger
compounds, but lowers the risk of pore blockage and catalyst deactivation that
zeolites with smaller pore size, as natural ones, may suffer.

In nature, zeolites can contain aluminium, hydrogen, alkaline or alkaline earth
metals and water molecules. Due to the continuous development of synthetic
strategies, it is possible to obtain modified zeolites, for example, the Al content
can be adjusted, or noble/transition metals can be inserted, embedded in the
structure [37] or supported on the zeolite surface [58]. Thus, the possibility of
tuning the properties is probably the major advantage of synthetic zeolites. It
should be however pointed out that synthetic zeolites does not come without
disadvantages [49]. The most trying problem regards their form of finely grained
crystalline and highly dispersive powder (single crystals have sizes up to a few
microns), which certainly limits their use. Shaping procedures such as extrusion
are often necessary for an industrial scale application [34, 59]. Moreover, due to
the diverse origin of substrates and different methods of synthesis, the products
have various chemical and physical properties, so that ongoing research is required
to intimately understand all aspects of the interrelation. Many subjects still
remain hot topics that need to be tackled to fully exploit the enormous zeolite

potentialities.



The distinctive properties of zeolites, including porosity, shape-selectivity,
acidic sites, and reversible dehydration, render them highly versatile. In addition
to what already reported, they find usage as absorbents and molecular sieves,
in water softening, and in heterogeneous catalysis [60, 61]. Major areas of cat-
alytic application encompass biomass conversion, direct valorization of natural
gas, methanol-to-olefins processes, hydroisomerization/hydrocracking reactions
in oil refining and the catalytic reduction of nitrogen oxides. However, this list
is not exhaustive, given the broad scope of zeolite catalysis, making a compre-
hensive exploration of all relevant reactions impractical. Therefore, given the
focus of the present investigation, a deliberate decision has been made to delve
in greater detail solely into the state-of-the-art description of hydrocarbon con-
version processes. For a broader overview of other reactions, please refer to the
comprehensive reviews available in the literature, each dedicated to specific as-
pects of zeolite catalysis [62, 63, 64, 65, 66].

It is here noteworthy to acknowledge the role of quantum chemical methods
in zeolite catalysis. Modern computational methodologies, encompassing semi-
empirical methods, ab initio methods, and density functional theory (DFT), have
significantly contributed to elucidating the molecular nature of active sites in ze-

olite catalysts and studying reaction mechanisms from an atomistic perspective
[67, 68, 69, 70, 71, 72].

1.3.2 Structure

The fundamental units of zeolites are the TO4 tetrahedra (with T = Si or Al),
joined by the vertices via the oxygen atoms. The ways in which these tetrahe-
dra connect determines a great variety of structures. To date, the International
Zeolite Association (IZA) has approved 260 distinct structures, identified by a
framework type code: a three-capital-letter code uniquely assigned to each dis-

W

tinct zeolite [51]. As special rules, type codes beginning with a indicate an

Wk

interrupted framework, whereas codes beginning with a are indicative of an

experimentally observed zeolite that possesses intergrowth or structural disorders,
such as -zeolite, *BEA.

Describing the structure of a zeolite framework has always been a challenging
task. Toward this end, many structural descriptors have been devised during the
past decades. In the following an overview of the most notable is given, focusing
in particular on -zeolite, since it is the one studied in this thesis.

Zeolite structures contain rings, cavities and channels. A ring is usually re-
ferred to as a cycle of T and O atoms that is not the sum of any number of shorter

cycles. A ring composed of n T and n O atoms is called an n-ring.
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Figure 1.4: Two perspectives of Beta zeolite.

According to the definition reported by Li et al. [73], a cage is a polyhedral pore
whose faces are all too narrow to be penetrated by guest species larger than a
water molecule, whereas a cavity is the pore with at least one face large enough
to be penetrated. In practice, a cage has no face larger than 6-ring, whereas a
cavity has at least one. Finally, the channel in a zeolite framework is a pore in-
finitely extended in one dimension, large enough for guest species to diffuse along
its length. Channels may intersect to form two- or three-dimensional channel
systems. In BEA structure, silicon and oxygen atoms are linked together forming
3D twelve-membered rings (diameter of 6-7 A along the [010] and [100] axes, 5-6
A along [001]), together with 6, 5 and 4-membered rings (see Figures 1.4 and
1.6).

Each T atom in a zeolite framework corresponds to a coordination sequence
and a vertex symbol. The first consists of a sequence of integers, where the n”
integer represents the number of T atoms involved in the n‘* neighboring shell
surrounding the original T atom. The vertex symbol indicates the size of the
smallest ring associated with each of the six angles of a T atom. Zeolite frame-
works with different coordination sequences or vertex symbols are topologically
different; see Table 1.2 for data relative to BEA. As mentioned in passing, the T
letter is used either for Si or Al, since a silicon to aluminum isomoprhous sub-
stitution in the zeolite framework could take place, leading to the formation of
a Bronsted acidic site, after compensating the extra negative charge with a hy-
drogen atom. Hence the wide application that involves zeolites as acid catalysts.
A new descriptor was proposed by Sastre and Corma in 2009 [74] that can be
used to locate catalytically active Brgnsted sites in a zeolite framework, the ring
index. It describes the rings present in a zeolite structure, and it is applicable for
both T and O atoms. The ring index of an atom is defined as the list showing
the sizes and numbers of rings that pass through that atom. To give an example,
in zeolite BEA, the ring index of the T1 atom is 4-5-4-123-5-5, indicating that it

is involved in two 4-rings, three 5-rings, and three 12-ring.
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Table 1.2: Coordination sequences (left) and vertex symbols (right) for each topologi-

cally distinct tetrahedral site of the BEA framework, see reference [51].

Coordination sequences and vertex symbols:

T™T 4 10 19 32 51 77 105 133 167 207 4-5-4-123-5-5
T2 4 10 19 32 51 77 102 133 170 208 4-5-4-126-5-5
TS 4 10 21 32 49 76 109 137 170 207 4-6-4-123-5-5
T4 4 10 21 32 49 74 105 139 173 204 4-6-4-126-5-5
T5 4 11 18 29 48 80 107 133 160 203 4-52-5-5:5-6

Té 4 11 18 29 48 77 106 134 160 204 4-52-5-5-5-6

T7 4 12 18 31 51 76 109 133 164 210 5-5:5:6-52-125
T8 4 12 19 32 48 75 112 134 164 206 5:5-52-127-6-6
T9 4 12 17 30 54 77 106 134 160 212 5-5:5-5-52-123

Figure 1.5: On th left, all the 9 topologically distinct T sites that characterize the BEA
framework, with their labels (T= Si or Al); on the right, all the uniques
oxygen atoms, from O1 to O17.

This corresponds to the vertex symbol of T1 (see Table 1.2). However by apply-
ing the same definition to oxygen atoms, all the different local environments can
be identified, that directly relate to distinct Brgnsted sites. In BEA there are 9
and 17 crystallographically non-equivalent Si and O atoms, respectively, causing
the topological possibility of 32 unique Brgnsted acidic sites. See Figure 1.5 for
a depiction of all these topological T and O sites, with their labels. Another
advantage of using ring indices is that the numbers of rings of various sizes and
the average ring size in a zeolite framework can be calculated, which cannot be
deduced from vertex symbols in general cases.

A zeolite framework can be deconstructed in building units, in a wide variety

of possible ways. Some of these lack strict definition thus, in practice, people tend
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Ring sizes (# T-atoms): 126 5 4
Channel dimensionality: Topological (pore opening > 6-ring): 3-dimensional

Maximum diameter of a sphere:

that can be included 6.59 A
that can diffuse along a: 594 A b: 594 A c 5.94A
Channels: <100>12 6.6 X 6.7%% « [001]125.6 x 5.6%

5.6 5.6

12-ring viewed along <100> 12-ring viewed along [001]

Figure 1.6: Sizes and diameters of rings and channels characterizing the BEA frame-
work, as reported by IZA [51].

to focus on the simplest or the most representative building units that reflect
the topological characteristic of the given zeolite framework. Among these, the
secondary building unit (SBU) and the composite building unit (CBU) are the
most frequently encountered. Figure 1.7 shows building units involved in the
BEA framework. This was the state of the art until 2010, when Blatov and co-
workers showed that a zeolite framework could be unambiguously decomposed
in only one way following the geometric concept of natural tiling [75]. In this
approach, the zeolite framework corresponds to a three-dimensional net, and
the tiles composing the natural tiling of the zeolite net are the natural building
units (NBUs). Blatov and co-workers constructed the natural tilings for nearly
two hundred IZA structures and assigned a unique name to every located NBU.
Decomposing zeolite frameworks into NBUs has several important advantages
over other decomposition methods. First, the choice of NBU is unambiguous,
and the decomposition procedure can be done easily by computer programs.
Second, NBUs are able to represent all of the cages, cavities and pores of a zeolite
framework. Third, the similarities between different zeolite frameworks can be
analyzed by comparing their NBUs and natural tilings. Because of all these
reasons, I[ZA has promptly embraced the concept of natural tiling to describe
zeolite frameworks in its official database. In this thesis NBU labels of BEA, as

reported in Figure 1.8 will be used to identify cavities when necessary.
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Figure 1.7: The three composite building units in which the BEA framework can be

deconstructed, from the International Zeolite Association [51].
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Figure 1.8: The natural building units that characterize the BEA framework [51].

1.3.3 Synthesis and characterization of metal modified zeolites

There are various methods for preparing catalysts based on zeolites modified
with transition metals. As a general approach, one can either opt for an in situ
synthesis or a subsequent modification of the zeolite [76, 77, 78].

In case of the in situ approach, metal precursors are introduced into the zeolite
synthesis gel so that the coordination and interaction between the metal ions and
the zeolite framework occur concurrently with the crystallization process. This
method offers advantages in terms of enhanced metal dispersion, homogeneous
distribution of metal species and structural stability, making it a valuable strat-
egy for the development of advanced bifunctional catalysts [79]. From the point
of view of the metal, in particular, the incorporation during the synthesis can pre-
vent its leaching in subsequent catalytic reactions [80]. However, in situ synthesis
may present challenges in precisely controlling the loading of metals within the
zeolite framework. In fact, tuning the metal accessibility can be more challeng-
ing compared to post-synthesis modification methods. In addition, the latters
typically pose fewer risks of undesired changes in the zeolite structure, while the
incorporation of metals within the crystallization process could potentially alter
the pristine framework. This structural modification may negatively impact the
intrinsic properties and catalytic behavior of the zeolite. Finally, post-synthesis
modification methods are convenient and simple, as numerous commercial ze-
olites can be purchased and modified, even if they may not be suitable if one

is interested in achieving a precise Si/Al ratio that is not readily available [81].
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The choice between these approaches depends on the specific requirements of the
desired catalyst and the trade-offs deemed acceptable for the given application.

Among the most widely used methods for post-synthesis metal-modification
of zeolites there are: ion exchange, impregnation (wet or dry), template-assisted
synthesis and deposition-precipitation. Focusing on impregnation, it stands out
as a commonly employed preparation method due to its technical simplicity,
cost-effectiveness, and minimal waste production. In this process, the zeolite
is impregnated with a solution containing metal precursors and subsequently
dried. The resultant dry product undergoes further treatment, typically involving
calcination and/or reduction, to obtain the desired catalyst [82]. Commonly
used metal precursors include inorganic salts such as metal sulfates, carbonates,
chlorides, nitrates, or acetates, as well as organic metal complexes like metal
acetylacetonates. Water is the preferred solvent for inorganic salts due to the
high solubility of many precursors, while organic solvents find application with
organometallic precursors [83].

Two distinct methods of solid-solution contact are employed based on solu-
tion volume: wet impregnation (or evaporation-impregnation, EIM) and incipient
wetness impregnation (IW). Wet impregnation involves an excess of solution; af-
ter a designated time, the solid is separated and excess solvent is removed either
by drying or evaporation in a rotoevaporator, in this instance, without involv-
ing the filtration stage. In incipient wetness impregnation, also known as dry
impregnation, the solution volume, at an appropriate concentration is equal or
slightly less with respect to the pore volume of zeolite. Once impregnated, the
catalyst is directly dried. However, this results in the retention of counterions
from the metal precursor salt. To eliminate these substances, additional process-
ing is required. To obtain the final catalysts with zero-valent metal particles,
the impregnated and dried powder undergoes thermal treatment in a calcining
and/or reducing environment [84].

Several factors impact the effectiveness of the impregnation method in pro-
ducing catalysts, including temperature and precursor concentration [85]. Tem-
perature affects both precursor solubility and solution viscosity, consequently in-
fluencing wetting time. The duration of contact between the zeolite and the metal
precursor solution further influences metal loading and dispersion. The maximum
loading is however constrained by precursor solubility. Stirring or mixing dur-
ing impregnation also plays a crucial role in ensuring the uniform distribution of
metal. Adequate agitation facilitates homogeneous metal dispersion, preventing
the formation of metal aggregates. Understanding and optimizing these factors

is crucial for tailoring the properties of metal-modified zeolite catalysts to meet
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Figure 1.9: A selection of the characterization techniques useful for metal-modified

zeolite materials, and the features they enable to investigate.

the desired specifications for a given catalytic application.

Figure 1.9 provides an overview of some among the numerous techniques that
could be useful to characterize the prepared metal modified zeolite catalysts.
These encompass, to name a few, elemental analysis techniques (EDX, ICP), mi-
croscopic approaches aimed at studying the morphological and structural prop-
erties of zeolite crystals and metal particles (SEM, TEM), methods such as No
physisorption, which analyze pore volume and adsorption/desorption character-
istics of these materials. Finally, of special importance, there are techniques that
enable to assess the Brgnsted and Lewis acidity of the catalysts, through the use

of probe molecules. These will be discussed in greater detail subsequently.

1.3.4 Applications as catalysts for hydroconversion

For zeolites to be used as catalysts in the hydroconversion process, among all,
large effort was devoted both through theoretical studies and experimental tech-
niques to characterize the number, strength, and location of the potentially
active acidic sites, aiming at a formulation of acidity-reactivity relationships
[86, 87, 88, 89]. A key role in these applications is played by the presence of
metallic components, thus forming a bifunctional catalyst that exploit the hy-
drogenation/dehydrogenation activity of a noble metal such as platinum or pal-
ladium. Hence many experimental studies have been focused to unveil the effects
of synthesis variables on the metal location and particle dispersion, which in turn
affect activity and selectivity of the catalyst [34, 79, 80, 90, 91]. Still, being the

advantages of an atomistic approach on tuning catalyst properties well estab-
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lished [92, 93, 94, 95, 96, 97, 98, 99, 100], models and theories of computational
chemistry have been extensively used to investigate the stabilization of metal
atoms and/or small clusters within the zeolite cavities [101, 102, 103, 104]. In
the following an overview of the current state of the art is given, concerning the
two isolated functions and their interactions.

From an experimental point of view, proton affinity was used as a mean
to evaluate Brgnsted acidity. Common approaches to measure proton affinity
of zeolites include IR and NMR spectroscopy, calorimetry and temperature-
programmed desorption (TPD), exploiting the interaction of the acidic sites with
basic probe molecules such as ammonia and pyridine [105, 106, 107, 108, 109].
Ammonia TRMS-TPD experiments, for example, have been used in combina-
tion with DFT studies to assign the stretching vibration bands of acidic OH
groups in the IR spectrum to each Brgnsted acidic site, located at crystallograph-
ically non-equivalent position in MOR, FAU, CHA and BEA zeolite frameworks
[110, 111, 112, 113]. The research group led by Professor Murzin extensively em-
ployed the pyridine-FTIR technique, which allows for distinct information to be
obtained, concerning either Brgnsted and Lewis acidic sites and weak, medium
and strong acidity features of a catalyst [34, 114, 115, 116]. The Bregnsted acidity
of sites belonging to FAU, CHA, IFR, MOR, FER, and TON zeolites was investi-
gated by Trachta et al. [117] 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.

The use of the adsorption properties of small molecules to sample the acidity of
zeolites Bronsted sites is complicated by many factors, such as accessibility of the
involved zeolitic site, the orientation of the probe with respect to the framework,
the tendency of the base to accept protons, and the stabilization of the resulting
ion pair. As a matter of fact, the above mentioned 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, for an atomistic
analysis, 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 [118].
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DPEs in various zeolites have been estimated from quantum chemical calcu-
lations using either isolated or embedded clusters [119, 120, 121] and periodic
models [118, 122], 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 SiO4 units are investigated [107]. 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™!
[119, 123]. 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. [118] in a broad study of de-
protonation 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
1190-1212 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 [122, 124]. However, the em-
ployed method is prone to errors, having to account for the artificial interactions
arising among charged cells, created after the deprotonation of a zeolite site, in
periodic calculations [125, 126]. More recently, the fact that the sites Brgnsted
acidity strength is inversely correlated with the framework density was confirmed
by Trachta and coworkers [127], 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 ener-
gies 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 this topic, the ef-
fect of zeolite topology and composition on intrinsic acidity and reactivity is far
from being fully understood. 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 experi-
mental data, due to the inherent dissimilarity in what can be investigated in the

two cases.

18



As for the metal component characterization, the discussion appears to be
equally complex and open for further advances. In fact, a step by step compu-
tational approach on platinum clustering inside large pores of aluminosilicates,
and BEA in particular, is still missing. Commonly either singly supported plat-
inum atoms or Pt nanoparticles are considered, without giving any clues about
their formation yet [102, 103]. For example, in the work by Li et al. a cubic
nano-particle of Pti3 (size about 0.5 nm) located inside the main 12T channel
of B-zeolite was used to simulate the noble metal particles. The same choice of
a Ptz cluster, corresponding to a so called “magic size number” [99], is found
in the investigation performed by Xu et al. in case of the KL framework [101].
As a matter of fact, a more systematic procedure was implemented by Hou et
al. [104] that have investigated, by means of periodic DFT calculations, the sta-
bilization of platinum atom and/or clusters inside the cavities of medium size
high-silica zeolites (i.e. LTA, SOD, CHA, FAU), but have not considered larger
pore frameworks such as BEA.

In real catalysts the metal can be located not only inside the cavities but also
on the outer surface of the crystals, or even supported on an inorganic binder!
in composite materials [21, 128, 129]. It is indeed uniformly reported that the
small metal particles, obtained through the most frequently used impregnation
methods, albeit a few nanometers in diameter, are still too big to fit in the zeolite
channels [21, 115].

In addition to zeolite topology, acid strength and metal properties by them-
selves, the performance of bifunctional catalysts is determined by the ratio of
metallic to acidic sites and the distance between the two functional sites, often
described as proximity or intimacy degree [130, 131].

The acidity of zeolites can be adjusted in relation to the silica-to-alumina ra-
tio. As an example, for Beta zeolite specific commercial ratios are available, with
Zeolyst offering catalysts, in the powder form, showing SiO3/Al;O3 molar ratio
of 25, 38 and 300 [132]. However, employing suitable synthesis methods allows
for the creation of materials with the desired ratio. Acidity can be mitigated by
introducing basic elements into the structure, such as Ba, Mg, Fe, or by coating
zeolite with alumina [16]. Regarding metal loading, it is essential to consider
the drawback of using noble metals, that is their high cost. Therefore, recent

efforts have focused on hydroisomerization using cost-effective transition metals

'For industrial application, zeolites are often pelletized with a binder, typically a natural clay
such as bentonite, attapulgite, and kaolin, added in amount of 15-20%. The primary objective
of this procedure is to achieve the necessary mechanical strength to resist attrition losses and
ensure chemical stability for prolonged use. While binders themselves may not possess catalytic

activity, the interactions between binders and zeolites can influence catalytic performance [114].
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like Ni, but the results have proven to be not sufficiently promising to cause a
shift [28, 35]. Consequently, the majority of studies on hydroisomerization of
alkanes currently utilizes Pt-supported catalysts with very low loadings. Accord-
ing to the literature, an effective balance is generally achieved with 0.4-0.6% Pt
[22, 133].

The np;/n 4 ratio, defined as the ratio of the total number of exposed Pt atoms
(on the surface of Pt particles) to the total number of Brgnsted acidic sites,
has been usually used to characterize the balance between the hydrogenation-
dehydrogenation function and acidic function [25]. The first reported attempt
of quantification was made in n-heptane and n-decane hydroisomerization on a
series of Pt-USHY catalysts differing by their Pt content (from 0.07 to 1.5 wt%)
[134]. There, in particular, the ratio between the concentrations of accessible Pt
and acidic sites on which the enthalpy of NHs adsorption was greater than 100 kJ
mol~! was chosen to quantitatively express this balance. The activity, stability,
and selectivity of the catalysts were shown to be definitely governed by the np;/n g
ratio, even if the results also suggested the effect of one additional parameter.
This was proposed to be the number of acidic sites encountered by the olefinic
intermediates during their diffusion between two Pt sites. It is noteworthy to
emphasize that this value is expected to be substantially influenced by the level
of intimacy between Pt and acidic sites. Nevertheless, there has been no proposed
quantification for it. Later on, Bathala et al. [21] suggested to use the Cp;/Cg+
ratio between the concentrations of accessible Pt and protonic sites, known to be
the acidic sites active in the olefinic intermediates rearrangement and cracking. In
particular, for Cp+ the concentration of Brgnsted sites able to retain pyridine at
150 °C was considered. They studied the n-hexadecane trasformation over three
series of catalysts based on H-BEA and Pt and different ratios of alumina. In
the three series, the activity and the selectivity of the catalysts were shown to be
dependent on the balance between hydrogenating and acidic functions expressed
by their ratio, thus confirming the previous findings. Once again, however, some
observations showed that the balance between the two functions is not the only
parameter determining the catalytic properties; instead the degree of intimacy of
active Pt and protonic sites should be somehow taken into account.

The average number of acid steps (n,s) involved in the apparent formation
of one product molecule from n-Cig, which can be estimated from the product
composition, was proposed for expressing the intimacy between hydrogenating
and acidic functions. The calculated n,s values were used to estimate corrected
TOFs, which were shown to be similar for the three series of catalysts. This

similarity demonstrated that both the activity and selectivity of the bifunctional
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Pt/H-BEA catalysts depend on just the two mentioned parameters.

Vajglova et al. [114] obtained various shaped catalysts based on H-Beta-
25:bentonite, in the form of extrudates with a controlled deposition of platinum
(nominal loading of 2 wt%) in different locations, by altering the sequence of steps
for the preparation of these zeolite-binder composites. The resulting np;/na ra-
tio was extremely different, from 0.07 to 1.12 among the catalysts. Testing them
in the n-hexane hydroisomerization it was interestingly found that, in agree-
ment with the reasoning above, catalytic activity and isomerization selectivity
increased with increasing the metallic to acidic sites ratio also in the case of
extruded Pt catalysts.

Overall, it is evident that significant attention has been devoted to the metal-
acid balance and its impact on the product distribution, activity, and stability of
Pt/zeolite catalysts [133]. According to the summary of the recent studies given
by Wang et al. [109], an optimal hydroisomerization catalyst is the one in which
a close-to-one ratio is maintained. In this scenario the acid-catalyzed reaction
(cracking and isomerization) becomes rate-limiting, while the hydrogenation/de-
hydrogenation steps are in quasi-equilibrium and the number of acidic sites be-
tween two metallic sites is sufficiently low. When either metallic or acidic func-
tions dominate, excessive hydrogenolysis on metallic sites or cracking on acidic
sites occurs, respectively. Hence, while it remains imperative for the ratio to be
sufficiently high, it should not escalate infinitely. Instead, there exists an optimal
range of values for the metallic-to-acidic sites ratio that ensures the bifunctional
catalysts to feature ideal catalytic performances.

For many years, proximity of metallic and acidic sites has been quantified
through the so called intimacy criterion proposed by Weisz [38], often applied as
“the closer the better” for optimizing the spatial arrangement of sites [39]. Many
studies in the literature have indeed shown that maximal intimacy enhances selec-
tivity to skeletal isomers in the reaction of interest [115, 135, 136]. They consisted
in comparative analyses of catalysts where, thanks to the synthetic strategies that
allowed tuning the proximity, the metallic functionality was located either only
in the zeolite (nanoscale intimacy), in the binder (microscale intimacy) or both
in the zeolite and on the binder, to mimick an in-between degree of intimacy.
For example, Vajglova et al. [34] showed that for Pt/H-Beta-25 catalysts the
highest conversion of n-hexane and selectivity to Cg isomers was obtained with
extrudates prepared via in situ synthesis, with platinum located on the zeolite.
An increasing degree of intimacy of hydrogenation/dehydrogenation and acidic
sites in bifunctional Pt/BEA and Pt/USY also positively affected the activity

and selectivity in n-hexadecane transformation [136].
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Recent reports reopened the debate about the ideal proximity between both
functions for optimal performances, in terms of selectivity but also resistance
to deactivation [116, 137]. In the work of Gutierrez-Acebo et al. [128], focus-
ing on platinum as the metallic function and EU-1 zeolite as the acidic one for
the ethylcyclohexane hydroconversion, no influence of the distance between both
functions on catalytic performance was observed up to a micrometer scale. In-
stead, in the hydroisomerization of n-heptane using catalysts consisting of zeolite
ZSM-22, mordenite, and y-alumina binder, the nanoscale intimacy between active
sites was even unfavorable for selectivity, leading to undesired cracking reactions
[130]. Oenema et al. [138] also observed beneficial effects in n-heptane hydroi-
somerization when Pt nanoparticles were placed on the binder of zeolite/binder
composite as opposed to Pt located inside zeolite crystals.

Numerous factors come into play underlying a certain grade of intimacy and
its impact on the catalytic performances, such as the dimensions of zeolite chan-
nels and metal particles, and the length of hydrocarbon chains, their differences
contributing to the reported divergent results over the years. If limitations in
substrate diffusion arise due to the interplay among these factors, effect on the
activity and selectivity of the reaction that often tend to favor cracking over
isomerization can be reasonably elucidated. Consequently, the conventional be-
lief that a closer proximity is preferable is no longer accepted. On the contrary,
the new paradigm emphasizes the importance of examining the effects of site
proximity on a case-by-case basis.

A computational approach enables the modeling of nanoscale proximity, with
distances on the order of a few angstroms between the acidic site and the metal-
lic center, whether it is a single atom or a small cluster. To simulate a less
intimate scenario, resembling the experimental setup where the metal is located
in the binder, the model could consider only the acidic functionality of the zeo-
lite, while the reaction steps involving the metal may be modeled on a supported
cluster. Therefore, these types of investigations are certainly likely to contribute

advancing the comprehension of this subject.

22



Scope and organization

Intensive research is currently devoted to renewable and sustainable transporta-
tion fuels, obtained from waste materials, as suitable alternatives for their fossil
based counterparts. The rheological properties of green diesels and jet fuels can
be enhanced to meet the requirements for their industrial exploitation by means
of hydroconversion processes, like isomerization and cracking of paraffines, which
occurs over bifunctional catalysts.

The present dissertation is framed within this context, aimed at investigating
a metal modified S-zeolite as a catalytic material for such fundamental reactions
of hydrocarbons, that require both an acidic substrate and a hydrogenation/de-
hydrogenation function. Here the models and theories of quantum chemistry, in
particular those based on density functional theory, are employed as a main tool
to unveil the atomistic features of the catalytic material of interest. Experimental
insights, arising from the close collaboration with the “Industrial Chemistry and
Reaction Engineering” group of Abo Akademi University (FIN), provide an addi-
tional perspective in addressing this wide and complex research topic. Although
zeolites are well established as bifunctional catalysts, in fact, many questions are
still open and unresolved issues are associated with the characterization of either
the two functionalities and their interaction.

The thesis is divided into four main chapters, which incidentally follow the
chronological order of the activities carried out during my PhD course. The
first chapter concerns the study of intrinsic Brgnsted acidity, for the (§-zeolite
framework, in terms of site deprotonation energies computed according to dif-
ferent computational approaches. Advantages and disadvantages coming along
each method being discussed, the acidity order among 30 topologically distinct
sites is assessed, through a newly proposed procedure that avoids the necessity
of empirical corrections and the occurrence of embedding artifacts, to date likely
involved in the other commonly used approaches.

The second chapter is devoted to the characterization of zeolite-embedded

platinum atoms and small clusters, aimed at identifying their preferential location
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and the corresponding energetics, together with unraveling the kinetics associated
with the Pt migration between cages. The investigation employs an one-by-one
atom addition approach, driven by an unbiased algorithm, and outlines the cluster
growth process up to a Pts seed.

Mutual interactions between acidic sites and platinum centers are discussed
in the third chapter, that collects on this regard the experimental work on bifunc-
tional catalysts synthesis and characterization performed during my three-months
research in Finland and a preparatory atomistic analysis about the effects of a
single Pt atom on the site acidity.

Finally, the last part of the dissertation addresses, in a small and contained
way, a possible catalytic application of the mimicked zeolite-based catalyst. The
2-pentene molecule is taken as a model compound for the study of olefins isomer-
ization mechanism, focusing on the steps which involve the acidic functionalities.

In the appendix section supplementary data and images which did not found
place in the main text without interfering too much with the reading experience
are reported. Additionally, one of the appendices is dedicated to the two papers
that where published during the course of my PhD, on which the first and second

chapter are based.
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Acidic sites

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 chapter, the study is reported regarding the intrinsic acidity of 30
topologically distinct Brgnsted sites in the S-zeolite framework, that was inves-
tigated by calculating DPEs through three different approaches, all within the
DFT paradigm. In particular they are: 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.

3.1 Models and Methods

3.1.1 ONIOM approach

The [-zeolite periodic framework, shaped using the crystallographic informa-
tion file from the IZA website [51], was utilized to select a segment compris-
ing approximately 800 atoms that featured two intersections between the main
twelve-membered ring channels (12T). Terminal hydrogen atoms were added to
this fragment, to satisfy the valences of the dangling oxygen atoms, resulting in a
model consisting of 864 atoms. This was chosen as the real system for subsequent
ONIOM calculations (refer to Figure 3.1). Six distinct model systems, denoted as
ml-m6, were chosen, ranging in size from 39 to 102 atoms. Models m1 to m4 were
employed to examine multiple topological silicon sites, while the smaller m5 and
m6 were designed to investigate specific T sites, namely T9 and T1, respectively,

which were not adequately embedded in the other models. Special attention was
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Figure 3.1: The selected real system for the ONIOM approach that comprises 864

atoms is illustrated from two perspectives (O=red, Si=green, H=white).

given to ensuring that the portion containing the silicon atoms of interest was
centered within the model system, placing them at an appropriate distance in all
directions from the boundary with the low level. Figure 3.2 illustrates the six
model systems embedded in the real system, with a close-up view displaying all
labels for the examined acidic sites.

Geometry optimizations were conducted for three scenarios: i) the silicalite
systems as the starting point, ii) anionic structures with one Si atom replaced
by Al, and iii) neutral structures 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 AlO4 tetrahedral unit. The different acidic sites
are labeled as TnOm, where T represents the tetrahedral center corresponding
to the silicon atom substituted by aluminum, and n and m are pairs of numbers
indicating the specific topological site, as reported in Figure 3.2.

Excluding T5014 and T6014 sites, where the added hydrogen would not be
accessible, 40 cases were obtained from the 32 topologically distinct acidic sites
in the B-zeolite. Some aluminum-hydrogen configurations were considered twice
in different model systems for internal consistency checks. Site-topological label
assignments were made by comparison with labels shown in the crystallographic
information file of the BEA framework, using the VESTA program [139].

The Gaussianl6 software [140] was utilized, employing the B3LYP hybrid
exchange-correlation functional corrected by the third-order Grimme empirical

treatment of dispersion interactions (B3LYP-D3, [141]). A cc-pVDZ basis set
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Figure 3.2: The ONIOM model systems, denoted as m1-m6, are displayed both em-
bedded in the real system and isolated, having selected a convenient ori-
entation. The topological labels for the examined tetrahedral and oxygen

sites are provided for each model system.
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Figure 3.3: A depiction of the BEA unit cell consisting of 192 atoms, represented in a
ball-and-stick model, is illustrated within the periodic framework shown in
wireframe. The view is along the ac plane, and the cell parameters are as
follows: a=b =12.631 A, c =26.186 A, a = 8=~ = 90".

was applied to all atoms. For the ONIOM application, the Universal Force Field
served as the chosen low-level theory. A singlet multiplicity state was considered
for both high and low level. Examination of the calculated harmonic vibrational
normal modes provided confirmation that the investigated structures correspond

to minima on the potential energy surface of their respective systems.

3.1.2 Periodic DFT calculations

The structural model employed for periodic DFT calculations is the BEA unit
cell (a=b=12.631 A, c=26.186 A, a = 3 = v = 90°) provided by IZA [51] and
depicted in Figure 3.3. It is reported in the atlas as a mixture of @ and § BEA
polymorphs, most properly labeled as *BEA. It has to be noted that, for the sake
of brevity, the asterisk is omitted in this thesis. Periodic geometry optimizations
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.

All periodic calculations were executed using the SIESTA approach as im-
plemented homonym code [142]. The PBE exchange-correlation functional was
selected, along with double-( quality numerical basis sets generated using an en-
ergy shift of 0.005 Ry. Norm-conserving pseudopotentials from the PseudoDojo
project [143] (labeled as nc-sr-04_pbe_standard) were utilized. The psml format
is supported by the dedicated SIESTA-PSML-R1 version of the code [144]. Sam-
pling was performed with a mesh cutoff value of 450 Ry and a 2x2x2 Monkhorst-
Pack grid, which was subsequently refined to 4x4x4 after the initial relaxation

of the system geometry.
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3.1.3 Cluster approach

Starting from optimized structures obtained through periodic DFT calculations,
a zeolite unit cell reshaping procedure was undertaken to generate clusters. These
were then adjusted for the valences of terminal oxygen and silicon atoms. The
reshape procedure aimed to place the acid hydrogen atom roughly in the cen-
ter of the newly formed fragment, replicating the neighborhood of the hydrogen
atom that resulted from the specific arrangement in the periodic calculation af-
ter geometry optimization. As a result, the obtained clusters were homogeneous,
both with each other and individually with their starting optimized structures.
In detail, to construct a reshaped cell, the position of the aluminum atom was
fixed at the center of a newly defined cell with the same constants (a, b, and c)
as the original BEA repetition unit. Atoms within this new cell retained their
coordinates, while those outside of it were translated back inside using the a, b, ¢
vectors. The choice of Al as the center of the new cell is justified by its proximity
to the acid hydrogen atom, and its absence in the anionic structures. Figure 3.4
illustrates the system at the start and end of this procedure, taking the T101 site
as an example. This process was applied to 30 neutral species and their 9 corre-
sponding anions. After reshaping, the system retained undersaturated Si and O
nuclei at the cell boundaries. An automatic saturation procedure was then ap-
plied to prepare the structure for a cluster calculation. For every undersaturated
nucleus in the cell: 1) if it is a Si atom, up to three neighboring oxygen atoms
could be missing: in this case, the correct number of hydrogen atoms was placed
in a suitable tetrahedral arrangement around Si, considering the position and
orientation of the existing Si—O bonds. Whenever a Si—H moiety was less than
two Si—O bonds apart from the acidic site, it was substituted by Si—OH; 2) if it
is an O atom, only a single neighboring Si could be missing, and consequently, a
single hydrogen was added at a 109.5° Si—O—H angle. It is noteworthy that the
109.5° value was chosen to address concerns about the average Si—O—Si value of
136° typical of zeolites, which could result too wide for a proper Si—O—H angle
and lead to energetic artifacts depending on the number of its occurrence. All
terminating —OH groups were oriented in the same spatial direction, avoiding the
direction of the next Si in the zeolite framework to prevent two saturating hydro-
gens from being 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.
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Figure 3.4: The T101 acidic site within the BEA unit cell is depicted on the left, while
the corresponding fragment chosen to describe the same site in the cluster
approach is shown on the right. In both representations, oxygen is in red,

silicon in green, aluminum in yellow, and hydrogen in white.

The final geometry was checked to ensure that no border H-atom was less than
4.5 A from the acid hydrogen site, a distance considered negligible for dispersion
interactions between real and fictitious hydrogen atoms.

For the cluster approach, the same exchange-correlation functional and basis
set used for the model systems in the ONIOM calculations were employed. It is
important to emphasize the intimate relationship between the SIESTA and cluster
approaches, with the latter serving as an automatic, non-empirical correction of

the former for the evaluation of deprotonation energies.

3.2 Results and Discussion

In Table 3.1, DPE values for the 30 investigated topologically distinct acidic sites
of BEA are reported using three different computational approaches (ONIOM,
SIESTA, cluster), each as a separate set. The deprotonation energy was cal-
culated as the difference between the Self-Consistent Field (SCF) energy of the
aluminated S-zeolite anionic form and the SCF energy of the corresponding neu-
tral form. Extrapolated energies were used in the case of the ONIOM approach.
The use of ONIOM allows the definition of systems small enough to make the
calculation of vibrational frequencies, and hence thermochemical properties, fea-
sible. By comparing the calculated DPE values based on the ONIOM energy
with those based on the ONIOM enthalpy, it was estimated that the thermal
contributions to the deprotonation energy (leading to a decrease of the DPE)
span between 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 [127] for the contribution due to the difference of vibrational zero-point
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energies in various zeolites. This contribution can be considered constant for the
purpose of comparing the results obtained with the three approaches described
here.

The three sets of energy values obtained with the different methods were

normalized in the 0-100 interval using the following expression

DPEM — DPEM

DPEM = 100 - min 3.1
e DPEM — DPEM (3.1)

where the normalized deprotonation energy of the i-th site according to method
M, DPEMZ-, is defined with respect to the raw DPEM and the minimum and
maximum DPE values found within the corresponding set. All the data were
then collected in the histogram of Figure 3.5, which is divided into three equally
spaced bands to qualitatively 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.

Table 3.1: DPE values® calculated whith the the ONIOM (O), SIESTA (S) and cluster (C)

approaches.
site | o) S c || site o) s c
T101 1344.9 (tnl)b 1019.8 1220.9 T4012 1355.2 (1112) 1049.3 1237.9
T102 1367.4 (m6) 1042.7 1233.3 T5010 1275.3 (m4) 1034.7 1210.2
T103 1351.9 (ml) 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 (m1) — 1304.0 (m3) 1025.6 1219.5 T6O16 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 (m1) — 1339.1 (m4) | 1019.1 | 1205.9 T708 1306.1 (m3) — 1313.4 (m4) | 1020.1 | 1195.3
T308 1346.8 (m1l) — 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 T80O11 1326.6 (m2) 1027.4 1178.8
T405 1370.8 (ml) — 1355.0 (m2) 1015.2 1195.4 T80O16 1340.9 (m2) 1043.1 1192.5
T409 1382.3 (ml) 1031.4 1216.5 T903 1331.8 (m5) — 1318.1 (mb) 1028.0 1194.7
T4011 1371.9 (m1) — 1288.8 (m2) 1020.3 1202.4 T9015 1316.6 (m5) — 1345.8 (mb) 1015.8 1194.9

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

A tentative explanation for the observed behavior in the ONIOM histogram
is provided below. Figure 3.2 indicates that in -zeolite, the T8 and T9 sites fea-
ture only two non-equivalent oxygen atoms (O11 and O16 for the former, O3 and
015 for the latter). The two T903 and the two T90O15 sites are well defined in
the same m5 model. Additionally, as revealed by the presence of double ONIOM
bars in the histograms shown in Figure 3.5, some cases were examined twice (du-
plicate sites) using different model systems. This duplication allows for insights
into the suitability of the model system choice and the application of the ONIOM
method itself to this zeolitic system. Among the 8 duplicate sites, there are some
cases where the ONIOM results fall into different acidity groups, depending on
the chosen model system. The most notable ones are T205 and T4011, and to
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Figure 3.5: Sub-histograms of normalized DPE values calculated using ONIOM,
SIESTA, and cluster approaches for the topologically distinct acidic sites of
BEA. When four bars are present 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 a zero value for the corresponding

case. Horizontal lines equally divide the histogram into three acidity zones.

a lesser extent, T207. For example, T4011 is predicted to have very low acidity
according to the m1 model, while it is among the most acidic sites according to
the m2 model. Conversely, consistent results are obtained for T405 and T707
sites, which belong to the same acidity zone, while small differences are reported
for T301, T308, and T708. Notably, in all three duplicate sites exhibiting more
significant differences, the model system m1 is involved and consistently gives the
highest value, suggesting a potential bias of this model system. For the T405
site, on the other hand, m1 and m2 are in excellent agreement.

The observed phenomenon may find an explanation in the fundamental nature of
a model, which by definition cannot capture all facets of reality. It is conceivable
that the same ideal topological site in the periodic zeolite can be described differ-
ently by two distinct model systems. Specifically, the neighborhood of the rings
to which the site belongs may differ, as this neighborhood necessarily represents
a subset of what defines the topology of the same model site.

It is essential to emphasize that special attention was given to ensuring that
the acidic hydrogen was surrounded by atoms treated at the 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 re-
placed by the aluminum atom featured only three of the four Si atoms belonging
to the tetrahedrons around it in the high level of calculation. This limitation
could affect the relaxation of the structure during geometry optimization, poten-
tially influencing the deprotonation energies. Attempts were made to address this

issue by including the missing silicon and some other oxygen atoms in the model
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systems. This however proved to be unviable due to the intrinsic characteristics
of the (S-zeolite structure. The addition of atoms into the model system often
made ONIOM layer definition impossible due to, for 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 similar problems in the ONIOM partitioning. Li
et al., in fact, got around the problem by removing some oxygen atoms from the
high level, creating model systems that were not homogeneous with each other
and that might cause significant artifacts considering their small size. Taking
into account these challenges, the ONIOM approach does not seem to be a satis-
factory means to adequately investigate the acidity of the 9 topologically distinct
sites of B-zeolite. To overcome the issues of duplicate sites and incomplete silicon
tetrahedra around the topological site, it is suggested to eliminate the choice of
model systems upfront and carry out periodic calculations followed by a refining
treatment using a cluster approach.

Actually, a drawback still exists in using periodic DF'T 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. [118]. One of the best proposed
procedures to address this issue contemplates an a posteriori correction, following
the Freysoldt-Neugebauer-Van de Walle (FNV) scheme [125], which applies to the
energies, while the respective geometries remain unchanged. Therefore, one can
reasonably trust on the optimized geometries found for anions and, as proposed
in this thesis, use them as a starting point for a cluster DFT approach.

In the proposed cluster approach, each acidic site within the unit cell, subject
to periodic boundary conditions in periodic calculations, 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 en-
vironment that characterizes each site, hence the reshape procedure detailed in
the Models and Methods section. This approach offers several advantages: (i) it
avoids issues arising in the choice 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 acid 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
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calculations, to discriminate the intrinsic acidity of the zeolitic sites.

Referring to the DPE values obtained with the proposed cluster approach, an
acidity strength order of the investigated 30 topologically distinct acidic sites of
BEA can be extrapolated. Among them, 11 belong to the middle portion of the
range, 11 cases feature the highest intrinsic Brgnsted acidity, and the remain-
ing 8 sites are less acidic, especially T4012, T102, and T6012. A structural
analysis of the 30 sites in terms of hydrogen bond parameters involving the acid
hydrogen atom was performed to gain insight into the cause of the acidity trend.
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 3.6, ordered by descending acidity.

The presence of hydrogen bonds was detected in almost all the sites belong-
ing to the low and medium-low acidity groups and only occasionally in the other
groups (high and medium-high acidity). When hydrogen bond formation oc-
curred in the latter cases, the site was less acidic than the one that did not show
H-bond formation, such as the case of T80O16 and T80O11. A correlation may
be therefore drawn between hydrogen bond formation and the occurrence of low
acidity in the corresponding site. In particular, H-bonds were formed when pro-
ton donor and acceptor oxygen atoms belonged to the same (5- or 6-membered)
ring. At the bottom of the low acidity range, sites T4012, T6012, and T6016
showed two hydrogen bonds with the correct orientation. This correlation sup-
ports the findings of Katada et al. [113] about the factors affecting the vibrational
frequency of the O—H stretching, taken as an index of site acidity.

At this point, it is noteworthy to compare the most and least acidic sites ac-
cording to the three computational approaches employed. The site demonstrating
the highest intrinsic acidity is T8O11 according to the cluster approach, closely
followed by T707. These two sites exhibit an acid hydrogen that protrudes into
the main channel, a desirable characteristic when S-zeolite is utilized as an acidic
catalyst. Conversely, ONIOM and SIESTA methods indicate T5010 and T104,
respectively, as the most acidic sites. In this regard, the ONIOM approach sen-
sibly fails when compared to the cluster method. Both the optimized ONIOM
and SIESTA structures display hydrogen bonds in the corresponding most acidic
site (see Figure 3.6), potentially explaining their classification within the medium
acidity group when treated by the cluster approach. An excellent agreement be-
tween SIESTA and the cluster approach is observed for the least acidic site, as
both methods predict T4012 to hold this role, where the proton is engaged in
two strong hydrogen bonds. Conversely, ONIOM designates the nearby T409
site as the least acidic, yet T4012 is consistently placed within the low acidity
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T5013 T8016 T104
197 A; 151° 1.83 &; 150° 2.68 A; 159°

T5015

2.31 &; 151° 2.39 A; 168" 208 A: 151° 2.51 A: 172°

T6O16 T102
1.80 A: 151° 1.72 A; 158°
3.00 A; 119°

Figure 3.6: Structural details of the most significant hydrogen bonds detected in the

topological configurations investigated, according to the cluster method.
The respective images are accompanied by values indicating the O---H dis-
tances and the O—H---O angles. FEach site is color-coded to denote its
acidity group: red for high acidity, green for medium acidity, and blue for

low acidity.
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region. Deprotonation energies range from 1382 to 1275 kJ mol™! in the case of
ONIOM, while they fall between 1049-1008 kJ mol~! for periodic calculations
and 1238-1179 kJ mol~! employing the cluster approach. It is important to note
that only the acidity interval resulting from the cluster approach aligns with the
range proposed for zeolites by Jones et al. [118] and Trachta et al. [117], while the
one guessed by ONIOM is overestimated. This discrepancy may be attributed to
a destabilization of the anionic form caused by the fact that its negative charge
cannot be properly delocalized on the small model systems. Considering the av-
erage Brgnsted acidity of all the Al—O sites, as evaluated by the cluster method,
a value of 1207 kJ mol~! is obtained, with a root mean square deviation of 15 kJ
mol .

A notable disparity between the data of Jones et al. on S-zeolite and those
obtained in this thesis becomes evident when comparing periodic and cluster
outcomes. According to Jones et al., the DPE values for BEA, based on their
periodic calculations, range from 1561 to 1583 kJ mol~! (excluding the A15014
and Al6014 sites), and their ensemble-averaged (DPE) only decreases to around
1200 kJ mol~! after applying an empirical shift determined through comparison
with previous results based on embedded or cluster models. Conversely, the
periodic SIESTA results reported here, with an average DPE of 1025 kJ mol~!
(RMSD of 6 kJ mol™!), are significantly lower than the cluster values. Jones
et al. [118] demonstrated that their overestimated data were not solely due to
issues related to the charged cell problem, as the FNV correction [125] increased
the divergence from the seemingly accepted value of 1200 kJ mol~!. The FNV
correction, intended to destabilize charged species, should not have a significantly
pronounced effect for singly negatively charged systems and large employed cells
[145]. In the work of Trachta et al. [117], raw periodic data are not provided, but
they approach the mean value of 1245 kJ mol~! after correction. Still, in one of
the latest studies on zeolite acidity, specifically on the same 3-zeolite investigated
here, Vorontsov and Smirniotis [146] reported uncorrected data, suggesting DPE
values in the narrow range of 1592-1603 kJ mol~!. Given that all the authors
mentioned above used plane waves as a basis set for their periodic calculations,
it could be hypothesized that the divergence between the here reported and their
data should be attributed to the difference in the computational approaches used.
Specifically, considering the same DFT exchange-correlation functional, it seems
that a plane-wave-type description of the zeolite electron density produces results
that substantially differ from those obtained using a SIESTA-based approach with

strictly localized numerical basis sets.
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To facilitate a comparison between the present results and those in the liter-
ature, and to report Brgnsted acidities that depend solely on the position of the
Al/Si-substituted T site, a Boltzmann average of the DPE values corresponding
to different oxygen sites attached to the same T site was considered. Barrierless
processes were assumed for the proton shifts between the oxygen centers above.

The energies used for the determination of Boltzmann populations are those
obtained through the SIESTA approach for the optimized geometries (the relative
energy values should be reliable, as they are those of neutral systems), while the
DPE values employed in the average are those obtained with the cluster method
(see Table 3.1). Observing Table 3.2, it is evident that the (DPE) values span
a narrower segment (45 kJ mol~!) compared to the raw values, showing a mean
value of 1212.8 kJ mol~!. Furthermore, this acidity interval can be divided into
three subranges, with an energy interval of approximately 10 kJ mol~! in between;
specifically, 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 fall within 1209-1219 kJ
mol ™!, and the two low acidity sites T4 and T6 are in the 1229-1238 kJ mol~!
range. If DPE differences within each interval are neglected, the following acidity

ranking of the B-zeolite T sites can be finally written:
T8~ T7T~TI>Ts~Tlx~T3~T2>T6~T4 (3.2)

This (DPE) order is obviously 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
TIm=T7T>THh>T4~T9~T1>T2~T3>T6 (3.3)

with all the DPEs falling within the 1179-1213 kJ mol~! range. By comparing
the two rankings above, the most striking difference is the position of T4, which
is not surprising since the most acidic T4 site (T405) is also the least stable, and
the very low acid T4012 site is the only one having an appreciable Boltzmann
population at room temperature. Moreover, it is essential to emphasize that
the Boltzmann-averaged DPE ranking (3.2) could differ if other computational
approaches were employed. This discrepancy arises not only from the approxi-
mations inherent in the modelistic choices but also from the intrinsic accuracy of
energy differences calculated by (periodic) density functional theory, which could
be far from the chemical accuracy (4 kJ mol~!) needed to obtain trustworthy
Boltzmann populations. In particular, within the investigated cases, the posi-

tion of T1 is believed to suffer from the largest uncertainty. T1 (and, to a lesser
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extent, T7) is the only site whose acidity is heavily affected by the Boltzmann
averaging procedure (see Table 3.2); the two sites T102 and T104 are essentially
isoenergetic, but their DPEs differ by approximately 35 kJ mol~! according to
the cluster approach (and also according to the STESTA one, see Table 3.1).

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 placed either higher or lower on the acidity scale.

Finally, the discrepancy between the position of T8 in the acidity order cal-
culated by the here proposed cluster approach (identifying T8 as the most acidic
site) and the one reported by Vorontsov and Smirniotis [146] (assigning T8 as
the least acidic) needs discussion. In fact, the difference between the raw, peri-
odic, DPE values of T8 and the most acidic site (T2) according to Vorontsov and
Smirniotis is only approximately 8 kJ mol™!, and could be affected by accuracy
flaws. The T8 site is indeed in the least acidic range if the SIESTA values are
considered, but it becomes the one with the lowest DPE after the application of

the cluster approach correction.

Table 3.2: DPE values according to the Boltzmann average over the different oxygen

sites next to a common tetrahedral site.

T site O sites (DPE)®
1 O1 (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); 010 (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); 017 (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 O11 (14.8, 0.003); 016 (0.0, 0.997) 1192.5
9 03 (0.0, 0.993); 015 (12.1, 0.007) 1194.7

# (e,p) numbers in parenthesis are the energy excess (relative to the most stable case in the
considered T site) and population at room temperature, respectively.

P Relative energy values and (DPE) are expressed in kJ mol™*.

3.3 Conclusions

The Brgnsted acidity of -zeolite has been characterized in terms of the depro-
tonation 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
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avoid the disadvantages related to the other two approaches. By the cluster ap-
proach 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 deter-
mine, within the same T site, to which oxygen atom the proton is preferentially
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 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 S-zeolite as well as the relative topology can provide fundamental
information for the use of this material in catalysis, orienting the active sites op-
timization 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
approaches, 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 attributed to the difficulty in the definition of a generally reliable model
system, in the case of ONIOM, and to the intrinsic problems of periodic for-
malisms related to charged cells, in the SIESTA case. Regarding the latter, it
seems that the use of localized atomic orbitals, which defines the STESTA formal-
ism, leads to underestimate the site deprotonation energies in S-zeolite, oppositely
to what happens in calculations based on plane waves, delocalized by definition.
The suggested cluster approach, consisting in the evaluation 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 mod-
ifiers of the acidity strength (like, e.g. defects or embedded metal particles) and
the reactions in which zeolite catalytic activity is eventually involved. In the
investigation of processes occurring inside the zeolite cavities, for example, the
reacting molecule would conveniently result located at the center of the system,

just like the zeolite proton itself.
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Metallic sites

The preferred location and the corresponding energetics of zeolite-embedded sin-
gle metal atoms and small metal particles are hot topics within active site opti-
mization and catalyst tuning, even as part of bifunctional materials design.

Periodic density functional theory was used to provide atomistic-level insights
on this account, by employing a one-by-one atom addition approach driven by
an unbiased algorithm. Migration of a platinum atom between different zeolite
cages was also addressed, searching for the related transition state.

The investigation was focused on a pristine BEA structure, being this the
necessary starting point for every wider study aiming at the characterization of
the growth energetics of metal particles in zeolite models, which include, e.g.,
aluminum substitution in different ratios or the presence of various kinds of de-

fects.

4.1 Models and Methods

The structural model utilized for periodic DFT calculations is the same already
presented in section 3.1. Following the geometry optimization of the silicate
structure, a comprehensive mapping of the embedding sites was executed using
a systematic approach, as detailed below, to identify the preferred positions for
single platinum atoms. Given the diverse topological sites in -zeolite, an unbi-
ased approach was crucial to determine the initial coordinates for the platinum
atoms systematically. Only with this approach, after optimizing the geometry of
the embedded platinum fragments, it is conceivable to generate minima suitable
for characterizing the potential energy surface arising from different starting con-
figurations. The procedure involved creating a 3D grid of points with predefined
thickness to map the BEA unit cell, resulting in 10 points along the crystallo-
graphic a and b axes (ranging from 0.00 to 12.43 A) and 20 points along ¢ (ranging
from 0.00 to 26.21 A). Each of the 2000 grid points represented a potential set

of xyz coordinates for an embedded platinum atom. Cases where the added Pt
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atom was too close to silicon and/or oxygen atoms in the zeolite framework were
excluded based on van der Waals radii, specifically using a minimum Pt—O (or
Pt Si) distance threshold of 1.8 A. To discard weak platinum-zeolite interaction
geometries, another constraint was introduced, specifying that the distance be-
tween Pt and the nearest framework center should not exceed 3.0 A. This led to
the selection of 683 cases out of thousands. Single-point calculations were per-
formed on these, and relative energies were used to sort the structures in order of
stability. Noticeably, many of them showed almost identical energies, correspond-
ing to similar structures. A relative energy threshold (first sieve) identified the
most promising 14 cases out of the 683. These underwent an additional geometry
optimization (second sieve), collapsing some structures to the same minimum and
resulting in 8 Pt-zeolite structures. Following this, another energetic filter (third
sieve), ruled by visual inspection, selected new geometries for adding a second
platinum atom. The procedure was repeated for each of these selected geometries
to find the best arrangements for two platinum atoms inside the zeolite cages.
This process was then repeated, once again, for the Pts@BEA case.

For systems with two or three Pt atoms, minimum and maximum Pt-X
(X=Si, O, Pt) distances were also set. In particular, coordinates of the new atom
were accepted if the distance relative to the already adsorbed Pt center(s) fell
within the range of 2.4-2.8 A, the thresholds with silicon and oxygen remaining
the same as before. The grid step was adjusted to locate a greater number of ge-
ometries near the already adsorbed Pt center(s). The flowchart of this procedure,
aimed at including the largest number of significant structures, is illustrated in
Figure 4.1. Information related to the different steps of the algorithm for the
three Pt,, systems is reported in Table 4.1. It is essential to note that the criteria
adopted for the sieves were designed to reduce the number of structures to inves-
tigate, isolating the most significant cases. Due to the topological heterogeneity
of the analyzed systems, the energetic threshold values were varied, being lower
when the number of structures to be selected was greater. In any case, during the
analysis, structures were included, irrespective of their relative energetic stabil-
ity, if after thorough visual inspection, they showed heuristic potential to evolve

into structures of likely interest when the number of included platinum atoms

changed.
The cluster growth was evaluated calculating the AE for the following pro-
cesses:
2Pt@BEA — Pt,@BEA + BEA (4.1)
3Pt@BEA — Pt;@BEA + 2 BEA (4.2)
Pt,@BEA + Pt@BEA — Pt;GBEA + BEA (4.3)

where the reactants are the same zeolite fragments in which either two or three
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Figure 4.1: Flowchart depicting the algorithm used to identify the optimal position for
a single platinum atom and to investigate cluster formation. The process
initiates with the optimized silicate framework as the starting geometry;
chosen geometries are subsequently employed as input for the addition of

the second and third platinum atoms.

Table 4.1: Numbers of structures following the application of the three
sieves characterizing the systems with one, two and three

platinum atoms.

Starting structures Structures after

1% sieve® 2"¢ sieve® 37? sieve®P

Pt,@BEA 683 14 8 4
Pt,@BEA 10, 19, 61, 58 40 3,4, 3,2 5
Pt;@BEA 17, 18, 17, 17, 29 20 2,3,2,4,3 -

# For details on the procedure summarized by the term “sieve” see text and
Figure 4.1.

> The third sieve selects the m most stable structures with n Pt atoms and
allow one to pick out m sets of new starting structures containing n + 1 Pt
atoms. For example, after having applied the third sieve to the Pt;@BEA
case, four geometries are left, which can be labeled a, b, ¢, d; a second Pt
atom is added to each of these, so that 148 new structures are formed for
the Pto@BEA system, i.e. 10 structures originating from a, 19 structures

from b, 61 from c and 58 from d.
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platinum atoms, or a single atom with a diatomic cluster, were adsorbed but not
interact each other. The products instead represent a zeolite in which a platinum
cluster is formed. A negative value of the concurrent energy differences indicates
a preference for the formation of a product cluster inside the zeolite.

To examine the distortions of zeolite cavities induced by the embedding of
platinum atoms, a reference point R, with coordinates matching those of the first
embedded platinum atom, was selected. The nuclear distribution around this
point was explored, considering all O—R and Si—R distances, corresponding to
the O—Pt and Si—Pt distances in the Pt-zeolite system. These were then sorted
in increasing order and by setting an exploration radius around R and excluding
nuclei beyond this radius, the analysis focused on the vicinity of R. To avoid ar-
tifacts from periodic boundary conditions, a radius of 6.2 A was chosen based on
the cell parameters of the model. For each oxygen and silicon center within the
exploration radius of individual pairs of pristine and platinum-embedded struc-
tures, two displacements were computed. The first is the absolute displacement
of nucleus A, A? = |Rp? — Re?|, reflecting the platinum presence, where Rp4
represents the coordinates of A in the pristine zeolite, and Re? corresponds to
those in the embedded zeolite. The second, conversely, is the radial displacement
of A with respect to the central point R, A2 = |Re? — R| — |Rp” — R|.

All calculations were performed within the framework of density functional
theory (DFT) using the SIESTA approach, implemented in the code bearing
the same name [142]. The chosen exchange-correlation functional was the PBE
in its spin-polarized form [147], and a double-¢ quality numerical basis set was
employed. Reciprocal space sampling was achieved using a 2x2x2 Monkhorst-
Pack grid, and a mesh cutoff of 450 Ry. Preliminary calculations in specific cases
indicated that a larger Monkhorst-Pack grid had a negligible effect on the energy
of the studied systems.

The search for transition states associated with Pt atom migration utilized
the Empathes code [148], which implements the Nudged Elastic Band method
(NEB) and interfaces with the SIESTA program. Each NEB calculation involved
8 images generated by the image-dependent pair potential approach, connected
by dynamic springs. The optimization of the elastic band employed the FIRE
algorithm, with a convergence threshold of (5 x 1073 Ej,/A) on the norm of NEB

total forces.
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2.10, 2.11 A; 176.8° 2.12, 2.13 A; 176.3° 1.98, 2.18 A; 178.6° 2.00, 2.18 A; 175.2°

0.0 kJ mol~! 27.2 kJ mol ™! 27.6 kJ mol ™! 33.6 kJ mol™!

Pt@t-bet Pt@t-mtw Pt@t-bea-1*(a) Pt@t-bea-1*(b)
2.15, 2.22 A: 146.7 2.18, 2.27 A; 143.1° 2.15, 2.31 A; 139.8° 2.16, 2.39 A; 129.7°
79.6 kJ mol ! 80.3 kJ mol™! 97.4 kJ mol~! 109.7 kJ mol~!

Pt@t-umx”* Pt@Qt-bea-2" Pt@t-bea-1"(c) Pt@t-bea-1"(d)

Figure 4.2: Detailed perspectives of the eight optimized geometries for PtQBEA are
shown, with oxygen (O) in red, silicon (Si) in green, and platinum (Pt)
in blue. The relevant Pt—O distances and O—-Pt—0O angles are indicated
above each structure. Additionally, the relative energy values, calculated
with respect to the most stable species, are provided below. The tiling
arrangement labels, following IZA [51], are included to specify the cavity

where the platinum atom is situated.

4.2 Results and Discussion

4.2.1 Single Pt atom embedded in BEA cages

Figure 4.2 illustrates the 8 distinct structures that were identified for the ad-
sorption of a single platinum atom within the BEA framework. In these con-
figurations, the metal atom resides within a unique zeolite cavity. The energy
differences among these structures can be attributed to the presence of different
local topologies. Notably, despite performing spin-polarized calculations, the re-
sults consistently indicate a singlet multiplicity state for all investigated systems.
This aligns with observations of spin state lowering occurring in supported sys-
tems when a platinum atom interacts with the zeolite framework compared to
unsupported ones [104]. Figure 4.2 provides a local view of the eight optimized
geometries. To enhance the visualization of rings and cavities, only a portion of
the zeolite framework near the Pt atom is shown, obtained by repeating the unit
cell in space when needed. Following the tiling arrangement accepted by IZA

[51], the optimized structures can be grouped into five sets:
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e t-bet cavity, in which the Pt atom interacts with 5-membered rings (57T);
e t-mtw cavity, with the Pt atom located in-between two 6-membered rings;

e t-bea-1* cavity, where the Pt atom protrudes towards the main channel and

interacts with 5T or 4T rings;

e t-umx* cavity, in which the Pt atom interacts with a 6T ring in a main

channel;

e t-bea-2* cavity, where the Pt atom located in the main channel is near but

not inside the t-bet cavity.

Among the investigated PtQBEA systems, four cases fall under the t-bea-1*
cavity category. To differentiate them, additional letters “a-d” are assigned.
For all cases, the structures, along with significant structural parameters, are
presented in Figure 4.2. They include bond distances between platinum and the
two nearest oxygen atoms, as well as the corresponding O—Pt—0O bond angle.
Additionally, relative energies are indicated, calculated as the difference between
the energy of the specific structure and that of the most stable one, which serves
as a reference for establishing an order of stability. Structures containing the t-
bet smallest cavities resulted preferred, followed by those showing 67T ring pore.
Systems in which platinum is located within the main channel are up to 80-110
kJ mol~! higher in energy with respect to the most stable Pt@t-bet species.
Upon detailed analysis, it becomes evident that the observed trend is not
solely dependent on channel sizes but rather on local interactions involving dif-
ferent zeolite surface fragments and metal atoms. In the most stable configu-
rations, platinum forms strong bonds with a pair of oxygen atoms (2.09-2.12
A) and, notably, exhibits an almost straight O—-Pt—0O bond angle. Regardless
of cavity size, optimized structures tend to be more stable when the O-Pt—0O
angle approaches 180°. This observation is exemplified by the energetics of Pt@Qt-
bea-1*(a) and Pt@t-bea-1*(b) species, featuring O-Pt—0O angles of 178.6 and
175.2°, respectively. In these cases, the platinum atom in the main channel is
stabilized by an energy close to that observed when allocated in a smaller cavity.
Conversely, the four t-bea-1* fragments hosting the platinum atom in the same
cavity display varying energies, with stronger interactions consistently occurring
when the O —Pt—0 bond angle approaches linearity. It is worth noting that in the
case of Pt@Qt-bea-1*(a) and Pt@Qt-bea-1*(b) species, the formation of this specific
bond angle is driven by the displacement of an oxygen atom from the silicon to

which it was originally bonded. This displacement results in a visible alteration
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of the framework regularity, a phenomenon that will be discussed in more detail

later on.

4.2.2 Pt migration

In the scenario where a metal atom approaches the smaller cages of a zeolite from
its main channels, the migration of platinum from the latter to the PtQt-bet
cavity was modeled. Additionally, the shift of the metal between the two smaller
cavities was examined. For the first process, the Pt@t-bea-1*(b) species was
chosen as the initial arrangement, representing a system with a platinum atom in
the main channel. The Pt atom shift occurred in two steps, with an intermediate
state that proved to be 20.5 kJ mol~! more stable than the corresponding starting
system and 13.1 kJ mol~! higher in energy compared to the final one (refer
to Figure 4.3). The energy barriers from the reactant to the intermediate and
from the intermediate to the Pt@t-bet product were 102.6 and 127.6 kJ mol~!,
respectively.

In the second process, the platinum atom migrated in a single step (an high
energy ephemeral intermediate is actually in the path), crossing the wall that
separates the two cavities, with an associated energy barrier of 203.4 kJ mol .
Notably, along the minimum energy path identified by the NEB calculation (Fig-
ure 4.4), the platinum atom underwent rotation by pivoting on an oxygen bridging
the two cavities. Consequently, a breakage in the zeolite structure was observed,
with the O—Si bond distances returning to their usual values in the product. The
occurrence of structures featuring the breaking of the zeolite framework warrants
further discussion. This phenomenon has been previously explored in the litera-
ture for zeolites with 6-membered rings [104], where such a situation represented
the most stable configuration for an embedded platinum atom. In the present
case, it is interesting to observe also geometries in which the breaking occurs in
the proximity of a 5T ring. However, these structures exhibit energies signifi-
cantly higher than those of the most stable structures found using the systematic

search algorithm employed in this thesis (see Figure 4.1).

4.2.3 Pty and Pt3 clusters inside BEA framework

Starting from the four most stable geometries with one adsorbed platinum atom,
12 cases of Pto@BEA systems have been identified (see Table 4.1), and five were
selected after applying the third sieve. All systems, whose optimized geometries
are reported in Figure 4.5, are in a singlet multiplicity state. In the most stable
one, the second platinum atom i) is placed at about 2.5 A from the first, ii)

slightly protrudes into the main zeolite channel, and iii) attracts one oxygen
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algorithm. The geometries of minima and TSs in the path are shown.
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atom, forming an almost straight bond angle. Two similar cases follow, where,
once again, the first platinum atom is located in the t-mtw cavity, and the second,
positioned in the main t-bea-1* channel, attracts one oxygen atom towards itself
to form an almost linear bond angle. In a ca. 50 kJ mol~! less stable arrangement,
the first Pt atom is located in the smaller t-bet cavity, while the second, at 2.87
A from the first, protrudes into the main channel and causes the rupture of the
zeolite framework with the formation of a 176.7° O—Pt—0O bond angle. Notably,
two of these platinum-oxygen interactions, which seemingly rule the energetics of
Pt@BEA adducts, are present. Since the analysis performed on the framework
(see Section “Cavity distortions”) showed minor distortions, the lower stability
of this system can be interpreted in terms of the Pt—Pt distance. In fact, the
interaction between the two metal atoms is rather weak, with the bond distance
sensibly higher than the optimal value of 2.34 A, obtained for the isolated Pty
dimer in the triplet state, at the same calculation level of theory. Finally, two
platinum atoms at 2.78 A from each other are located in the t-bea-1* channel and
share an oxygen atom to form bond angles that strongly deviate from linearity
(151.5° and 169.8°), presumably leading for this reason to the less stable among
the considered Pto@BEA systems, with its relative energy being 61.9 kJ mol~".

The tendency of platinum to cluster was evaluated for the various cases, and
a clustering behavior was found that allows further justification of the particular
stability of the Pto@t-mtw structures, where the platinum atoms are more inti-
mately bonded. Thus, the Pt—Pt distance plays a significant role in understand-
ing the energetics of Pto@BEA systems, together with the O—Pt—O interactions
and framework distortions.

An analogous analysis was performed for the addition of the third platinum
atom. According to the proposed systematic approach, 14 Pt3@BEA structures
were identified and grouped into 5 sets originating from the Pt;@BEA system
(see Table 4.1). In the following, however, only minima within 30 kJ mol~! of
relative energy are taken into account for each cavity group, for a total of 8
cases. The optimized structures, all in the singlet multiplicity state, along with
significant structural parameters of the three metal atoms, are reported in Figure
4.6. In the most stable configuration, two platinum atoms are situated inside
the t-mtw cavity, while the third Pt protrudes into the main channel, forming an
isosceles triangle with Pt—Pt bond distances of 2.56, 2.57, and 2.72 A. Only one
platinum atom, the second added to the zeolite structure, exhibits the typical
O-Pt-O interaction. In a structure nearly 35 kJ mol~! less stable, the Pts3
cluster takes the shape of a reversed isosceles triangle, with a single Pt inside

the t-mtw cavity and the other two in the main channel. The second platinum
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252 A 2.54 A 251 A
2.23 A 2.22 A 2.20 A
2.03,2.07 A: 176.9° 2,04, 2.03 A: 174.2°  2.02, 2.06A: 177.4°

0.0 kJ mol ! 9.6 kJ mol ! 15.5 kJ mol 1
Pt,@t-mtw(a) Pt,@t-mtw(b) Pt,@t-mtw(c)

2.87 A 2.78 A
2.13,2.14 A; 178.6° 1.98, 2.18 A; 169.8°
2.00, 2.10 A; 176.7° 2.10, 2.09 A; 151.5°

49.2 k.J mol ™! 61.9 kJ mol™!
Pt,@t-bet Pt,@Qt-bea-1*

Figure 4.5: Local views of the five Pts@BEA optimized geometries (O=red, Si=green,

Pt=blue). Above each structure Pt—Pt bond distance is reported, together
with relevant Pt—O distances and O—-Pt—O angles for the first and the

second embedded Pt atom. Below there are the relative energy values,

calculated with respect to the most stable species, along with the label used

to identify the systems, underlying the cavity in which the first platinum

atom is located.
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Figure 4.6: Local views of the eight Pt3@BEA optimized geometries. O=red, Si=green,
Pt=blue. Above each structure Pt—Pt distances and angles are reported,
together with relevant Pt—O distances and O—Pt—0O angles for the first,
second and third embedded Pt atom. The relative energy values, calculated
with respect to the most stable species, are shown below each structure,
together with the tiling label identifying the cavity where the first platinum

is located.
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atom evenly interacts with three oxygen atoms, causing a rupture in the zeolitic
framework regularity due to the formation of a linear O—Pt—O configuration,
as discussed in the next section. With the third structure, Pt3@Qt-bea-1*(a), the
relative energy rises to 118.2 kJ mol~!, and the cluster assumes the shape of a
scalene triangle at the intersection between the two main 12T channels of BEA.
Two platinum atoms share one oxygen within the favorable O—Pt—O interacting
mode, leading to framework distortions similar to what happens to the Pto@t-
bea-1* system. The fourth system, characterized by a relative energy of 140.5 kJ
mol !, features an almost linear arrangement of the three platinum atoms (angle
171.4°) with distances of 2.52 and 2.56 A. Only the second Pt atom interacts with
two oxygens in the linear O—Pt—O fragment, with the framework only slightly
perturbed. At almost equal energy (144.8 kJ mol™1), a new structure similar to
the other Pt3@t-bea-1* follows, in which, however, the scalene triangle formed
by the Ptg cluster at the intersection between the channels has fewer interactions
with the zeolite walls, especially for the third platinum atom, that finds the
closest oxygen 3.66 A apart. Moreover, only the first Pt shows the preferential
interaction with two oxygens and due to this a t-bet cavity is broken, as for the
same site with one and two platinum atoms.

The last three systems, belonging to the t-bet group, feature a Ptg cluster in
a bent shape with angles of 85.1°, 86.4°, and 88.6°, going towards the least stable
case with a relative energy of 193.1 kJ mol~!. In these systems, irrespective of
the involved energy, two platinum atoms interact with two oxygen atoms, causing
the connected cavity to break. The third platinum atom just has a single oxygen
atom nearby.

Overall, there is a significant energy difference among the 8 selected systems,
where the first two differ by 35.2 kJ mol~!, while the least stable structure is
nearly 190 kJ mol~! higher in energy than the Pt3@t-mtw(c) reference. These
findings can be rationalized in terms of the embedded cluster geometry compared
to that of the in-vacuo Pt3 structure, investigated at the same computational
level. The latter appears to be an equilateral triangle in the singlet multiplicity
state, with Pt—Pt bond distances of 2.48 A. It can be therefore argued that the
system is more stable as the embedded Pts cluster approaches this ideal configu-
ration. The second factor determining the stability of the studied systems is the
possibility of interactions with the zeolite walls. In these terms, the energetic or-
der found between the two Pt3@t-bea-1* cases can be interpreted. Interestingly,
Pt3@t-mtw(a), where a linear arrangement occurs, has an energy in between the
two Pt3Q@t-bea-1* systems. It evidently represents a peculiar zeolitic fragment

suitable to accommodate the three platinum atoms without significant framework

o1



distortions, characterized by Pt—Pt bond distances similar to those of both the

more stable Pts@BEA system and the in-vacuo triangular platinum cluster.

4.2.4 Cayvity distortions

Figures 4.7 to 4.9 illustrate distortion analysis graphs focused on oxygen atoms
for all Pt,@QBEA systems, following the approach outlined in the “Models and
Methods” section. In these graphs, the abscissa values represent the distance
between the reference point R and the oxygen atoms in the pristine BEA cell,
while the ordinate displays the modules of both absolute (A9) and radial (A9)
displacements from that distance.

The corresponding graphs that refer to the silicon atoms are reported in the
appendix A section (Figures A.1, A.2, A.3). It is important to note that, for
Pt@QBEA structures, only cases corresponding to cavities with equivalent systems
having two and three platinum atoms were considered; the t-bea-1*(b) species of
Figure 4.2 was, for example, not considered.

The graph for the t-bet system in Figure 4.7 shows minimal distortions. The
two most intense peaks consist of displacements of approximately 0.3 and 0.2 A,
while the positions of silicon atoms in the framework remain nearly unchanged
(see Figure A.1). These findings help interpret the particular stability of the t-bet
cage structure, where the O—Pt—O interaction occurs naturally in a framework
that is already suitable, both in terms of volume and zeolite framework topology,
to effectively host one platinum atom. Rising in relative energy, the graph of
the t-mtw system shows, among all, 5 oxygen peaks between 2.10 and 2.80 A,
mostly of the radial kind, whose absolute displacements range from 0.4 to 0.8 A.
They correspond to five of the t-mtw cavity oxygen atoms closer to the reference
point R. Therefore, these oxygen centers undergo sensible modifications when Pt
is inserted, while once again the Si atoms mostly maintain their positions, since
the oxygen atom rotates around the Si—O—Si axis. The last graph of Figure
4.7 shows several oxygen peaks with magnitude greater than 0.5 A: at 1.45 A,
2.40 A, 2.46 A and then again at 3.79 A. Also two silicon atoms have undergone
displacements of ca. 0.4 A. The corresponding distortions showed different A
characters, as proved by the peaks at 2.18 and 2.32 A in Figure A.1. Analyzing
the structure in more detail, it can be observed that the latter are indeed coupled
with the first two oxygen signals discussed above, jointly corresponding to a
situation in which the framework is broken. In fact, the silicon atoms move away
from each other, each bringing an oxygen atom with itself. As a consequence,
there is a Si—O distance of 2.66 A (whereas in the pristine zeolite framework it
is 1.66 A).
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Figure 4.7: Absolute (A9, purple) and radial (A9, yellow) displacements of the frame-
work oxygen atoms in Pt@BEA systems with respect to the pristine zeolite
structure, within an exploration radius of 6.2 A around the coordinates of
the reference point R. Panels of the different cavities in which the platinum
atom is located are reported in increasing relative energy, from top to bot-

tom.
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structure, within an exploration radius of 6.2 A around the coordinates of
the reference point R. Panels of the different cavities in which the platinum
dimer is located are reported in increasing relative energy, from top to bot-
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Figure 4.9: Absolute (A9, purple) and radial (AQ, yellow) displacements of the frame-
work oxygen atoms in Pts@BEA systems with respect to the pristine zeolite
structure, within an exploration radius of 6.2 A around the coordinates of
the reference point R. Panels of the different cavities in which the platinum
cluster is located are reported in increasing relative energy, from top to
bottom, left to right. The arrow in the Pt3@t-mtw(b) panel indicates an
off-scale point at AQ = 2.75 A.
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Moving to systems with two zeolite-embedded platinum atoms, Figure 4.8
shows the AQ and AQ characteristics of the two platinum atoms systems. The
first three panels, corresponding to the most stable t-mtw structures, display
several prominent peaks up to 1.1 A of absolute displacement and closely spaced
peaks in the range between 2.17 and 3.57 A. This finding lets to infer that for the
Pto@BEA systems, the zeolite distortions are not predominant in destabilizing
the supported structures with respect to the original BEA units. The box associ-
ated to the Pto@t-bet species shows minimal distortions compared to the others,
despite the presence of a peak for oxygen at ca. 3.10 A, with a distortion value
close to 1.0 A, and two peaks for silicon at distances of 2.76 and 3.95 A, both
displaying a distortion value equal to 0.4 A (see Figure A.2), that were negligible
in the graph of the PtQt-bet system. They correspond to a break of the zeo-
lite framework in which the Si atom, showing larger radial displacements, moves
away, jointly with the oxygen atom, from the other silicon so that the latter is
found at a distance of 2.83 A (against 1.66 A of the original structure). The driv-
ing force behind this break can be attributed to the oxygen attraction exerted by
the platinum atom, leading to an almost linear arrangement. Lastly, for the less
stable Pto@t-bea-1* structure the same Si and O peaks observed in the cavity
with a single embedded platinum atom are present. However they are subjected
both to subtle variations in magnitude and to the already outlined framework
modifications. It is interesting to point out that the first oxygen peak, located at
1.45 A and showing a distortion value equal to 1.3 A, is now associated with one
O—-Pt-0 interaction mode between the oxygen and both the two metal atoms, as
discussed in the previous section. Furthermore, this peak and the one centered at
2.46 A exhibit average radial displacements, but they reach the maximum values
of the absolute displacement among all the systems.

Figure 4.9 reports the distortion behaviors taking place in the different BEA
cavities related to systems with three platinum atoms embedded in the zeolite
framework. The most stable Pt3@t-mtw(c) case unveils the two highest peaks
(1.18 and 1.06 A) at 2.73 and 3.57 A from the center taken as reference, thus
being very similar to the behavior of the corresponding site with two platinum
atoms, in fact only the second peak became slightly more intense. The next
panel shows the same peaks in the range 2.17-3.57 A that were already observed
for the Pto@t-mtw structures, with little changes in the signal behaviors. The
one at 3.22 A couples with the silicon peak at 2.94 A of 1.08 A of absolute
displacement (which conversely was negligible in the Si graph of the supported
Pto structure) in a break of the zeolitic framework where the two atom move

apart to a final Si-O distance of 3.30 A. An off-scale oxygen peak is also observed,
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corresponding to an O atom that moved, significantly, in order to bond with two
other silicon atoms different to those present in the initial couple. Its position is
now actually occupied by the added third platinum atom. The behavior of t-bea-
1*(a) has not undergone substantial changes passing from the system involving
two to that involving three embedded platinum atoms, neither for oxygen nor for
silicon displacement. The same result observing the subsequent panel and the,
there represented, Pto@t-mtw(a) system. The Pt3@t-bea-1*(b) species presents
a framework break produced by the first Pt atom already added to the zeolite.
However, the graph shows less intense peaks with respect to both its parent
structure having two platinum atoms. Pt3@Qt-bea-1*(a) is less stable than the
related (b) one, due to fewer interactions occurring between the cluster and the
zeolite walls. The values reported in the panels regarding the Pt3@t-bet geometry
group are very similar to each other. If compared to the equivalent structures
characterized by the presence of two platinum atoms, the O and Si peaks related
to the rupture of the framework are once again systematically observed, being
those of silicon at slightly higher intensity (0.50-0.60 A against the previous values
of 0.40 A, see Figures 4.9 and A.3). Furthermore, other peaks of oxygen atoms
reaching values of about 1.0 A are also present, with a characteristic prevalence
of an angular component of the displacement, as can be deduced by the large

difference between A9 and A°.

4.2.5 Energetics of the clustering process

The tendency for clustering was assessed within all the considered cavities by
calculating the AE values based on processes (4.1)-(4.3). The results are col-
lected in Table 4.2. Additionally, Figure 4.10 depicts the relative energies for
sets of systems characterized by the presence of embedded Pt cluster having a
different number (1-3) of atoms inside the cavities. The negative values in the
first column, indicate that Pty clusters are favored over two isolated Pt atoms,
regardless the kind of cavity. However, the greatest tendency towards growth
occurs in the cases where the t-mtw cavity is involved. While being the second in
order of stability concerning the location of a single platinum atom, this cavity
is actually energetically the preferred over the others for the Pto@BEA systems.
The structures involved in the different systems readily explain these findings. In
fact, as previously highlighted, the t-bet cavity is already suitable for hosting one
platinum atom, while the t-mtw cavity undergoes distortions of the framework.
In the latter, however, two metal atoms exhibit a smaller bond distance hence
higher cluster-like features.

The values reported in the second column shows that Pts@BEA systems are
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Figure 4.10: Energetics of and relations between the Pt,, @BEA systems considered for
evaluating the clustering tendency. Vertically, cases with 1, 2 and 3 plat-
inum atoms inside the different cavities are reported (left to right). The

relative energy within the group is given below the cavity label. Horizon-

tally, cases with the metal atoms in a certain cavity (t-bet, t-mtw and

t-bea-1*, represented by different colors) are connected to their parent

Pt,,_1 system by dashed lines.
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Table 4.2: AE values related to the processes represented by equations (4.1)-(4.3), cal-
culated for every BEA cavity investigated.

Structure  Process AE (kJ mol™')

stepl step 2 step 3

t-bet(a) 162 486  +24.8
t-bet(b) -16.2 4181  +343
t-bet(c) 2162 4326  +48.8

t-bea-1*(a)  -70.8  -143.3  -725
t-bea-1*(b)  -70.8  -116.7  -45.9

t-mtw(a)  -119.8 -101.7  +18.1
t-mtw(b)  -110.3  -207.0  -96.7
t-mtw(c)  -104.3 -2422 -137.9

favored over three isolated atoms, except for the t-bet sites. Growth in this cavity
is indeed thermodynamically unfavorable. This is not surprising given that in this
case a comparison is performed between the worst condition for clustering within
the Pt3 group (see Figure 4.10) with the best energetic condition that is possible
to find for a single Pt embedded in the zeolite. From the structural point of view,
the t-bet cavity is too small to accommodate the three platinum atoms; in fact
already the second Pt added in this cavity protrudes towards the main channel,
so that the cluster is characterized by little interactions with the zeolite walls. In
the case of the other two types of cavities, on the other hand, the presence of a
Pts particle is strongly favored, with AE values ranging from about 115 to 240
kJ mol .

The third column presents the energy difference between an embedded Ptj
cluster in a given cavity and that associated to both one metal dimer and one
metal atom placed in two distinct cavities of the same type. Notably, the positive
value of +18.1 kJ mol~! characterizing the t-mtw(a) cavity, see Table 4.2, stands
out, as an example, from this kind of data adjustment, which leads to an internal
comparison of the three possible structures in the t-mtw group. If the preferred
system for two platinum atoms is the first, the addition of a further Pt atom leads
to a not particularly stable situation, due to the lack of significant interactions
between the metal triangle-shaped cluster and the zeolite framework. Thus the

growth process to Pt3 most likely follows the c-type structure formation.
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4.3 Conclusions

An approach within the DFT framework was employed to identify the preferential
location of platinum atoms inside a S-zeolite model and to study the growth of a
minimal cluster. Pt atoms migration through cages was also addressed, by means
of a transition state search following the NEB approach.

A comparative structural analysis involving different cavities and platinum
atom numbers showed that the optimal geometry involving a single platinum
atom takes place when the formation of a O—Pt—O unit in an almost linear
arrangement occurs. This seems to be the driving force that mainly determine
the local structure properties of the metal-functionalized BEA and may cause
breaking of the zeolite structure even when only one platinum atom is included
in a cage. Energetic preference for clustering was observed against the occurring
of multiple distinct interactions between zeolite sites and metal centers, leading
to slightly different cluster geometries. With respect to this, the Pt—Pt distance
is actually a sensible factor in orienting the energetics of the Pto@BEA species
while the cluster geometry become very significant in the case of the Pts@BEA
species, where the closer the shape of the cluster is to that of an equilateral
triangle, the more stable the corresponding fragment results.

Platinum migration characterized by the crossing of the wall of different cav-
ities may occur with relatively low energy barriers, although occasionally, due
to the local topology, the same process could be hindered by prohibitive energy
values.

Given the intended use of these studied systems as catalysts, a minimum
size is desirable, concurrently ensuring that the resulting cluster is available to
interact with substrates in the main zeolite channel. This is believed to be the
case for the here investigated Pt3@BEA species, suggesting that further advances
in addressing the cluster growth process may not be imperative. Nonetheless,
delving into specific larger clusters with a “magic size number”, such as Pty and
Pt13, can be of particular interest due to their proven significance in modeling

catalysis.
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Pt-modified H-Beta zeolite

Based on evidence related to activity, stability, and selectivity, it has been asserted
that the performance of catalysts containing Pt and a three-dimensional large-
pore zeolite like BEA predominantly depends on just two key parameters. They
are the ratio of metallic to acidic sites and the proximity of both sites to each
other, hence the key lies in the synergy between the two functionalities.

The investigation presented in this chapter addresses the topic of metal-acid
interactions both from an experimental and atomistic perspective. The acidity
features of platinum-modified zeolite catalysts, prepared via different impregna-
tion methods, were measured through FTIR of adsorbed pyridine and compared
to those of the pristine materials. The effect of a single Pt atom on the intrinsic
Brgnsted acidity of BEA was evaluated, in terms of DPE variations for selected
cases and, wice versa, energy assessments have been carried out regarding the

influence of the acidic sites on platinum stability.

5.1 Pt deposition on acidic zeolite

5.1.1 Impregnation and reduction

Zeolite NHy-Beta-38 (CP814C*) and H-Beta-300 (CP811C-300) were purchased
from Zeolyst International in a powder form and calcined in a muffle oven with
a step calcination method, through the procedure detailed in the following. The
temperature was increased from room temperature to 450 °C with a ramping
rate of 2 °C/min, held for 300 min and decreased in 100 min again to room
temperature (see Figure 5.1 a). Notably, this was just a precaution in case of
H-Beta-300, while it was necessary for the Beta-38 sample, to remove the —INHy
group and substitute it with a proton, being the protonic form the acidic substrate
of interest for the metal modified catalyst preparation.

Two approaches were used for platinum deposition, namely Evaporation Im-

pregnation (EIM) and Incipient Wetness (IW). Since each method was applied
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Figure 5.1: Visual depiction of the step calcination procedure carried out for a) proton
and ammonium form of commercial zeolite powders and b) Pt-containing

catalysts.

to both commercial zeolites with different silica to alumina ratio, four modified
catalysts were obtained, referred to as Pt-H-Beta-38-EIM, Pt-H-Beta-38-IW, Pt-
H-Beta-300-EIM and Pt-H-Beta-300-IW.

Evaporation Impregnation method Nearly 2 g of Beta Zeolite (38 or
300) and 0.04 g of Pt(NH3)4(NO3)2 (Alfa Aesar) as a platinum precursor were
weighted, to obtain a Pt loading of 1 wt%. The powders were transferred into a
round-bottomed flask of 50 mL of capacity, with distilled water. A rotoevaporator
was used (Buchi R-114) in which the solution was rotated for 24 h at 60 °C
to trigger the impregnation; subsequently water was evaporated at the same
temperature under vacuum. The catalyst was scratched from the flask walls,
then subjected to drying and finally to calcination steps, at 110 °C overnight
following the program reported in Figure 5.1 b. The most significant phases of
the procedure are illustrated in Figure 5.2.

Incipient Wetness method The pore impregnation volume of H-Beta-38
and H-Beta-300 zeolites was preliminarily measured, dropping Elga water from
a burette until the samples were uniformly wet. From the value, equal to 1.48
mL for both the zeolite frameworks, the amount of platinum precursor to be
used in order to prepare 2 g of catalyst with a Pt nominal loading of 1 wt% was
calculated. Hence, the setup shown in Figure 5.3 was assembled, the burette
being filled with 5 mL of a solution 0.073 M in Pt(NHj3)4(NOg3)2. This was added
dropwise into the crucible containing the zeolite powder, mixing with a spatula
until the proper texture was reached (see Figure 5.3 b). The so prepared Pt-H-
Beta-38-IW and Pt-H-Beta-300-IW materials were then subjected to drying and
calcination steps, as already described for the Evaporation Impregnation method.

Reduction The 4 Pt-modified catalysts (Pt-H-Beta-38-EIM, Pt-H-Beta-38-
IW, Pt-H-Beta-300-EIM, Pt-H-Beta-300-IW) were reduced in a glass reactor,

to obtain metallic platinum particles-zeolite systems which are required for the
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Figure 5.2: The most significant phases of the EIM method: a) the zeolite-platinum
solution is rotated and solvent evaporated in a rotoevaporator, b) the white
powder, scratched from the flask walls, is transferred into a crucible, c)
after drying, calcination is performed in a muffle oven, d) the Pt-modified

catalyst, in the form of a greyish powder, is stored in a vial.
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Figure 5.3: The most significant phases of the IW method: a) the burette is filled
with the platinum precursor solution, that is dropped into the crucible

containing the H-zeolite (38 or 300), b) the white powder has reached the

desired texture, being uniformly wet, c) after drying and calcination, the
Pt-modified catalyst, in the form of a greyish powder, is ready to be stored

in a vial.
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use of these materials in hydroconversion catalytic tests. For all samples, half
of the available amount, i.e. nearly 1 g, was reduced. A continuous hydrogen
flow of 40 mL/min was used for 120 min at a temperature of 400 °C, reached
with a heating rate of 10 °C/min. Prior and after the reduction procedure, the
system was flushed with argon (50 mL/min, 5 min), to remove air and hydrogen,

respectively.

5.1.2 Characterization

Scanning Electron Microscopy (SEM) and Energy-Dispersive X-ray
Microanalysis (EDX)

Morphological studies were performed on all the prepared catalytic materials by
scanning electron microscopy (Zeiss Leo Gemini 1530). Elemental analysis of
microporous materials was done by energy-dispersive X-ray microanalysis using
the same instrument. SEM images were obtained by depositing the samples on
a thin carbon tape and using an accelerating voltage of 2.7 kV with a working
distance of ca. 4-5 mm. Determination of zeolite crystallites size was done
from the SEM images using the ImageJ program [149]. For each sample, 80-100

measurements were collected.

Transmission Electron Microscopy (TEM)

Metal particle sizes of the platinum modified catalysts were measured by trans-
mission electron microscopy (JEM-1400Plus, JEOL, Japan). The samples were
suspended in ethanol and blowed on a carbon tape with a pipette; after solvent
evaporated, the solid circles were injected in the instrument, see Figure 5.4. H-
Beta-38 and H-Beta-300 were also analyzed for comparison. Determination of
Pt particle size was done from the TEM images using the ImageJ program [149].

For each sample, more than 100 measurements were collected.

Fourier Transform Infrared Spectroscopy (FTIR)

Quantification of the Brgnsted and Lewis acidic sites (BAS and LAS) of the
H-Beta-300, Pt-H-Beta-300-EIM and Pt-H-Beta-300-IW samples was done by
Fourier transform infrared spectroscopy (ATI Mattson FTIR Infinity Series) of
adsorbed pyridine (Sigma-Aldrich), as a probe molecule.

The samples were pressed into thin pellets (20-30 mg) and placed in the
measurement cell; they were outgassed under vacuum (0.08 mbar) at 350 °C for
2 h as a pretreatment to remove humidity and impurities prior to recording two

background spectra at 100 °C. These were mediated, to be later automatically
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Figure 5.4: A visual depiction of the TEM characterization: a) the instrument em-
ployed (JEM-1400Plus, JEOL, Japan) and the samples, suspended in

ethanol and ready to be injected, b) and c) respectively.

subtracted from the sample spectra. A pyridine atmosphere was created and
pumped into the cell, after closing the vacuum valve and opening the outlet,
producing a pyridine flow that, for 30 min and at 100 °C passes trough the sample,
being adsorbed, and goes outward to a fume hood. After the instrument settings
were restored to that of the background measurements, the heating program was
set, making use of a macro for about 7 hours. The temperature was steadily
increased to 250, 350 and 450 °C and six spectra were recorded after each heating
step, always at 100 °C. Attention was payed that the sensor was cool for the scan,
by providing liquid nitrogen during the descending part of the three temperature
ramps.

Pyridine desorbing from the sample at 250, 350, and 450 °C allowed to de-
termine the weak, medium, and strong acidic sites, respectively. Areas were
manually integrated from the peaks, using the instrument software. The Lewis
acidity was determined from the adsorption band at 1450 cm~! and the Brgnsted
acidity from that centered at 1550 cm™!. Using molar extinction coefficients re-
ported in the literature [150], the amount of acidic sites, in micromoles per gram

of catalyst were obtained.

5.1.3 Results and Discussion

The shape, size and distribution of the Beta zeolite crystals were observed and
measured in the characterized catalytic materials for the Pt-modified and pris-
tine Beta zeolite catalysts, through SEM analysis. Figure 5.5 shows the overall

images, taken at 10x of magnification. The characteristic features, namely a
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Figure 5.5: SEM micrographs at 10x of magnification for a) H-Beta-38, b) H-Beta-300,
c¢) Pt-H-Beta-38-EIM, d) Pt-H-Beta-300-EIM, ¢) Pt-H-Beta-38-IW, f) Pt-
H-Beta-300-IW. All samples are calcined and the Pt modified ones, with

nominal loading of 1 wt%, are also reduced.
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spherical shape, of Beta zeolite crystallites can be observed in all samples. This
allowed to infer that neither the two modification methods employed for platinum
impregnation (EIM and IW) altered the morphology of the pristine zeolite frame-
work, both in the case of H-Beta-38 and H-Beta-300. The same considerations
apply for the post-synthesis reduction procedure the Pt-modified materials were
subjected to in order to be used for the reactions of interest, that is, no morpholog-
ical differences were observed neither among the reduced and the corresponding
calcined only samples, nor with respect to the pristine H-Beta frameworks.

Images at 25x and 50x of magnification are reported in Figure 5.6 and Figure
5.7, respectively, with Beta-38 based catalysts, named as a), ¢) and e) on the
left and Beta-300 ones on the right. These micropragphs at higher magnification
were used to estimate particle size distribution, two places being analyzed for each
sample. Considering the diameter of 80-100 particles on average, the dimension
range was found to span approximately from 100 to 1200 nm for both the H-
Beta-38 and H-Beta-300 based materials, being in good agreement with literature
[37, 115, 151, 152]. More in detail, three well resolved distributions were observed
within the particle size range in all samples, with non-significant deviations in
the mean values (within the associate errors), going from the pristine zeolites
to the metal modified catalysts. Thus, both platinum impregnation methods
and the reduction process did not significantly affected neither the shape nor
the distribution of zeolite particles, as auspicated. The EDX analysis showed
peaks of C (from the carbon tape), Si, O, Al and Pt only, the latter of course
in case of the platinum-modified materials. No other elements were detected,
indicating an high purity of the prepared samples. It was not possible to confirm
the nominal platinum loading of 1 wt%, due to the instrument detection limit
and the measure error that came along the Pt peak (see appendix A); however
the application of the EDX technique provided the qualitative information that
platinum impregnation was successful for all the methods and zeolite frameworks
employed.

The TEM analysis allowed a more in-depth investigation of the Pt nanopar-
ticles incorporation and dispersion. From the high scale bar images of Figure
5.8 (reference unit being 500-1000 nm) the presence of rather large metal clus-
ters can be observed. In all samples, darker spot of nearly 70 nm in diameter
are located as being possibly anchored on the surface of the greyish zeolite crys-
tallites, or even isolated, like it is more evident in the case of panel d). By
observing images of Figure 5.9, that feature a lower scale bar, polydispersion of
the samples can be inferred. In fact, in addition to approximately micrometric

size of particles, Pt aggregates of few nanometers are also found, see specially
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Figure 5.6: SEM micrographs at 25x of magnification for a) H-Beta-38, b) H-Beta-300,
c¢) Pt-H-Beta-38-EIM, d) Pt-H-Beta-300-EIM, e) Pt-H-Beta-38-IW, f) Pt-
H-Beta-300-IW. All samples are calcined and the Pt modified ones, with

nominal loading of 1 wt%, are also reduced.

69



Figure 5.7: SEM micrographs at 50x of magnification for a) H-Beta-38, b) H-Beta-300,
c¢) Pt-H-Beta-38-EIM, d) Pt-H-Beta-300-EIM, e) Pt-H-Beta-38-IW, f) Pt-
H-Beta-300-IW. All samples are calcined and the Pt modified ones, with

nominal loading of 1 wt%, are also reduced.
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Figure 5.8: High scale bar TEM images of a)H-Beta-38, b)H-Beta-300, c¢)Pt-H-Beta-38-
EIM, d)Pt-H-Beta-300-EIM, e)Pt-H-Beta38-IW, f)Pt-H-Beta-300-IW. Pt-

modified samples are in the reduced form.
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Figure 5.9: Low scale bar TEM images of a)H-Beta-38, b)H-Beta-300, c)Pt-H-Beta-38-
EIM, d)Pt-H-Beta-300-EIM, e)Pt-H-Beta38-IW, {)Pt-H-Beta-300-IW. Pt-

modified samples are in the reduced form.
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panels d), e) and f). For a more quantitative discussion, histograms of particle
size distribution were generated, after collecting 100 and more entries for each
sample (see appendix A, Figure A.4), and average particle dimensions were cal-
culated. Regarding the latters, they were found to be in-between 16 and 18 nm
for all the samples. Therefore, no differences were detected depending on the
method employed for platinum impregnation, nor did the silica to alumina ratio
of the two investigated zeolite frameworks influences particle size. Related to
this, although not attributed to acidity, a direct correlation has been reported by
Kaka Khel et al. [37] between the dimensions of the zeolite crystals and metal
particles size, when modified catalysts were prepared via the EIM method, us-
ing HoPtClg as a platinum precursor and H-Beta-25 or H-Beta-300 as zeolite
substrate. While H-Beta-25 crystallites are sensibly smaller (60-140 nm), the di-
mensions of H-Beta-38 and H-Beta-300 appear to be quite similar (see above), so
that the emerging homogeneity in platinum particle size can be considered as an
unsurprising result in this context. Notably, an average particle size of 14.8 nm
was indicated for the 2wt% Pt-H-Beta-300 material, in excellent agreement with
the here findings. On the other hand, nearly 4 nm on average was the diameter
reported by Martinez-Klimov et al. [115] for platinum particles on a Beta-300
modified material, prepared with the evaporation-impregnation method, show-
ing also a 20-25% dispersion. If the synthesized materials were to be used in
catalytic tests, smaller particle sizes and monodispersion would have been desir-
able. However, a further comment is required concerning platinum aggregates
location, given the particle dimensions: being the maximum diameter of a sphere
that could be included in the BEA main channel about 7 A, even the smallest
particles here detected, of ca. 3 nm in diameter, results unable to fit. They are
instead more likely anchored on the surface of zeolite crystallites, as standardly
observed in literature [136, 153, 154, 155]. Therefore the bifunctional behavior of
these materials has to be intended in a quite macroscopic way, with the platinum
centers that feature a close proximity to acidic sites if compared to the case in
which metal particles are anchored on a binder, but on an atomistic level they are
rather distant from Brgnsted sites located on the pore mouth. It is also possible
that subatomic particles made of just some atoms are present, even if the TEM
images cannot reveal them. It is planned to perform nitrogen physisorption mea-
surements before and after platinum impregnation. In fact, these could turn out
significant to detect eventual changes in the pore volume caused by the presence
of subatomic particles.

Results of pyridine FTIR measurements, performed to evaluate the acidic

sites amount and strength of Pt-modified and pristine H-Beta-300 materials are
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Table 5.1: Brgnsted, Lewis and total acidity of H-Beta-300 based materials, in

the reduced form in case of the metal modified ones.

Bronsted sites Lewis sites Total acidic sites
Catalyst (smol/g) (smol/g) (smol/g)
w* M*  S§* W* M* S* BAS" LAS® Total
H-Beta-300 20 6 12 25 0 O 38 25 63
Pt-H-Beta-300-EIM 11 31 0 72 6 0 42 78 120
Pt-H-Beta-300-IW 14 19 8 36 4 0 41 40 81

@ Desorption of pyridine at 250, 350 and 450 °C was done to determine the weak (W),
medium (M), and strong (S) sites, respectively. Measurements were taken at 100
°C.

> Brgnsted and Lewis acidic sites are also indicated with the acronyms BAS and LAS,

for brevity.

presented in Table 5.1. A decrease in the amount (umoles per gram of material)
of weak and strong Brgnsted acidic sites is observed in both the two Pt-containing
catalysts, with respect to the non modified H-Beta-300 sample. In the case of the
Pt-H-Beta-300-EIM, the strong ones are actually zeroed. Sites of medium acidity
(determined from the 350 °C desorption) are conversely increased, for the catalyst
prepared through the EIM method to a greater extent than for the IW modified
one. Regarding Lewis acidity, the amount of weak sites increases, particularly in
the case of the Pt-H-Beta-300-EIM sample, exceeding by nearly three times the
value reported for H-Beta-300. Strong Lewis sites are zero for all the catalysts.
The last three columns in Table 5.1 show the sum of Brgnsted and Lewis acidic
sites, independently, together with a total BAS+LAS value. It can be inferred
that both overall Brgnsted and Lewis acidity increase going from the pristine to
the Pt-modified catalysts, just slightly the former while sensibly the latter, in
particular in case of the EIM catalyst.

The here observed increasing in Lewis acidity, supported by many other works,
might find a conclusive explanation in the interaction of pyridine with platinum
crystallites, given that they are known to act as acceptors of electron pairs. This,
as an additional factor, would lead to enhance the LAS value with respect of
that characterizing the pristine zeolite framework [153]. If a higher concentra-
tion of Lewis acidic sites is desired for catalytic application, the evaporation-
impregnation method seems to be more appropriate than the incipient wetness
technique. However, the greater enhancement in Lewis acidity observed for the
EIM modified sample cannot be ascribed to larger platinum particles size, since
the TEM analysis showed similar values for both the EIM- and IW- prepared

catalysts. It is intended to carry out Inductive Coupled Plasma spectroscopic
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Table 5.2: Bronsted, Lewis and total acidity for pristine and platinum-modified H-
Beta-25 and H-Beta-300 catalysts.

Brognsted sites Lewis sites Total acidic sites
Catalyst REF? (pumol/g) (umol/g) (pmol/g)
W M S W M S BAS LAS Total

H-Beta-25 [153] 269 207 120 162 128 113 596 403 999
H-Beta-25 [114] 53 42 191 287 35 17 10 63 349
H-Beta-25 [115] 67 33 129 26 5 6 229 37 266
Pt-H-Beta-25 [153] 304 178 0 163 33 0 482 196 678
Pt-H-Beta-25 [114] 62 0 28 8 0 0 13 13 103
Pt-H-Beta-25 [115] 44 10 4 12 4 2 58 18 76
H-Beta-300  [115] 29 19 4 1 1 55 6 61
Pt-H-Beta-300 [115] 9 2 0 30 11 8 19

# See the corresponding reference for information regarding catalyst preparation and details

about temperature used for pyridine desorption and measurements.

measurements, that could prove useful to determine if this evidence is to be
interpreted as deriving from a difference in platinum loading between the two
samples.

Accounting for the Brgnsted acidic site features trend, on the other hand,
results to be more complicated. Kubicka et al. [153] reported, in case of modified
Beta-25 based catalysts, a decrease in the amount of strong sites, while the total
BAS value did not change substantially or even increased, that is the case here.
They concluded that platinum should affect and modify acid strength through
mutual interactions, not considering possible effects arising from the impregnation
phase. Vajglova et al. [34] also observed the same trend regarding strong sites,
which however resulted in a lower overall Brgnsted acidity. For Beta-300 catalysts
specifically, in the very recent investigation by Martinez-Klimov et al. [115],
the presence of a binder was also studied. Since the catalysts where the Pt
functionality was located into the binder were the more acidic, it was conversely
proved, once again, that the presence of platinum in the zeolite lowers its Brgnsted
acidity. All these data are reported in Table 5.2 for comparison. It can be noted
that even the values of pristine H-Beta zeolites sensibly vary among the cases,
possibly due to the commercial material itself, different calcination conditions or
FTIR settings such as temperature ramps, pyridine adsorption time etc.

A computational investigation can be instrumental to elucidate the atomistic-
scale interactions between metallic and acidic functionalities that are hypothe-
sized underlying these experimental evidence of acidity variation related to the

presence of platinum centers.
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5.2 Acidity and metal sites: DFT investigation

5.2.1 Models and Methods

The three most stable geometries with one embedded platinum atom within the
zeolite framework, namely those corresponding to the uniques cavities labeled
as Pt@Qt-bet, Pt@Qt-mtw and PtQ@Qt-bea-1*(a), see Figure 4.2, were selected to
model a system with a platinum atom located in close proximity to an acidic site.
Starting from these structures, the isomorphous Si-Al substitution followed by
the H atom addition was performed, obtaining Brgnsted acidic sites as indicated
in Figure 5.10. That is, the two oxygen atoms involved in the almost straight
O-Pt-0 angle were chosen for the H atom to be added and the two Si atoms
bonded to those oxygen were, one at a time, replaced with aluminum, resulting
theoretically in four distinct acidic sites for each cavity. Also the third closest
oxygen atom with respect to the Pt center was taken into account in case of the
PtQ@t-bea-1*(a) structure, while the T5014 and T6014 sites of PtQt-bet were
discarded, for the reason already adducted when treating Brgnsted acidity of
BEA in absence of the metallic functionality, that is the hydrogen inaccessibility.
Out of the 12 configurations that were investigated, 10 represented topologically
unique TnOm couples, in fact the T104 and T204 acidic sites were described in
the systems arising both from the Pt@Qt-bet and Pt@t-bea-1*(a).

It is here to be stated that choosing different criteria for the creation of the
metal modified acidic zeolite model was also possible, for example all the oxygen
atoms belonging to the same ring or cavity of the Pt atom could have been
considered for the H addition. The following has to be intended as a preliminary
yet methodologically sound investigation which will be extended in the future
to comprise other acidic to metal ratios and/or intimacy degrees, that is in this
second case varying the proximity of the platinum atom to the acidic site. It
should also be noted that, in order to examine all the 32 acidic sites of BEA, the
possibility of implementing the opposite methodological approach, i.e. starting
from all the SIESTA optimized structures featuring acidic sites and inserting Pt
therein, would result highly inconvenient. To proceed systematically the preferred
Pt location around an Al-OH moiety should be searched by means of the same
algorithm employed in case of a Pt embedded in the silicalite framework (see
section 4.1), leading to an extremely time and computational-cost demanding
study.

As in the case of independently treated acidic sites, both neutral and anionic
forms of the metal-acid configurations were investigated, through periodic geom-

etry optimization calculations according to the SIESTA formalism, followed by
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Figure 5.10: The three BEA cavities where a platinum atom is embedded (the most
stable situations within 35 kJ mol~1) are schematically depicted, the topo-
logical labels for Si/Al and O atoms being indicated. The Brgnsted acidic
sites considered for each structure are listed alongside, using the TnOm
notation. The oxygen atoms involved in the almost linear O—-Pt—-0O ar-
rangement are chosen for the H atom addition, the two Si atoms bonded

to those oxygen being, one at a time, replaced with aluminum.

the application of the proposed cluster approach (see sections 3.1 and 4.1 for cal-
culation details). In the second calculation phase, performed with Gaussian, the
hybrid B3LYP functional associated with the cc-pVDZ effective core potential
was employed for platinum together with the cc-pVDZ basis set for light atoms.
Deprotonation energies were calculated as the difference between the SCF energy
of the platinum modified aluminated §-zeolite anionic form and the SCF energy
of the corresponding neutral form.

For the cluster model definition, the reshape procedure (see section 3.1.3)
was centered site by site on the Al atom, so that it resulted homogeneous with
the reshape performed on the acidic only systems. Also, the usual criteria for
saturation with H atoms were applied; in addition, all Si-H moieties eventually
present in the ring or cavity hosting the Pt atom were replaced with an —OH

group, both in the anion and the neutral structure.

5.2.2 Results and Discussion

The results of this investigation are collected in Table 5.3, in terms of DPE values
for each of the considered cases (DPEp;_ 4;—pr), compared to the deprotonation
energy computed for the corresponding acidic sites in absence of the platinum

atom (DPE;_g). As can be observed from the third column, the difference
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Table 5.3: Deprotonation energy values for the platinum-containing systems, for the
corresponding Brgnsted acidic sites and the difference between the two sets.

All values are expressed in kJ mol~*.

Cavity Site DPEp;_a;-y | DPE4;_gy | delta

Pt@t-bet T104 1101.4 1197.6 -96
T204 1084.2 1209.0 -125

Pt@Qt-mtw T3010 1100.6 1218.2 -118
T5010 1175.5 1210.2 -35

T6016 1095.8 1227.4 -132

T8016 1097.9 1192.5 -95
PtQ@t-bea-1*(a) | T104 1145.8 1197.6 -52
T204 1147.9 1209.0 -61

T207 1116.9 1202.1 -85

T5015 1235.0 1192.2 +43

T707 1099.0 1181.8 -83

T9015 1241.6 1194.9 +47

(delta) between this two sets of data spans in the negative range from —35 to
—125 kJ mol~!, meaning that the metal effect goes in the direction of increasing
the site Brgnsted acidity, except for two cases (T5015 and T9015), whereby a
positive value was recorded.

A structural analysis of interatomic distances and angles was performed for
all the cases, considering both the anions and the neutral forms, to shed light on
the above findings. This demonstrated that when the platinum atom is naturally
accommodated in the cavity without significant distortions or novel interactions
that were not present in the silicalitic structure, an enhancement in the site acidity
of the site is consistently observed, in comparison to when Pt is absent. This
phenomenon is particularly marked in the six cases depicted in Figure 5.11, which
can be collectively categorized as featuring a DPE decrease of approximately 100
kJ mol~!. In these systems, the environment around the acidic hydrogen atom
undergoes changes due to the presence of platinum. For instance, in the PtQt-
bet—T104 and Pt@t-bet—T204 structures, the H atom is oriented towards Pt
and protrudes less into the main channel compared to the same sites when the
metal is absent. Conversely, in cases c), d) and e) the typical hydrogen bond of
the site is disrupted because the platinum atom is inserted along the O—H---O
axis. However, the most crucial aspect appears to be that platinum consistently
form its preferred linear O —Pt— O interactions, effectively fitting into the cavities.
In the neutral form corresponding to f) inset, for example, the cavity breakage,
typical of the Pt@t-bea-1*(a) structure is observed, which was not present in

the pure T207 case, precisely to facilitate a better placement of the embedded
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Figure 5.11: In trasparency, a ball-and-stick representation is provided for the neu-

tral (left) and anionic forms (right) of systems featuring both an acidic
site and a platinum center: a) Pt@t-bet—T104, b) Pt@t-bet—T204, c)
PtQt-mtw—-T3010, d) Pt@Qt-mtw—-T6016, e¢) PtQt-mtw—-T8016 and f)
Pt@t-bea-1*(a)—T207. In the foreground, values of the significant bond

distances are reported, expressed in A, together with the relative atomic

labels.

Above each structure there are also the Al-Pt and Si—Pt dis-

tances (r; and rg, respectively), being the involved silicon atom the one

bonded to the acidic oxygen, and the AlI-O—H angle (a).
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platinum atom. This seems to be the predominant factor that is common to
all the structures. Concerning geometrical parameters, an overall uniformity is
observed in the most significant interatomic distances, showed in Figure 5.11.
For the neutral forms, the Pt—O distances vary in the 2.14-2.24 A range, while
the A1-O and Si—O bond distances of the zeolite are found to span between
2.02-2.10 A, and 1.80-1.83 A, respectively. The distances between framework
silicon and aluminum atom and the embedded Pt, reported above each structure,
generally settle around 3 A. The O—H distance is 0.99 A when no hydrogen bond
formation is involved, whereas it elongates in the presence of such interactions.
All the aforementioned bond distances are usually shorter in the anions.

The remaining cases of Table 5.3 elude categorization, exhibiting unique char-
acteristics that necessitate individual examination. Their respective structures
are presented and discussed sequentially below. In accordance with the previous
definition, the Al1-O—H angle is indicated with the letter “a”, while r; and ro,
are the AlI-Pt and Si—Pt distances, respectively.

PtQt-mtw—-T5010

a=g2° . ) ,
r,=4.08 A ; r,=2.86 A r=3.23 A;r,=2.81A
i Si
i
4B S '\y
W
x / - 1.84 6
& })\e}\d %
J\ P 2 / Pt
0

While the anionic form aligns with the standard characteristics found for the
other cases already discussed, the geometrical features of the neutral form are
notably unique. The platinum atom, situated within the t-mtw cavity, forms an
angle of 177.4° in O—Pt—0, even slightly closer to linearity (preferred situation)
than the 176.3° value observed in case of the pristine cavity, see Figure 4.2.
However, achieving this configuration necessitated a significant distortion in the
zeolite structure, unprecedented in its nature. The platinum atom, in adapting
to the non-solely silicalitic framework caused the breaking of the Al-O, bond,
increasing their separation to 2.67 A, whereas the bond length in the absence of
Pt at the T5010 acidic site was 1.96 A. This could be considered as a different

species as compared to those showing a wholly linked and unbroken aluminum
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substituted zeolite. The Al-Pt distance indeed reaches the value of 4.08 A,
exceeding by one unity the usual one. The geometry of the acid hydrogen atom
also undergoes alterations. It loses the hydrogen bond characteristic of the site,
with the O---H distance of 2.59 A and O—H---O angle equal to 169° (see Figure
3.6), now measuring 2.83 A and 124°, respectively. As a consequence of these
structural anomalies, the Pt@t-mtw—"T5010 is associated with a less pronounced
increase in acidity, delta=—35 kJ mol~!, compared to the cases collected in Figure
5.11.

Pt@t-bea-1*(a)—-T104 and Pt@t-bea-1*(a)-T204

a=u1 0s6° . . .
r=3.75A;r,=3.19 A r=3.50A;r,=2.97 A
Al 195 \ﬁl—l Al 75, .
— 4 243 Pt
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These two cases distinguish themselves from the others, and therefore, the non-
alignment of their delta values is not surprising. The difference resides in the
acidic oxygen atom, to which the hydrogen is bonded, that is not one of the
two involved in the nearly linear O—Pt—0O angle. Instead, it is a third oxygen
atom, which was found at an interacting distance with the platinum atom in the
Pt@t-bea-1*(a) structure and was consequently investigated, as already stated
in the Models and Methods section. The delta values for these two structures

were determined to be —52 and —61 kJ mol™!, respectively, indicating a less
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pronounced increase in acidity compared to the reference value of —100 mol~".
Upon closer examination, these two structures reveal an acid hydrogen atom more
directly oriented towards the platinum center and positioned closer to it. The
O—-H bond distance is slightly elongated compared to the typical value of 0.99
A, and the H- Pt interatomic distance is significantly shorter, ranging from 1.91
to 1.93 A, as opposed to the average of 2.50 A for the other structures analyzed.
The anionic forms do not exhibit significant distortions, with Al-O and Si—O
distances essentially identical to those reported in Figure 5.11. Only the O—-Pt
distance is larger, but a comparison cannot be drawn homogeneously, because
of the different environment of the involved oxygen atom, here not participating
in the O—Pt—0O interaction mode. The investigation of these two cases provides
additional insights, especially considering that the same T104 and T204 acidic
sites were also examined in the presence of a platinum atom located inside the
t-bet cavity. Results revealed that the systems substantially differ, making it
challenging to directly correlate changes in acidity to the platinum atom loca-
tion. Apart from the O—Pt—O arrangement, the presence or not of hydrogen
bonds also appears to be a contributing factor in determining differences going
from one cavity to the other. Pristine T104 and T204 sites exhibited strong hy-
drogen bonds (see Figure 3.6), which persisted in Pt@Qt-bet structures with only
slight changes in the O---H distances and O—H---O angles. Conversely, in the
present two cases, these values deviate from the accepted range for a hydrogen
bond. Therefore, while a greater proximity between the acid hydrogen and the
platinum atom was observed, the less significant increase in acidity cannot be
solely attributed to that, emphasizing the challenges in cumulatively interpreting

these structures where multiple factors come into play.

Pt@t-bea-1*(a)—-T707
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This case exhibits a platinum placement within a t-bea-1*(a) broken cavity that
closely resembles what is observed in the pristine Pt@t-bea-1*(a). For instance,
the O-Pt—0O angle measures 174.2°, as opposed to 178.6°. However, both in
the anion and in the neutral species, likely owing to this cavity rupture hence
to the presence of platinum, unusually short Al-Si bonds are formed (2.83-2.93
A instead of the typical 3.00-3.40 A distances). The acidic hydrogen protruding
into the main channel is maintained, with an Al-O,—H angle of 97.4° instead
of 106.3°. All things considered, even this case cannot be grouped with those
reported in Figure 5.11 due to the mentioned structural anomalies, despite having
a delta of —83 kJ mol~!, which is quite close to that of the group.

Finally, it is pertinent to examine in detail the cases where a positive delta is
observed, signifying a decreased acidity of the Al-H site with the introduction of

the metallic functionality.

Pt@t-bea-1*(a)—T5015
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Compared to the same site in absence of the metal atom, the O—Si and O—-H
distances remain unchanged. However, while a single hydrogen bond was present
in the T5015 site (see Figure 3.6), another oxygen atom from the t-bea-1*(a)
cavity is properly oriented for hydrogen bonding, resulting in the formation of
two of these interactions. The O---H distances and O—H---O angles measure 1.66
A, 148°, and 2.83 A, 146°, respectively. The Al-O bond distance undergoes
a substantial change, increasing from 1.93 A to 3.28 A and leading to a break
in the zeolite structure and a significantly short Al-Pt distance (2.41 A). This
breakage was typical of the purely siliceous cavity with the embedded platinum
atom. Notably, as for the anionic form, the opposite situation is realized: an
unbroken framework is observed, in line with the anion of the T5015 site, and
the presence of Pt does not induce a break. A deviation from the cases showing a

delta of nearly —100 kJ mol~! is found in the Pt —H distance, which measures 2.76
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A, being hence greater than the mean value of 2.56 A. These factors collectively
result either in the destabilization of the anionic form and the stabilization of the
neutral one, or just one of the two possibilities, anyhow leading to a consequential

increase in the site deprotonation energy.

Pt@t-bea-1*(a)-T9015
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A similar scenario is observed here in comparison to the previous case. In the
neutral form, there is a break in the t-bea-1*(a) cavity and the establishment of
an H-bond with a O---H distance of 2.91 A and a O—H---O angle of 151°, which
was not detected in the T9015 acidic site, where the O—H---O angle was found
to be 81°. These two factors likely contribute to stabilizing the species, even if
an incredibly short Si—Pt distance is observed. On the other hand, the anionic
form, while featuring average Al-0O, Si—O, and O—Pt bond distances, exhibits
a notable distortion of the cavity to achieve the O—Pt—O linear arrangement,
differently from both its neutral form and the Pt@t-bea-1*(a) system. All con-
sidered, it is not surprising that a positive delta of +47 kJ mol~! is associated
with this case.

Overall, a consistent trend in intrinsic acidity variation caused by the presence
of an embedded Pt atom, as manifested in terms of differences in deprotonation
energies (delta in Table 5.3), was not found among all 12 cases examined. There
was also no observed dependence on Pt—H distances or other geometric param-
eters. With numerous variables at play, including distances and angles involving
the acid hydrogen and other atoms, potential H-bond formation, Pt interactions
with the hydrogen and oxygen atoms, and cavity breakage, identifying a clear
trend or isolating a predominant factor is challenging if not unlikely. What was
observed is that in most cases the presence of the metal led to an increase in
site acidity, typically on the order of 100 kJ mol™! in the deprotonation energy

values. However, in two cases, a decrease (positive delta) was found, causing a
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non-rigid shift in the relative rank of acidity among the 12 sites. A more in-depth
analysis can be attempted on this matter.

Experimental results, as described in section 5.1.3, report a decrease in the
number of strong Bregnsted acidic sites, with the total number of sites either
remaining unchanged or decreasing. Having the same pmoles per gram of cata-
lysts of acidic sites could imply that strong and weak sites are transformed into
medium-strength ones. This would explain the presence of data in both direc-
tions in Table 5.3, prompting a closer examination of the hypothesis. According
to this interpretation, the strong T5015 site (see Table 3.1) is expected to de-
crease in acidity, as it is showed by its delta value of +43 kJ mol~!, conversely,
the T707, considered one of the weakest Brgnsted acidic sites by the cluster ap-
proach, should feature a decrease in acidity, yet it undergoes an increase (delta=-
83 kJ mol~1!). Therefore, it can be argued that experimental evidence cannot be
explained in terms of interactions between the two functionalities at the atomic
level, neither the overall decrease in acidity triggered by the metal modification
nor the alterations in strength, maintaining the same amount of acidic sites. This
suggests the presence of additional influencing factors when exploring the impact
of platinum centers on zeolite acidity. The assumption is however made under
the condition that substantial differences in the two approaches do not hinder a

flawless exchange of interpretative insights for the systems under examination.

Energetics of platinum atom embedding

In the preceding sections the primary focus was on investigating the effect related
to the presence of a platinum atom on the intrinsic acidity of selected Brgnsted
sites within the S-zeolite. However, it is also interesting to consider, from the
perspective of the metal center, the influence of an Al—H moiety in contrast to a
purely siliceous framework. To explore this, in terms of the energetics hence the
stability of a Pt atom embedded in a given cavity, §E values have been computed,

according the following expression:
0FE = E(PtQZeoy—pg) — E(Zeoa—g) — E(PtQZeog;) + E(Zeog;) (5.1)

where the first term represents the energy of systems that exhibit both the acidic
site and the platinum atom (the 12 studied cases), the second term corresponds to
the energy of the zeolite framework in which a certain Si-Al substitution occurred,
the third denotes the energy of systems featuring an embedded metal atom (inside
a t-bet, t-mtw or t-bea-1* cavity), and the last is just the energy of the pristine
unit cell of BEA, common to all cases. The employed energy values are those

obtained from periodic STESTA calculations, as no charged species are involved.
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Table 5.4: JE values (kJ mol™!), according to equation 5.1, for all the platinum-

containing systems.

Cavity Site E
Pt@Qt-bet T104 | +11
T204 | +38

Pt@t-mtw T3010 | +58
T5010 | +18

T6016 | +40

T8016 | +62
PtQ@t-bea-1*(a) | T104 | +17
T204 -33

T207 +2

T5015 | -19

T707 | +30

T9015 | -85

The results of these differences are presented in Table 5.4, where a negative value
indicates that the situation with both a platinum atom and a specific TnOm site
nearby is energetically favored compared to the case where Pt is incorporated
into a siliceous (-zeolite structure.

Overall, positive values are observed, ranging from 2 to 62 kJ mol~! in mag-
nitude. Therefore, in almost all cases analyzed, it is energetically favored for
the platinum atom to be located within a purely siliceous cavity rather than in
proximity to an acidic site. The only exceptions are the Pt@t-bea-1*(a)—-T204,
T5015, and T9015 cases.

These findings refer to a situation in which an acid-to-metal ratio of one to
one was modeled. It would correspond to a real system where the platinum center
could result located either close to an acidic site or, thermodynamically preferred,
within a siliceous portion. If more acidic zeolite structures are considered (higher
Al/Si ratio), mimicked by performing more than one isomorphic substitution, it
is likely that the platinum atom would find itself in any case interacting with
Al-H moieties, constrained by spatial proximity. In this second scenario, varied
correlations between the presence of metal sites and acidity could potentially
exist, differing from what has been examined. Therefore, if there were indeed
an effect exerted by platinum on the Brgnsted acidity of bulk sites, it should be

sought in these more acidic systems.
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5.3 Conclusions

The metal-acid interactions in platinum-modified ([-zeolite catalysts were ex-
plored from both experimental and atomistic perspectives, aiming at shedding
light on the complex synergy between these functionalities.

Two methods, Evaporation Impregnation (EIM) and Incipient Wetness (IW),
were utilized to prepare modified catalysts from H-Beta-38 and H-Beta-300. Vari-
ous characterization techniques, including Scanning Electron Microscopy, Energy-
Dispersive X-ray Microanalysis, Transmission Electron Microscopy (TEM), and
Fourier Transform Infrared Spectroscopy (FTIR), were employed. The analysis
revealed that the morphology the pristine zeolite framework remained unaltered
by metal modification. TEM micrographs demonstrated the presence of plat-
inum nanoparticles with similar size distributions for samples prepared via both
impregnation methods, indicating incorporation predominantly on the surface
rather than inside the main channels of BEA. Pyridine FTIR measurements,
assessing the acidity features in Pt-modified and pristine H-Beta-300 materials,
indicated a decrease in the amount of weak and strong Brgnsted acidic sites in
Pt-modified catalysts. Conversely, Lewis acidity increased, particularly for the
EIM-prepared catalyst, aligning with literature findings attributing acidity vari-
ations to mutual interactions with the metallic component.

To investigate these interactions at an atomistic level, the impact of a single
embedded platinum atom on the intrinsic acidity of selected Brgnsted acidic sites
was explored. Energy assessments were carried out to understand the influence of
acidic sites on platinum stability. The results showed a general trend of increased
acidity in the presence of the platinum atom, with deprotonation energy values
typically decreasing by around —100 kJ mol~!. However, two cases exhibited a
positive difference, highlighting the challenges in isolating all the involved factors
that affect these acidity changes. Regarding the energetics of platinum-embedded
systems in aluminated versus siliceous frameworks, it was found to be energeti-
cally favored for the platinum atom to be located within a purely siliceous cavity
in most cases.

Overall, it is suggested that, at least according to the atomic-level interaction
of a single platinum atom with an inner acidic site, the intrinsic Brgnsted acidity
variation should go in the opposite direction of what is experimentally observed.
The underlying reason may be of steric nature, attributable to the dimension of
the metal center, which is a nanometric particle rather than a single atom in real
systems. Notably, the more acidic sites, T80O11 and T707, feature an hydrogen

atom that protrudes into the main channel. If the presence of a platinum particle
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impede the accessibility of a pore, hindering the adsorption of the probe, the site
will remain undisclosed by the FTIR technique, resulting in a decreased amount
of acidic sites per gram of catalyst. Furthermore, considering the more likely
placement of platinum particles, due to their size compared to zeolite channels,
it is also conceivable that the acidic sites affected by modifications are those on
the surface of the zeolite crystallites rather than internal sites within the bulk
framework. Consequently, it is crucial to take into account the potential presence
of silanols and other surface-related defects, which undoubtedly also influence
acid-metal interactions.

In conclusion, the investigation provided valuable insights into the intricate
relationship between platinum incorporation and zeolite acidity, serving as a
methodologically sound preliminary exploration that could open avenues for fu-

ture studies focused on different intimacy degrees and acid-to-metal ratios.
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Mimicking alkene isomerization

The present chapter reports an atomistic investigation that outlines the energy
barriers and the intermediates along the path for the isomerization of n-pent-
2-ene to iso-pent-2-ene (2-methyl-2-butene). This is the second step within a
hydroisomerization process and takes place on a Brgnsted acidic site of the zeolite,
after n-pentane was dehydrogenated by the metallic functionality.

Pentene was chosen as a model of small molecules that could form a cycloprope-
ne-like species, whose nature (transition state or intermediate) is debated in liter-
ature. This is addressed in the following, albeit not in a conclusive way, on just a
single selected Brgnsted acidic site, to provide an example of catalytic application

of the modeled zeolitic catalyst.

6.1 Models and Methods

The T707 Bregnsted site was chosen, as representative of the most acidic sites
according to the proposed cluster approach, and at the same time accessible to
reacting molecules, since it protrudes on the main 12T channel of the zeolite
framework.

Periodic calculations within the SIESTA formalism were performed, in case
of geometry optimizations of minima (adsorbed reactant, product and intermedi-
ates) by using the same calculation parameters already employed for the catalyst
modeling phase (see sections 3.1 and 4.1). Interaction energies for adsorbed
species were evaluated as the difference between the energy of the whole system
and the energies of its constituents, not accounting for the Basis Set Superpo-
sition Error (BSSE). In the search for transition states, every NEB calculation
used 6 images, generated by the image dependent pair potential approach and
connected each other by dynamic springs. The FIRE algorithm was employed to
optimize the elastic band, with a convergence threshold of 3 x 1073 Ej,/ A on the
norm of NEB total forces. A 1x1x1 Monkhorst-Pack grid was used, that allowed

to reduce the calculation time without significant differences with respect to the
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2x2x2 grid used for minima.

To determine the nature (minima or transition state) of the structures iden-
tified in this investigation, phononic mode calculations were performed using the
SIESTA program. Since the zeolite is chemically an oxide, these calculations were
carried out without fixing any nucleus of the structure — a strategy commonly
applied, for example, in case of metal-organic systems, to reduce computation
time — given that the nuclei of the crystalline structure and those of the ad-
sorbed organic species have comparable mass. It was ensured, therefore, that
no phononic mode was associated with a negative eigenvalue in the case of a
minimum and that precisely one phononic mode with a negative eigenvalue was
present in the case of a transition state, disregarding additional negative eigenval-
ues if they were very close to zero. Finally, for each transition state, the vibration
associated with the negative eigenvalue was visualized to confirm that the struc-
ture truly represented the transition state relative to the considered step.

The energetics of the reaction will be given in terms of vibrational zero-point

corrected energy.

6.2 Results and Discussion

Firstly the adsorption of 2-pentene was investigated, finding that it physically ad-
sorbs on the Brgnsted T7O7 site via a 7 interaction between the acid proton and
the C—C double bond. The resulting species, named 1, features an interaction
energy that was computed to be 96.2 kJ mol~!, not considering BSSE correction.

Details on the selected geometrical parameters (bond distances and angles) for
both the adduct and the isolated structures are reported in Table 6.2. The labels
there used to indicate the carbon atoms (C;-Cs), the zeolitic acid hydrogen (H,)
and the aluminum-bonded O of interest (Op) other than the one involved in the
acidic portion (O,) are introduced in Figure 6.1 and will be maintained through-
out. Please note that in case of isolated and adsorbed dimethyl-cyclopropane
and iso-pentene a convenient choice was made for labeling, to keep track of the
skeletal isomerization process (see Figure 6.1).

The O,—-H, bond distance of the zeolite slightly elongates from 0.99 to 1.05
A in the adduct, and the corresponding O, —Al— O}, angle increases by 2.1° (from
90.7 to 92.8°), whereas the Al-O,—Si angle decreases by 8.3°. The greatest
structural deviation is found in the Al-O,—Si angle, changing from 106.3° to
114.0°. The C—C double bond distance is instead almost unchanged, being 1.36
A in the isolated reactant and 1.38 A in the adduct.
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Figure 6.1: The labels used to indicate the zeolitic acid hydrogen (H.) and the
aluminum-bonded O of interest (Op) other than the one involved in the
acidic portion (O,) are given for the zeolite framework (a). Carbon atom
numbers, from C; to Cs, of isolated (and adsorbed, not shown) dimethyl-
cyclopropane (c) and iso-pentene, (d), are assigned homogeneously with
respect to the isolated m-pentene species (b), to keep track of the skeletal

isomerization process.

The Brgnsted proton of the acidic site is essentially equidistant from both the Cq
and Cs atoms (Cy--H, = 1.92 A; Cy-H, =1.93 A).

After 2-pentene is adsorbed on the zeolite, it undergoes isomerization accord-
ing to the proposed reaction path that is depicted in Figure 6.2, involving 5
intermediates (2a, 2b, 3a, 3b, 4) and 4 energy barriers associated to transition
states. Being one of the potential mechanisms proposed in literature, as outlined
in the introduction of this thesis, it can be summarized as follows: 1) protonation
of the double bond, leading to the formation of an alkoxy species; 2) proton back-
donation to the zeolite framework, inducing the closure of the hydrocarbon into
a substituted cyclopropane; 3) ring opening through the breakage of a different
bond, resulting in a secondary iso-alkoxide ; 4) proton backdonation to the zeo-
lite, restoring the Brgnsted acidic site and generating the iso-olefin. A detailed
description of each passage is given in the following.

In the first step, the acid hydrogen atom, H,, is transferred to Cs, with an
energy barrier equal to 34.5 kJ mol~!, forming the alkoxide intermediate labeled
as 2a, where the hydrocarbon is covalently bonded to the framework Op atom
(C2—0p bond distance equal to 1.56 A). Notably, this is a standard value for a
C-0 bond in alkoxides [45].

The optimized structure of the transition state shows the expected changes in
the hydrocarbon C—C bond distances, going in the direction of a disappearance
of the double bond. The H, is found to be 1.17 A apart from the Cg and the

C, carbon atom is placed at 2.61 A from the O, oxygen. Geometrical features
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Table 6.1: Relevant interatomic distances and bond angles for the alkoxide-zeolite sys-

tems involved in the 2-pentene isomerization pathway.

2a 2b 4
Distances/A

C.-C, 1.52 1.52 1.53

C:—-C3 1.53 1.54 -
Cs3—-Cy 1.54 1.54 1.55
C4—Cs 1.54 1.54 1.54
C,-Cy - - 1.54
Cy-0y 1.56 1.57 1.56
Al-0O, 1.75 1.75 1.75
Al-0, 1.94 1.95 1.94
Si—0, 1.62 1.62 1.62

Angles/*

C,—0,—Al1 1199 123.9 119.5
0,—-Al-0; 105.7 107.1 105.3
Al-0,—-Si 1450 143.1 144.9

for the 2a species, and for all the other alkoxide-like intermediates, are reported
in Table 6.1. Incidentally, in the eventuality of a hydrogen (H,) attack on the
Cs atom instead of Cs, a secondary carbocation would invariably be implicated
as a transition state. While this represents a possibility, it does not alter the
subsequent course of the reaction since the ramification would reconnect to the
same intermediate, as long as the cyclic species is formed.

The 2a system is nearly 20 kJ mol~! more stable than the reactant, taken
as reference for the energetic scale. A barrier-free rearrangement, indicated with
the p letter inside a blue circle in Figure 6.2 is assumed to transform it to the
slightly less stable 2b, that has the correct orientation to react and afterwards
gives the substituted cyclopropane species adsorbed on BEA named 3a. Geomet-
rical features related to the latter, and to all the other neutral molecule-zeolite
systems, are reported in Table 6.2 in comparison with the same distances and
angles characterizing the isolated reactant, product, dimethyl-cyclopropane and
the T7O7 site. The 2b — 3a elementary step is further detailed in Figure 6.3,
where the associated NEB profile is shown together with a schematic depiction.
Contributing to an overall energy barrier of 55.7 kJ mol~!, two transition states
and an intermediate species were identified by the NEB algorithm. The first tran-
sition state, whose image is reported in Figure 6.2, features a carbocation nature
and corresponds to the Co—Oj bond cleavage, the related interatomic distance

becoming equal to 2.88 A.
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Figure 6.2: Reaction profile of the n-pentene isomerization to iso-pentene (2-methyl-2-
butene), occurring on the T707 Brgnsted acidic site of BEA. Vibrational
zero-point corrected energies of the starting reactants, minima and final
products are relative to that of 1, taken as reference, while the energy
barriers are calculated with respect to the energies of the species preceding
the corresponding transition states. All values are expressed in kJ mol~!.
The p letters inside the blue circles indicate barrier-free rearrangements.
Si=yellow, O=red, Al=blue, C=grey, H=pink.
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Figure 6.3: CI-NEB profiles for the elementary steps connecting: (a) species 2b to 3a

and (b) species 3b to 4. Insights of the most significant structures with
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Table 6.2: Relevant interatomic distances and bond angles for the neutral molecule-
zeolite systems involved in the 2-pentene isomerization pathway and for iso-

lated significant species.

1 3a 3b 5 T707-BEA | n-pentene DMCP iso-pentene
Distances/A
Ci—C2 1.51 1.53 1.52 1.51 - 1.51 1.52 1.51
Cy2—C3 1.38 1.52 1.53 n.b. — 1.36 1.53 —
Cs—Cy 1.52 1.53 1.54 1.52 — 1.51 1.53 1.52
C4—Cs 1.54 1.53 1.52 1.52 - 1.54 1.52 1.52
C2—Cy - 1.58 1.53 1.38 - - 1.53 1.37
O,—H. 1.05 1.03 0.99 1.05 0.99 - - -
H.-Cy 1.92 2.06 3.70 1.83 - - - -
H,-Cs 1.93 3.08 2.73 3.31 - - - -
H,-Cy4 2.74 1.89 2.73 2.22 - - - -
Al-0O, 1.90 1.90 1.92 1.91 1.94 — — —
Al-0O, 1.75 1.75 1.75 1.72 1.76 - - -
Si—0, 1.70 1.71 1.72 1.71 1.74 - - -
Angles/®
Al-O,—-H 114.0 114.1 1139 114.2 106.3 — - —
0,—Al-0, 928 94.4 91.8 98.7 90.7 - - -
Al-0O,—Si 1289 128.5 130.4 130.0 137.2 - - -

After the proper orientation is reached between one H atom of the C4 and
the zeolitic O, (distance of 1.91 A), the hydrogen shift takes place together with
the formation of the Co—C4 bond, involving a second transition state with a
direct energy barrier of 2.5 kJ mol~! (backward 5.8 kJ mol~!). As a result, the
adduct between dimethyl-cyclopropane and the zeolite framework, 3a, is obtained
featuring an interaction energy equal to 67.2 kJ mol .

This would suggest the adsorbed DMCP to be a rather unstable ephemeral
intermediate within the 2-pentene isomerization patwhay. It was indeed charac-
terized as a minima in the potential energy surface, showing a relative energy of
+43.1 kJ mol™!. As indicated by the negligible backward barrier, it is likely to
undergo hydrogenation, on a —CH group. Therefore, the present findings support
the conclusions drawn in the DFT investigation by Demuth et al. [40] regarding
the isomerization of 2-pentene within H-ZSM-22, while other studies suggest the
involvement of protonated cyclopropene-like species as a transition state in the
mechanism [19].

Then, after a barrier-free rearrangement connecting 3a to 3b, the H, acidic
proton attacks the —CH- moiety of C4 with an associated energy barrier of
7.4 kJ mol~! (transition state shown in Figure 6.2). The hydrogen atom then
follows a non-activated intramolecular shift, to the C3 carbon atom, and the

simultaneous C2—Cs bond cleavage leads to the ring opening (see Figure 6.3),
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with the formation of the iso-pentoxide species, 4. The NEB profile for this step
is reported Figure 6.3, showing also some insights on the geometrical features
that characterize the most significant structures involved.

The iso-pentoxide is just slightly more stable than the 2a species and, as
it is evident from Table 6.1, exhibits essentially the same structural parameters
(such as the Co—0Oj bond distance and zeolite-related distances and angles). The
significant distinction lies in the branched versus linear carbon skeletal structure.
The isomerization process has reached its final elementary step: by overcoming an
energy barrier of 60.6 kJ mol~!, the hydrogen atom bonded to Cy is backdonated
to Og, restoring the catalytic T70O7 site and resulting in the formation of the
adduct between iso-pentene and the zeolite. This is found to be 10.7 kJ mol~!
more stable in energy than the reactant, with an interaction energy of 92.4 kJ
mol ™!, without BSSE.

96



6.3 Conclusions

A DFT analysis was performed to investigate the transformation of n-pent-2-
ene to iso-pent-2-ene occurring on the T707 Brgnsted acidic site of S-zeolite, as
part of a hydroisomerization process. Periodic calculations within the SIESTA
formalism were carried out, allowing for detailed descriptions of each step, in
terms of optimized geometries of all the involved species, energetics and transition
state characteristics.

The proposed mechanism encompasses the following steps: i) protonation
of the double bond, leading to the formation of an alkoxy species; ii) proton
backdonation to the zeolite framework; iii) ring opening through the breakage of
a different bond and iv) proton backdonation to the zeolite, generating the iso-
olefin and restoring the catalytic site. All associated energy barriers are below
65 kJ mol~!, with the highest ones being those related to the second and fourth
steps. Notably, the study suggests the involvement of dimethyl-cyclopropane as a
potentially unstable intermediate within the isomerization pathway, contributing
to the ongoing debate in the literature regarding the nature of this cyclic species.

The results offer valuable insights into the molecular-level details of zeolitic
catalysis in this specific hydroisomerization process. However, further research
may be necessary for a comprehensive exploration of catalytic applications and
reaction pathways. For example, the mechanism should also be tested on less
acidic sites and in the presence of metallic functionality, to assess the effects on
the structures of transition states and energy barriers, or even the occurence of
other parasitic reactions. To gain a more comprehensive understanding, it would
be beneficial to investigate the effects of varying the length of the hydrocarbon

chain as well.
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Conclusions and Afterwards

A platinum-modified S-zeolite was investigated as a catalytic material for hydroi-
somerization reactions of hydrocarbons, requiring both an acidic substrate and a
hydrogenation/dehydrogenation function. The nature and properties of the ac-
tive sites were examined independently, laying the groundwork for understanding
the effects of their interactions. Quantum chemistry models, particularly those
based on density functional theory (DFT), served as the primary tools in this
exploration. The study contributed to the ongoing scientific discourse, focusing
on the evaluation of zeolite acidity and the stability of molecular-sized platinum
clusters within framework cavities. It established robust methodological foun-
dations and proposed innovative computational approaches readily applicable in
future investigations.

Furthermore, the research extended into the realm of experimental cataly-
sis through a close collaboration with the Finnish “Industrial Chemistry and
Reaction Engineering” group at Abo Akademi University. Indeed, the role of
platinum species in altering material acidity was analyzed by integrating compu-
tational and experimental perspectives, thus enhancing the depth of examination
and providing a richer understanding.

As a logical progression in catalyst modeling, the performance testing was
conducted for a small hydrocarbon, albeit not comprehensively, simulating the
mechanism of the conversion from a linear to a branched chain occurring on the
acidic functionality. This marked the initial exploration of an area with immense
potential for future research endeavors.

In accordance with this workflow, a concluding overview of the findings and
potential developments of the present thesis is here provided. It is however re-
called that more detailed conclusions, along with specific results, can be found at
the end of each chapter composing the dissertation.

Firstly, the intrinsic Brgnsted acidity of S-zeolite has been examined by eval-
uating the deprotonation energy (DPE) values for 30 topologically distinct acidic

sites within the DFT framework. Three different approaches were used, referred
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to as ONIOM, SIESTA, and cluster. The cluster approach, specifically designed
to overcome drawbacks associated with the other two, has been proposed as a
suitable algorithmic tool to correct DPE values obtained from periodic calcula-
tions. In this method, an appropiately reshaped zeolite cell, whose geometry was
optimized via the SIESTA paradigm, serves as input for non-periodic single-point
DFT calculations. Forthcoming advances on this regard may focus on enhanc-
ing the definition of the reshaped portion, for an even more accurate treatment
of each individual acidic site. It is worth to emphasize the transferability of the
proposed procedure as a modeling tool. For future investigations, it would enable
to treat essentially in the same modelistic way the zeolite acidic sites, possible
modifiers of the acidity strength (such as defects or embedded metal particles)
and the reactions involving zeolite catalytic activity.

The second part of the study delved into the preferential location and energet-
ics associated with the migration of platinum atoms embedded in the framework
of -zeolite, using an unbiased periodic DFT calculation approach. The primary
factors determining the stability of these systems were identified, including the
formation of linear O—Pt—O units intimately related to framework breakage,
Pt—Pt distance, and cluster geometry. Up to the Pts seed that was studied, an
energetic preference for growth was observed. It could prove intriguing, as fur-
ther advances, to address the exploration of growth energetics, as well as for the
pristine zeolite framework already considered, also in the presence of acidic sites.

The third section of this dissertation involved experimental and atomistic
exploration of metal-acid interactions in platinum-modified S-zeolite catalysts.
Pyridine-FTIR measurements were employed to assess the Brgnsted and Lewis
acidity of both pristine and modified catalytic materials. From an atomistic view-
point, the influence of a single embedded platinum atom on the deprotonation
energy of selected Brgnsted acidic sites was examined. Since the intrinsic acidity
variation in the presence of a metal center deviated from the observed exper-
imental trends, it was suggested that the experimental evidence regarding the
effects of metal on acidity cannot be solely explained by atomic-level interactions
between the two functionalities. Other influencing factors should be considered,
possibly associated to the dimensions of the metal particles in relation to zeolite
channels and their positioning on the outer surface of zeolite crystals, where the
potential presence of silanols and other surface-related defects may also play a
role.

Finally, the reaction mechanism for the isomerization of n-pent-2-ene to iso-
pent-2-ene on the T707 Brgnsted acidic site was characterized in terms of ele-

mentary steps. This served as a preliminary exploration of structural conversion
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processes, representing a potential catalytic application of the simulated zeolite-
based catalyst. It is evident that there is room for several future investigations.
For instance, different acidic sites could be examined, varying the carbon chain
length, and also considering steps involving metallic sites. Both functionalities
simultaneously playing an active role may give rise to other parasitic reactions,
such as cracking, which should be taken into consideration for a more compre-

hensive understanding of these processes.
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Project: 2023-05-17

Weight %

(o) Al Si
H-Beta-38 calcined 30x (1)_pt1 52.95S 2.62 44.43
Weight % Error (+/- 1 Sigma)

(0] Al Si
H-Beta-38 calcined 30x (1) pt1 +0.33 +0.13 +0.25
Atom %

(0] Al Si
H-Beta-38 calcined 30x (1)_pt1 66.34 1.95 31.71
Atom % Error (+/- 1 Sigma)

(0] Al Si
H-Beta-38 calcined 30x (1)_pt1 +0.41 +0.09 +0.18
Formula

(0] Al Si
H-Beta-38 calcined 30x (1)_pt1 Al203 Si02

Compound %
Al203 Sio2

H-Beta-38 calcined 30x (1) pt1 0.00 4.96 95.04
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Weight %

(0] Al Si Pt
Pt-H-Beta-38-EIM reduced 30x (1)_ptl 52.13S 2.76 43.61 1.50
Weight % Error (+/- 1 Sigma)

(0] Al Si Pt
Pt-H-Beta-38-EIM reduced 30x (1) pt1 +0.30 +0.14 +0.25 +0.32
Atom %

(0] Al Si Pt
Pt-H-Beta-38-EIM reduced 30x (1)_pt1 66.22 2.08 31.55 0.16
Atom % Error (+/- 1 Sigma)

(0] Al Si Pt
Pt-H-Beta-38-EIM reduced 30x (1)_pt1 +0.38 +0.10 +0.18 +0.03
Formula

(0] Al Si Pt
Pt-H-Beta-38-EIM reduced 30x (1)_pt1 Al203 Si02 Pt
Compound %

Al203 Sio2 Pt

Pt-H-Beta-38-EIM reduced 30x (1) _pt1 0.00 5.21 93.29 1.50
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Project: 2023-05-17

Weight %

o Al Si Pt
Pt-H-Beta-38-IW reduced 30x (1)_ptl 52.42S 2.59 43.99 1.00
Weight % Error (+/- 1 Sigma)

o Al Si Pt
Pt-H-Beta-38-IW reduced 30x (1)_pt1 +0.32 +0.12 +0.24 +0.26
Atom %

T, 5 Pt

Pt-H-Beta-38-IW reduced 30x (1)_pt1 66.27 1.94 31.68 0.10
Atom % Error (+/- 1 Sigma)

o Al Si Pt
Pt-H-Beta-38-IW reduced 30x (1)_pt1 10.41 +0.09 +0.18 +0.03
Formula

o Al Si Pt
Pt-H-Beta-38-IW reduced 30x (1)_pt1 Al203 Si02 Pt
Compound %

Al203 Sio2 Pt

Pt-H-Beta-38-IW reduced 30x (1)_pt1 0.00 4.89 94.11 1.00
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H-Beta-300 calcined 30x (1)

Image Name: H-Beta-300 calcined 30x (1)
Image Resolution: 1024 by 768

Image Pixel Size:  4.06 um
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Weight %

(o) Al Si
H-Beta-300 calcined 30x (1)_pt1 53.12S 1.14 45.74
Weight % Error (+/- 1 Sigma)

(0] Al Si
H-Beta-300 calcined 30x (1) _pt1 +0.36 +0.12 +0.33
Atom %

(0] Al Si
H-Beta-300 calcined 30x (1)_pt1 66.53 0.85 32.63
Atom % Error (+/- 1 Sigma)

o Al Si
H-Beta-300 calcined 30x (1)_pt1 +0.45 +0.09 +0.24
Formula

(0] Al Si
H-Beta-300 calcined 30x (1)_pt1 Al203 Si02

Compound %
Al203 Sio2

H-Beta-300 calcined 30x (1) _pt1 0.00 2.15 97.85
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Pt-H-Beta-300-EIM reduced 30x (1)

Full
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Weight %

(0] Al Si Pt
Pt-H-Beta-300-EIM reduced 30x (1)_ptl 51.74S 0.98 44.65 2.63
Weight % Error (+/- 1 Sigma)

(0] Al Si Pt
Pt-H-Beta-300-EIM reduced 30x (1) _pt1 +0.33 +0.08 +0.26 +1.25
Atom %

(0] Al Si Pt
Pt-H-Beta-300-EIM reduced 30x (1)_pt1 66.36 0.75 32.62 0.28
Atom % Error (+/- 1 Sigma)

o Al Si Pt
Pt-H-Beta-300-EIM reduced 30x (1)_ptl +0.42 +0.06 +0.19 +0.13
Formula

(0] Al Si Pt
Pt-H-Beta-300-EIM reduced 30x (1)_pt1 Al203 Si02 Pt
Compound %

Al203 Sio2 Pt

Pt-H-Beta-300-EIM reduced 30x (1)_pt1 0.00 1.85 95.51 2.63
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B4 oyt Image Name: Pt-H-Beta-300-IW reduced 30x (3)
Pt-H-Beta-300-IW reduced 30x (3) Image Resolution: 1024 by 768
Image Pixel Size:  4.06 pm
_| Acc. Voltage: 20.0 kV
|| Magnification: 30
Full scale counts: 15128 Pi-H-Beta-300-IW reduced 30x (3)_ptl

Integral Counts: 280187
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Weight %

Pt-H-Beta-300-IW reduced 30x (3)_ptl 51.57S 0.72 44.70 3.00

Weight % Error (+/- 1 Sigma)

(0} Al Si Pt

Pt-H-Beta-300-IW reduced 30x (3) ptl1 +0.33 +0.08 +0.26 +1.21
Atom %

o Al Si Pt
Pt-H-Beta-300-IW reduced 30x (3)_pt1 66.36 0.55 32.77 0.32
Atom % Error (+/- 1 Sigma)

(0] Al Si Pt
Pt-H-Beta-300-IW reduced 30x (3)_pt1 +0.42 +0.06 +0.19 +0.13
Formula
Pt-H-Beta-300-IW reduced 30x (3)_pt1 Al203 Si02 Pt

Compound %
Al203 Sio2 Pt

Pt-H-Beta-300-IW reduced 30x (3) _pt1 0.00 1.37 95.63 3.00
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Figure A.1: Absolute (A3l purple) and radial (A5, yellow) displacements of the frame-
work silicon atoms in Pt@BEA systems with respect to the pristine zeolite
structure, within an exploration radius of 6.2 A around the coordinates
of the central point taken as reference. Panels of the different cavities in

which the platinum atom is located are reported in increasing relative en-

ergy, from top to bottom.
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Figure A.2: Absolute (ASi purple) and radial (A3, yellow) displacements of the frame-
work silicon atoms in Pto@BEA systems with respect to the pristine zeolite

structure, within an exploration radius of 6.2 A around the coordinates of

the central point taken as reference.

which the platinum dimer is located are reported in increasing relative en-

ergy, from top to bottom.
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Figure A.4: Histograms of platinum particle size of a) Pt-H-Beta38-EIM, b) Pt-H-Beta-
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structure, within an exploration radius of 6.2 A around the coordinates
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energy, from top to bottom starting from the left.
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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 f-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.

1. Introduction

Zeolites are crystalline aluminosilicates with a specific microporous
structure that find wide application as heterogeneous catalysts, es-
pecially in the petrochemical industry [1-6]. From the isomorphous
substitution of a silicon atom by an aluminum atom in the 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 studies and experimental techniques, to characterize the
number, strength, and location of the potentially active acidic sites,
aiming at a formulation of acidity-reactivity relationships in zeolite
catalysis [10-13]. As a matter of fact, the synergism between exper-
iment 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

* Corresponding author.

and processes [22-25]. Common approaches to measure proton affin-
ity of zeolites include IR and NMR spectroscopy, 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
Bronsted 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 zeo-
lites Brgnsted sites is complicated by the orientation of the 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
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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 chem-
ical 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 inves-
tigated [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,
Bréndle 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 1201 + 11 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 peri-
odic calculations [43,44]. More recently, the fact that the sites Brgnsted
acidity strength is inversely correlated with the framework density
was confirmed by Trachta and coworkers [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 1245 + 9 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 understood. Many questions are still
open and, especially from an atomistic-scale point of view, more accu-
rate 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 compar-
ative analysis of DPEs calculated through three different approaches,
focusing on p-zeolite’s framework (*BEA, if considering 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 crys-
tallographically non-equivalent Si and O atoms, respectively, causing
the topological possibility of 32 unique Brgnsted acidic sites [52]. The
intrinsic strength of all these sites is investigated 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 p-zeolite built by using the

crystallographic information file provided by International Zeolite As-
sociation (IZA) website [52], a portion of about 800 atoms was selected,
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Fig. 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).

featuring two intersections between the main twelve-membered ring
channels (12T). To this fragment, terminal hydrogen atoms were added
to complete the valences of the dangling oxygen atoms, thus obtaining
the model, consisting of 864 atoms, chosen as the real system for the
subsequent ONIOM calculations (see Fig. 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 properly 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. Fig. 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 sys-
tems as starting point, (ii) the anionic structures with one Si atom
replaced by one Al and (iii) the neutral structures 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 Fig. 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 g-zeolite. Some aluminum-hydrogen configu-
rations 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].

Gaussian16 [54] was used with B3LYP hybrid exchange-correlation
functional corrected by the third order Grimme empirical treatment of
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Fig. 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.

dispersion interactions (B3LYP-D3, [55]); the cc-pVDZ basis set was em-
ployed for all atoms. The chosen low level of theory for the application
of ONIOM was the Universal Force Field. A singlet multiplicity state
was considered for both high and low level. Inspection of the calculated
harmonic vibrational normal modes confirmed that the investigated
structures correspond to minima on the potential energy surface of their
respective systems.

2.2. Periodic DFT calculations

The structural model used for periodic DFT calculations is the BEA
unit cell (a=b = 12.631 A, ¢ =26.186 A, a = f = y = 90°) provided by
IZA [52] and illustrated in Fig. 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.

All periodic calculations were performed by using the SIESTA ap-
proach as implemented 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 2 x 2 x 2
Monkhorst-Pack grid, which was refined at 4 x 4 x 4 after a first
relaxation of the system geometry.

2.3. Cluster approach
Starting from optimized structures previously obtained through pe-

riodic DFT calculations, a zeolite unit cell reshaping procedure was
performed to obtain clusters, then adjusted for the valences of terminal

Fig. 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 10\, ¢ =26.186
A, a=pf=y=90°

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 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. Fig. 4 shows, taking the site T101 as
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reshape
saturation
&
OH adjustment

Fig. 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.

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 undersaturated Si and O nuclei at the cell boundaries.
An automatic saturation procedure, whose algorithm is described in
the following, was then applied 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 existing 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—OHj; 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.

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.

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 p-zeolite anionic form
and the SCF energy of the corresponding neutral form. Extrapolated
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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 thermo-
chemical 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 between 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 nor-
malized in the 0-100 interval following the expression

DPEM — DPEM
DPE,, = 100 - —————=0- €h)
DPEmax - DPEmin

where the normalized deprotonation energy of the ith site according
to method M, DPEnM’,., is defined with respect to the raw DPE%Vl and the
minimum and maximum DPE values found within the corresponding
set. All the data were then collected in the histogram of Fig. 5, which
is divided into three equally spaced bands to qualitatively 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 Fig. 2, in
p-zeolite the T8 and T9 sites feature only two non equivalent oxygen
atoms (011 and O16 the former, O3 and 015 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 Fig. 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 ml 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 ex-
cellent 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.

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 alu-
minum 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
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Table 1

DPE values® calculated with the ONIOM (O), SIESTA (S) and cluster (C) approaches.
Site (6] S C Site o S C
T101 1344.9 (m1)" 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 (ml1) 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 (m1) | 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 (m1) | 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 T8011 1326.6 (m2) 1027.4 1178.8
T405 1370.8 (m1) | 1355.0 (m2) 1015.2 1195.4 T8016 1340.9 (m2) 1043.1 1192.5
T409 1382.3 (m1) 1031.4 1216.5 T903 1331.8 (m5) | 1318.1 (m5) 1028.0 1194.7
T4011 1371.9 (ml) | 1288.8 (m2) 1020.3 1202.4 T9015 1316.6 (m5) | 1345.8 (m5) 1015.8 1194.9

2 Expressed in kJ mol~'.

b The employed model system is indicated in parentheses.
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three acidity zones.

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 p-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 satisfac-
tory mean to adequately investigate the acidity of the 9 topologically
distinct site of the p-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 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 choice 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 appropri-
ate, 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 strength 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 intrinsic
Brgnsted acidity, in particular T707 and T8011, and the remaining 8
sites are less acidic, especially T4012, T102 and T6012. In order to
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Fig. 6. Structural details of the most significant hydrogen bonds detected in the topological configurations 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.

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 Fig. 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 7' and does not show
H-bond formation, like it is the case, e.g., of T8016 and T8011. A
correlation may be therefore drawn between hydrogen bond formation
and the occurrence of a low acidity characterizing 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 orienta-
tion. 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.

It is, at this point, noteworthy to compare the most and the least
acidic sites according to the three computational approaches employed.
The site showing the highest intrinsic acidity is T8O11 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 pg-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 Fig. 6), being this
occurrence the possible cause of their collocation within the medium
acidity group when they are treated by the cluster approach. An excel-
lent 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 to 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 considered, the value of 1207 kJ mol~!, with a
root mean square deviation of 15 kJ mol~1, 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~! (ne-
glecting 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 SIESTA results
here reported, with an average DPE of 1025 kJ mol~! (RMSD of 6
kJ mol~1), 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
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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); 02 (0.1, 0.487); 03 (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); 08 (14.9, 0.002); 09 (5.8, 0.087); 010 (0.0, 0.905) 1217.5
4 05 (34.1, 0.000); 09 (17.9, 0.001); 011 (29.0, 0.000); 012 (0.0, 0.999) 1237.9
5 010 (0.0, 0.958); 013 (11.9, 0.008); 015 (8.3, 0.034) 1209.4
6 012 (0.0, 0.632); 016 (1.3, 0.367); 017 (15.7, 0.001) 1229.2
7 07 (12.6, 0.004); 08 (4.0, 0.140); 013 (4.0, 0.143); 017 (0.0, 0.712) 1199.6
8 011 (14.8, 0.003); 016 (0.0, 0.997) 1192.5
9 03 (0.0, 0.993); 015 (12.1, 0.007) 1194.7

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

of 1245 kJ mol~! after correction. Still, in one of the last works on
zeolite acidity, specifically on the very same g-zeolite here investigated,
Vorontsov and Smirniotis [60] reported indeed uncorrected data, ac-
cording 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 diver-
gence 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 SIESTA-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 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 g-zeolite T sites can be
finally written:

T8rTT~T9>T5~Tl T3~ T2>~T6~T4 (2)

This (DPE) order is obviously affected by the stability of the protonated
form, which in turn depends on the occurring of hydrogen bond inter-
actions. If only the most acidic site of each TnOm set is considered for
the ranking, this one would become

T8x~T7>T5>T4~TO~T1>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 popula-
tion 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~1) 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 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.

4. Conclusions

The p-zeolite’s Brgnsted acidity has been characterized in terms
of the deprotonation 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 Brensted 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 preferentially 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 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 p-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 approaches, 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 attributed to the difficulty
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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 deprotonation energies in p-zeolite,
oppositely to what happens in calculations based on plane waves,
delocalized by definition. The suggested cluster approach, consisting
in the evaluation 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. In-
deed, 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 catalytic activity is eventually involved. In the investigation of
processes occurring inside the zeolite cavities, for example, the reacting
molecule would conveniently 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.
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ABSTRACT: The preferred location and the corresponding energetics of ""’r
zeolite-embedded single metal atoms and small metal particles are hot topics
within active site optimization and catalyst tuning, even as part of bifunctional
materials design. In this context, periodic density functional theory was used
to provide insights on the interactions of a platinum atom with the
microporous cages of a purely silicious f-zeolite (BEA) framework. Cluster
growth was subsequently addressed, up to Pt;@BEA systems, following a
one-by-one platinum atom addition; platinum migration between cages was
taken into account as well. An unbiased approach was employed, which
allowed a wide panorama of structures being considered in addition to a
thorough analysis in terms of energetics, cluster geometries, and cavity
distortions. Calculations revealed that the optimal interaction geometry for a

single platinum atom is realized where two strong Pt—O bonds in almost

linear arrangement can form, regardless of the cavity involved. This can cause distortions or even breaking of the zeolite structure, a
factor which however is not decisive in determining the energetics of systems with two and three platinum atoms. Platinum
migration is associated with energy barriers ranging from 100 to 200 kJ mol™’, depending on the cages. Up to the dimensions
considered here, preference for clustering is observed, being the embedded Pt; systems in almost all cases energetically favored with

respect to isolated atoms within the BEA framework.

B INTRODUCTION

Zeolites are crystalline aluminosilicates successfully used as
heterogeneous catalysts in many acid-catalyzed reactions due
to their well-determined topology and microporous structure,
together with the associated adsorption and shape-selective
properties.”” Hydroisomerization and hydrocracking of
paraffins, alkylation, alkoxylation, and selective reduction of
nitrogen oxides provide some examples of processes exploiting
zeolites Bronsted acid strength. This is associated with the
silicon—aluminum framework substitution and the addition of
a charge compensating H* cation.>™® A key factor in these
applications is the presence of metallic components, thus
forming bifunctional catalysts’ that exploit the hydrogenation/
dehydrogenation activity of a noble metal such as platinum or
palladium. As an acidic component, f-zeolite (BEA) is one of
the most notable and extensively used.*”'> In the BEA
structure, silicon and oxygen atoms are linked together to form
3D intersecting 12-membered rings (diameter of 6—7 A along
the [010] and [100] axes, S—6 A along [001]), together with
6-, 5-, and 4-membered rings. These give raise to smaller pores
which are still wide enough to host metal atoms.”’”'?
However, in general, the metal can be located not only inside
the cavities but also on the outer surface of the crystals or even
supported on an inorganic binder in composite materials.'®™"*
Many experimental efforts have been addressed to study the
effects of synthesis variables on the metal location and particle
dispersion, which in turn affect the activity and selectivity of

© 2023 American Chemical Society

\ 4 ACS Publications

the catalyst.”~** In this respect, a prominent role is played

also by the defective sites (mostly silanol groups located on the
mesopore surface) of which BEA is particularly abundant;***®
synthetic strategies can be tuned to exploit defective sites in
order to enhance the catalytic activities.*®

The advantages of an atomistic approach on tuning catalyst
properties are well established.”’ ™" In particular, computa-
tional chemistry, mostly based on density functional theory
(DFT), had an enormous impact on the development of
zeolite catalytic materials and processes.’"™*® As a matter of
fact, while Hou et al.*” have investigated, by means of periodic
DFT calculations, the stabilization of platinum atoms and/or
clusters inside the cavities of medium-size high-silica zeolites
(ie, LTA, SOD, CHA, FAU), to the best of our knowledge, a
step-by-step computational approach on platinum clustering
inside large pores of aluminosilicates is still missing. In fact,
commonly either singly supported platinum atoms or Pt
nanoparticles are considered, without giving any idea about
their formation yet.** ™" In this context, the present work aims
at providing atomistic-level insights on (i) the preferential
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location of a platinum atom embedded in f-zeolite cages, (ii)
the energetics related to platinum atoms’ migration, and (iii)
the cluster growth process up to a Pt; seed. The investigation
employs a one-by-one atom addition approach driven by an
unbiased algorithm, described in the next section. Thus, a wide
panorama of structures being considered, the analysis is
performed on energetics, cluster geometries, and cavity
distortions. Migration of a platinum atom between different
zeolite cages is also addressed, searching for the related
transition state. For the here-reported study, a pristine BEA
structure was employed, being this the necessary starting point
for every wider investigation aiming at the characterization of
the growth energetics of metal particles in f-zeolite models,
which include, e.g.,, aluminum substitution in different ratios
and the presence of various kinds of defects.

B MODELS AND METHODS

The structural model used for periodic DFT calculations is the
B-zeolite unit cell (a = 12.631 A, b = 12.631 A, c = 26.186 A; a
= f# = y = 90°) taken from the crystallographic information file
provided by the International Zeolite Association (IZA)
website.'> The model structure, see Figure 1, is reported in

Figure 1. BEA unit cell of 192 atoms (licorice representation; O =
red, Si = yellow), within the periodic framework (wired
representation), viewed along the ac plane. The used cell parameters
are a = b = 12.631 A, =c = 26.186 A, and @ = # = y = 90°.

the IZA atlas as a mixture of a and  BEA polymorphs, most
properly labeled as *BEA. After geometry optimization of the
silicate structure, a comprehensive mapping of the embedding
sites was performed, with the systematic approach described
below, aimed at locating the preferred position for single
platinum atoms. Due to the great variety of topological sites
characterizing the f-zeolite, an unbiased approach is desirable
to fix the starting coordinates of the platinum atoms within the
structure. Only by this leading scenario, after geometry
optimization of the embedded platinum fragments, it is
conceivable to obtain minima suitable to characterize the
potential energy surface originating by the different starting
configurations. Therefore, the following procedure was
implemented. A 3D grid of points with predefined thickness
was created to map the BEA unit cell, resulting in 10 points
along a and b crystallographic axes (from the 0.00 to the 12.43
coordinate, in A) and 20 points along ¢ (from 0.00 to 26.21 A).
Each of the 2000 grid points represents a possible set of xyz
coordinates of an embedded platinum atom. Cases in which
the added Pt atom resulted too close to the silicon and/or
oxygen atoms of the zeolite framework were excluded based on
the van der Waals radii. In particular, the minimum Pt—O (or
Pt—Si) distance threshold of 1.8 A was chosen. In order to

discard those geometries showing weak platinum—zeolite
interactions, it was fixed, as a further constraint, that the
distance between Pt and the nearest framework center should
not exceed 3.0 A. This way 683 cases out of thousands were
selected. Single-point calculations were performed on the
latter, and relative energies were used to sort the structures in
order of stability. Noticeably, many of them showed almost the
same energy, which was ascertained to correspond to similar, if
not identical, structures. A relative energy threshold (first
sieve) allowed us to single out the most promising 14 cases
among the 683. These were subjected to the ensuing geometry
optimization procedure, which let some structures to collapse
to the same geometry minimum (second sieve) and left only 8
Pt-zeolite structures. Following this, another energetic filter
(third sieve), ruled by visual inspection, allowed us to select
new geometries where to add a second platinum atom. Starting
from the creation of a grid of points inside the unit cell, the
procedure was repeated on each of these selected geometries
to find the best arrangments for two platinum atoms inside the
zeolite cages and repeated once again for the Pt;@BEA case.
For systems with two or three Pt atoms, minimum and
maximum Pt—X (X = Si, O, Pt) distances have also been set.
That is, the coordinates of the new atom were accepted if the
distance with respect to the platinum atom(s) already present
was within the range 2.4—2.8 A, the thresholds with silicon and
oxygen being the same as before. Moreover, the grid step was
adjusted to locate a greater number of geometries in the
proximity of the already adsorbed Pt center(s). The flowchart
of this procedure, aimed at including the largest number of
significant structures, is illustrated in Scheme 1. The
information related to the different steps of the algorithm for
the three Pt, systems is reported in Table 1. It must be stressed
that the criteria adopted for the sieves aimed at reducing the
number of possible structures to investigate by isolating the
most significant cases. Due to the topological heterogeneity of
the analyzed systems, the energetic threshold values were
varied, being lower when the number of structures to be
selected was greater. In any case, in the course of the analysis,
structures were also included, irrespective of their relative
energetic stability, which after an accurate visual inspection
showed a heuristic potential to evolve into structures of likely
interest, when the number of included platinum atoms
changed.

The cluster growth was evaluated calculating the AE for the
following processes:

2Pt@BEA — Pt,@BEA + BEA (1)
3Pt@BEA — Pt,@BEA + 2BEA @)
Pt,@BEA + Pt@BEA — Pt,@BEA + BEA 3)

where the reactants are the same zeolite fragments in which
either two or three platinum atoms or a single atom with a
diatomic cluster was adsorbed but did not interact with each
other. The products instead represent a zeolite in which a
platinum cluster is formed. A negative value of the concurrent
energy differences means that the product cluster formation
inside the zeolite is favored.

In order to investigate the distortions of the zeolite cavities
produced by the embedding of platinum atoms, a point R,
whose coordinates matched those of the first embedded
platinum atom, was chosen, and around this, the zeolite nuclei
distribution was explored. In these structures, all O—R and Si—

https://doi.org/10.1021/acs.jpcc.3c02957
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Scheme 1. Flowchart of the Algorithm Employed to Locate the Preferential Position of a Single Platinum Atom and to Study
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“At the beginning of the procedure, the starting geometry is the optimized silicate framework; selected geometries are then used as input for the

second and third platinum atom addition.

Table 1. Numbers of Structures Following the Application
of the Three Sieves Characterizing the Systems with One,
Two, and Three Platinum Atoms

starting structures structures after

Ist sieve”  2nd sieve”  3rd sieve™”
Pt,@BEA 683 14 8 4
Pt,@BEA 10, 19, 61, 58 40 3,4,32 S
Pt @BEA 17, 18, 17, 17, 29 20 2,3,2,43

“For details on the procedure summarized by the term “sieve”, see the
text and Scheme 1. “The third sieve selects the m most stable
structures with n Pt atoms and allows one to pick out m sets of new
starting structures containing n + 1 Pt atoms. For example, after
having applied the third sieve to the Pt,@BEA case, four geometries
are left, which can be labeled a, b, ¢, and d; a second Pt atom is added
to each of these so that 148 starting structures are built for the Pt,@
BEA system, i.e., 10 structures originating from a, 19 structures from
b, 61 from ¢, and 58 from d.

R distances (corresponding to the O—Pt and Si—Pt distances
in the Pt-zeolite system) were computed and then sorted in
increasing order. After choosing an exploration radius around
R, all of the nuclei at a distance greater than this radius were
discarded, thus narrowing the analysis focus closer to R.
Considering the cell parameters of the employed model, we
chose a value of 6.2 A for the exploration radius, thus avoiding
spurious effects caused by periodic boundary conditions, while
still encompassing an appropriately large number of zeolite
nuclei. For each oxygen and silicon center included in the
exploration radius of single couples of pristine and platinum-
embedded structures, two displacements are computed. The
first is the absolute displacement of nucleus A, A% = |R$ — R,

14767

attributable to the platinum presence, where R% are the
coordinates of A in the pristine zeolite and R2 are those in the
embedded zeolite. The second, conversely, is the radial
displacement of A with respect to the central point R, A% =

IR} — RI — IR} — RI.
B COMPUTATIONAL DETAILS

All calculations were performed within the density functional
theory framework (DFT) by using the SIESTA approach as
implemented in the code bearing the same name.”’ The PBE
exchange—correlation functional in the spin-polarized form
was chosen,”” along with a double-¢ quality numerical basis set.
Sampling of reciprocal space was performed using a 2 X 2 X 2
Monkhorst—Pack grid and a value of 450 Ry for the mesh
cutoff. Preliminary calculations performed in selected cases
allowed us to conclude that a larger Monkhorst—Pack grid
affected the energy of the investigated systems in a negligible
way.

The search for transition states associated with the Pt atom
migration was performed by means of the Empathes code,>
which implements the nudged elastic band method (NEB) and
is interfaced with the SIESTA program. Every NEB calculation
used 8 images, generated by the image-dependent pair
potential approach and connected each other by dynamic
springs. The FIRE algorithm was employed to optimize the
elastic band, with a convergence threshold of (5 X 107* E; /A)
on the norm of NEB total forces.

B RESULTS AND DISCUSSION
Single Pt Atom Embedded in BEA Cages. As shown by
Table 1, 8 different structures have been identified for the

https://doi.org/10.1021/acs.jpcc.3c02957
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2.10, 2.11 A; 176.8°

2.12,2.13 A; 176.3°  1.98, 2.18 A; 178.6°

2.00, 2.18 A; 175.2°

27.2 kJ mol!
Pt@Qt-mtw

0.0 kJ mol~!
Pt@t-bet

2.15, 2.22 A; 146.7°

80.3 kJ mol~!
PtQ@t-bea-2*

79.6 kJ mol~!
Pt@Qt-umx*

2.18,2.27 A; 143.1°  2.15,2.31 A; 139.8°

33.6 kJ mol~*
Pt@t-bea-1*(b)

2.16, 2.39 A; 129.7°

27.6 kJ mol !
PtQt-bea-1*(a)

109.7 kJ mol ™!
Pt@t-bea-1*(d)

97.4 kJ mol~?
Pt@t-bea-1*(c)

Figure 2. Local views of the eight Pt@BEA-optimized geometries (O = red, Si = yellow, Pt = blue). Relevant Pt—O distances and O—Pt—O angles
are reported above each structure; below there are the relative energy values, calculated with respect to the more stable species, along with the tiling
arrangement labels used to identify, in accordance with IZA," the cavity in which the platinum atom is located.

adsorption of a single platinum atom within the BEA
framework. In these, the metal atom is inside a unique zeolite
cavity. The energy differences characterizing the various
structures can be attributed to the occurrence of different
local topologies. It is noteworthy that, even if spin-polarized
calculations were performed, the results obtained for all of the
investigated systems always indicate a singlet multiplicity state.
As a matter of fact, this is in agreement with other evidences of
spin-state lowering that takes place in the supported system
when a platinum atom is interacting with the zeolite framework
with respect to unsupported ones."” Figure 2 shows a local
view of the eighth optimized geometries. To emphasize the
visualization of the rings and cavities involved, it was decided
to not show the whole unit cell. In each case, a portion of the
zeolite framework close to the Pt atom was conversely selected
for the image representation, obtained by repeating the unit
cell in space when needed. In accordance with the tiling
arrangement accepted by IZA,"” the optimized structures can
be divided into the following five groups:

e t-bet cavity, in which the Pt atom interacts with S-
membered rings (ST);

e t-mtw cavity, with the Pt atom located in-between two 6-
membered rings;

e t-bea-1* cavity, where the Pt atom protrudes toward the
main channel and interacts with 5T or 4T rings;

e t-umx® cavity, in which the Pt atom interacts with a 6T
ring in a main channel; and

e t-bea-2* cavity, where the Pt atom located in the main
channel is near but not inside the t-bet cavity.

Among the final Pt@BEA systems investigated here, four cases
can be assigned to the t-bea-1* cavity and these, in order to be
distinguished, are labeled with additional letters “a—d”. In
Figure 2, significant structural parameters are shown above the

corresponding structures. In details they are the bond distances
between platinum and the two nearest oxygen atoms and the
related O—Pt—O bond angle. Finally, relative energies are also
indicated. These were calculated as the difference between the
energy corresponding to the structure of the involved system
and that of the most stable one, taken as reference.
Accordingly, an order of stability among the structures could
be extrapolated. Those containing the t-bet smallest cavities
resulted preferred, followed by those showing 6T ring pores.
Systems in which platinum is located within the main channel
are up to 80—110 kJ mol™" higher in energy with respect to the
most stable Pt@t-bet species.

Analyzing things more in depth, it can be inferred that this
trend is not strictly dependent on the channel sizes but rather
on local interactions involving different zeolite surface
fragments and metal atoms. In detail, in the most stable
configurations, platinum is found to form strong bonds with a
couple of oxygen atoms (2.09—2.12 A) and, more importantly,
an almost straight O—Pt—O bond angle. In particular, it seems
that, regardless of the involved cavity size, optimized structures
are more stable when the O—Pt—O angle is close to 180°. In
this context, it is possible to frame the energetics of Pt@t-bea-
1#*(a) and Pt@t-bea-1*(b) species, showing O—Pt—O angles
of 178.6 and 175.2°, respectively. In these, the platinum atom
embedded in the main channel is in fact stabilized by an energy
that is close to that observed for the same metal atom when
allocated in a smaller cavity. It can be conversely observed that
the four t-bea-1¥* fragments hosting the platinum atom in the
same cavity show energies that vary in a significant way, and
stronger interactions invariably occur when the O—Pt—O bond
angle is almost linear. Finally, it is important to note that in the
case of Pt@tbea-1*(a) and Pt@t-bea-1*(b) species, the
formation of this particular bond angle was driven by the
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displacement of an oxygen atom from the silicon to which it
was bonded, resulting in a visible alteration of the framework
regularity, which will be further discussed later on.

Pt Migration. In the hypothesis that a given metal atom
approaches the smaller cages of a zeolite from its main
channels, platinum migration from the latter to the Pt@t-bet
cavity was modeled according to this mechanism. The metal
shift between the two smaller cavities was also studied. In the
first process, the Pt@t-bea-1*(b) species was chosen as the
starting arrangement to represent a system bearing a platinum
atom in the main channel. From this, the Pt atom shift took
place in two steps, going through an intermediate, which
resulted to be 20.5 kJ] mol™' more stable than the
corresponding system and 13.1 kJ mol™" higher in energy if
compared with the final one (see Figure S1). The two energy
barriers, namely, those from the reactant to the intermediate
and from this one to the Pt@t-bet product resulted 102.6 and
127.6 kJ mol™’, respectively.

In the second process, the platinum atom migrates in a
single step (an high energy ephemeral intermediate is actually
in the path), crossing the wall that separates the two cavities;
the associated energy barrier was equal to 203.4 kJ mol . It is
interesting to note that, over the minimum energy path found
by the NEB calculation (Figure S2), the platinum atom rotates
by pivoting on an oxygen bridging the two cavities. As a
consequence, a breakage in the zeolite structure is observed,
while the O—Si bond distances get back to the usual values in
the product. The occurrence of structures that show the
breaking of the zeolite framework deserves further discussion.
In fact, this has already been discussed in the literature for
zeolites with 6-membered rings,"” where that situation
represented the most stable configuration for an embedded
platinum atom. In our case, it is interesting to note how
geometries were found in which the breaking occurred in the
proximity of a ST ring. This kind of structure, however,
features an energy sensibly higher than that of the stablest
structures found with the systematic search algorithm
employed in the present work (see Scheme 1).

Pt, and Pt; Clusters inside the BEA Framework.
Starting from the four most stable geometries with one
adsorbed platinum atom, 12 cases of Pt,@BEA systems have
been identified (see Table 1) and five were selected after
having applied the third sieve. All systems, whose optimized
geometries are reported in Figure 3, resulted to be in a singlet
multiplicity state. In the most stable of them, the second
platinum atom (i) is placed at about 2.5 A from the first, (ii)
slightly protrudes into the main zeolite channel, and (ii)
attracts one oxygen atom forming an almost straight bond
angle. Two pretty similar cases follow. In this, once again, the
first platinum atom is located in the t-mtw cavity and the
second, positioned in the main t-bea-1* channel, attracts one
oxygen atom toward itself to form an almost linear bond angle.
In a ca. 50 kJ mol ™" less stable arrangement, the first Pt atom is
located in the smaller t-bet cavity, while the second, at 2.87 A
from the first, protrudes into the main channel and causes the
rupture of the zeolite framework with the formation of a 176.7°
O—Pt—0 bond angle. Notably, two of these platinum—oxygen
interactions, which seemingly rule the energetics of Pt@BEA
adducts, are present. Since the analysis performed on the
framework (see the “Cavity Distortions” section) showed
minor distortions, the lower stability of this system can be
interpreted in terms of the Pt—Pt distance. In fact, the
interaction between the two metal atoms is rather weak, being
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61.9 kJ mol~!
Pt,@t-bea-1*

49.2 kJ mol—*
Pt,@t-bet

Figure 3. Local views of the five Pt,@BEA-optimized geometries (O
= red, Si = yellow, Pt = blue). Above each structure, the Pt—Pt bond
distance is reported, together with relevant Pt—O distances and O—
Pt—O angles for the first and the second embedded Pt atoms. Below
there are the relative energy values, calculated with respect to the
most stable species, along with the label used to identify the systems,
underlying the cavity in which the first platinum atom is located.

the bond distance sensibly higher than the optimal value of
2.34 A, obtained for the isolated Pt, dimer in the triplet state,
at the same calculation level of theory. Finally, two platinum
atoms at 2.78 A from each other are located in the t-bea-1*
channel and share an oxygen atom to form bond angles that
strongly deviates from the linearity (151.5 and 169.8°),
presumably leading for this reason to the less stable among
the considered Pt,@BEA systems, being its relative energy 61.9
kJ mol ™",

The tendency of platinum to cluster was evaluated for the
various cases, and it was found a clustering behavior that allows
further justification of the particular stability of the Pt,@t-mtw
structures, where the platinum atoms are more intimately
bonded. Thus, the Pt—Pt distance plays a significant role to
understand the energetics of Pt,@BEA systems, together with
the O—Pt—O interactions and framework distortions.

An analogous analysis was performed for the addition of the
third platinum atom. According to the proposed systematic
approach, 14 Pt;@BEA structures were identified and grouped
in S sets originating by the Pt,@BEA system (see Table 1). In
the following, however, only minima within 30 kJ mol™" of
relative energy are taken into account for each cavity group, for
a total of 8 cases. The optimized structures, all in the singlet
multiplicity state, are reported in Figure 4, together with
significant structural parameters of the three metal atoms. In
the most stable case, two platinum atoms are located inside the
t-mtw cavity, with the third Pt that protrudes into the main

https://doi.org/10.1021/acs.jpcc.3c02957
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2.76, 2.58 A
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193.1kJ mol !
Pt;Q@t-bet(c)

178.1 kJ mol~!
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Figure 4. Local views of the eight Pt;@BEA-optimized geometries. O = red, Si = yellow, Pt = blue. Above each structure, Pt—Pt distances and
angles are reported, together with relevant Pt—O distances and O—Pt—O angles for the first, second, and third embedded Pt atoms. The relative
energy values, calculated with respect to the most stable species, are shown below each structure, together with the tiling label identifying the cavity

where the first platinum is located.

channel, forming an isosceles triangle characterized by Pt—Pt
bond distances of 2.56, 2.57, and 2.72 A. Only one platinum
atom, the second in order of addition to the zeolite structure,
features the typical O—Pt—O interaction. In a nearly 35 kJ
mol ™! less stable structure, the Pt; cluster assumes the shape of
an isosceles triangle, reversed with respect to the previous case,
that is with a single Pt inside the t-mtw cavity and the other
two in the main channel. The second platinum atom evenly
interacts with 3 oxygen atoms, and there is a rupture of the
zeolitic framework regularity due to the formation of the linear
O—Pt—O configuration, further discussed in the next section.
With the third structure, named Pt;@t-bea-1*(a), the relative
energy rises to 118.2 kJ mol™', and the cluster assumes the
shape of a scalene triangle at the intersection between the two
main 12T channels of BEA. Two platinum atoms share an
oxygen within the favorable O—Pt—O interacting mode, and
consequently framework distortions are present as for the Pt,@
t-bea-1* system. The fourth system, characterized by a relative
energy of 140.5 kJ mol™!, features an almost linear arrange-
ment of the three platinum atoms (angle 171.4°) with
distances equal to 2.52 and 2.56 A. Only the second Pt atom
interacts with two oxygens in the linear O—Pt—O fragment,
being the framework just slightly perturbed. At almost equal
energy (144.8 kJ mol™') a new structure similar to the other

Pty@t-bea-1* follows in which, however, the scalene triangle
formed by the Pt; cluster at the intersection between the
channels has fewer interactions with the zeolite walls: this is
especially true for the third platinum atom, which finds the
closest oxygen 3.66 A apart. Only the first Pt shows the
preferential interaction with two oxygens, and due to this, a t-
bet cavity is broken, as happened for the same site with one
and two platinum atoms. The last three systems, belonging to
the t-bet group, are characterized by the fact that the Pt;
cluster assumes a bent shape with angles of 85.1, 86.4, and
88.6°, going toward the least stable case, which has a relative
energy of 193.1 kJ mol™". In these systems, irrespective of the
involved energy, two platinum atoms interact with two oxygen
atoms, being the connected cavity broken, while the third Pt
only sees a single O atom nearby.

Overall, it is evident the sensible difference in energy among
the 8 selected systems, where the first two differ by 35.2 kJ
mol™! while the less stable structure is nearly 190 kJ mol™*
higher in energy than the Pt;@t-mtw(c) reference. These
findings can be rationalized in terms of the embedded cluster
geometry compared to that of the in vacuo Pt; structure,
investigated at the same computational level. The latter indeed
appears to be an equilateral triangle in a singlet multiplicity
state, with Pt—Pt bond distances of 2.48 A. It can be argued, by
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comparing the more and less stable cases, that the system is
more stable as the embedded Pt; cluster gets closer to this
ideal configuration. The second factor determining the stability
of the studied systems is the possibility of interactions with the
zeolite walls; in these terms, we can in fact interpret the
energetic order found between the two Pt;@t-bea-1* cases.
Interestingly, Pt;@t-mtw(a), where a linear arrangement
occurs, has an energy in-between the two Pt;@t-bea-1*
systems. It evidently represents a peculiar zeolitic fragment
suitable to accommodate, without the occurrence of large
framework distortions, the three platinum atoms, characterized
by Pt—Pt bond distances similar to those of both the more
stable Pt;@BEA system and the in vacuo triangular platinum
cluster.

Cavity Distortions. Figures 5—7 display the graphs
obtained by performing a framework distortion analysis

1 4 Pt@t-bet
0.5 -
Di 0 ,4|.IJ_|.II_U_|_I1L_A_LLLL._A_
o 1 1 Pt@Qt-mtw
<
o
2 0.5 A
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Figure 5. Absolute (A, blue) and radial (A?, red) displacements of
the framework oxygen atoms in Pt@BEA systems with respect to the
pristine zeolite structure, within an exploration radius of 6.2 A around
the coordinates of the reference point R. Panels of the different
cavities in which the platinum atom is located are reported in
increasing relative energy, from top to bottom.

focused on the oxygen atoms, following the approach outlined
in the “Models and Methods” section, for all of the Pt,@BEA
systems. Accordingly, in a given graph, the values in the
abscissa represent the distance between the reference point R
and the oxygen atoms in the pristine BEA cell, while in the
ordinate are reported the modules of both the absolute (A?)
and radial (AP) displacements from that distance. The
corresponding graphs that refer to the silicon atoms are
reported in Figures S3—SS. Incidentally, for Pt@BEA
structures only the cases corresponding to cavities for which
the equivalent systems with two and three platinum atoms are
present were taken into account; the t-bea-1*(b) species of
Figure 2 was, for example, not considered. The graph relating
to the t-bet system in Figure S5 shows minimal distortions; in
fact, the two most intense peaks consist of displacements by
~0.3 and 0.2 A, while all of the silicon positions in the
framework remains almost unchanged (see Figure S3). These
data allow one to interpret the particular stability of the t-bet
cage structure: the O—Pt—O interaction occurs naturally into a
frame that is quite already suitable, in terms of volume and

zeolite framework topology, to effectively host one platinum
atom. Rising in relative energy, the graph of the t-mtw system
shows, among all, 5 oxygen peaks between 2.10 and 2.80 A,
mostly of the radial kind, whose absolute displacements range
from 0.4 to 0.8 A. They correspond to five of the t-mtw cavity
oxygen atoms closer to the reference point R. Therefore, these
oxygen centers undergo sensible modifications when Pt is
inserted, while once again, the Si atoms mostly maintain their
positions since the oxygen atom rotates around the Si—O—Si
axis. The last graph of Figure S shows several oxygen peaks
with magnitude greater than 0.5 A: at 145, 2.40, and 2.46 A
and then again at 3.79 A. Also two silicon atoms have
undergone displacements of ca. 0.4 A. The corresponding
distortions showed different A characters, as proved by the
peaks at 2.18 and 2.32 A in Figure S3. Analyzing the structure
in more details, it can be observed that the latter are indeed
coupled with the first two oxygen signals discussed above,
jointly corresponding to a situation in which the framework is
broken. In fact, the silicon atoms move away from each other,
each bringing an oxygen atom with itself. As a consequence,
there is a Si—O distance of 2.66 A (whereas in the pristine
zeolite framework, it is 1.66 A).

Moving to systems with two zeolite-embedded platinum
atoms, Figure 6 shows the A and A characteristics of the
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Figure 6. Absolute (A2, blue) and radial (AP, red) displacements of
the framework oxygen atoms in Pt,@BEA systems with respect to the
pristine zeolite structure, within an exploration radius of 6.2 A around
the coordinates of the reference point R. Panels of the different
cavities in which the platinum dimer is located are reported in
increasing relative energy, from top to bottom.

two platinum atom systems. The first three panels,
corresponding to the most stable t-mtw structures, exhibit
several intense (up to 1.1 A of absolute displacement) and
closely spaced peaks in the range between 2.17 and 3.57 A.
This finding lets us to infer that for the Pt,@BEA systems, the
zeolite distortions are not predominant in destabilizing the
supported structures with respect to the original BEA units.
The box relating to the Pt,@t-bet species is characterized by
very slight distortions compared to the others, despite the
presence of a peak for oxygen at ca. 3.10 A, with a distortion
value close to 1.0 A, and two peaks for silicon at distances of
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Figure 7. Absolute (A2, blue) and radial (A?, red) displacements of the framework oxygen atoms in Pty@BEA systems with respect to the pristine
zeolite structure, within an exploration radius of 6.2 A around the coordinates of the reference point R. Panels of the different cavities in which the
platinum cluster is located are reported in increasing relative energy, from top to bottom and left to right. The arrow in the Pt;@t-mtw(b) panel

indicates an off-scale point at AY = 2.75 A.

2.76 and 3.95 A, both showing a distortion value equal to 0.4 A
(see Figure S4), that were negligible in the graph of the Pt@t-
bet system. They correspond to a break of the zeolite
framework in which the Si atom, showing larger radial
displacements, moves away, jointly with the oxygen atom,
from the other silicon so that the latter is found at a distance of
2.83 A (against 1.66 A of the original structure). The driving
force of this break can be identified in the oxygen attraction
exerted by the platinum atom to form an almost linear
arrangement. Finally, for the less stable Pt,@t-bea-1* structure,
the same peaks of Si and O that characterized the cavity with a
single embedded platinum atom are present, only subjected
both to subtle variations in magnitude and to the already
discussed framework modifications. It is interesting to point
out that the first oxygen peak, located at 1.45 A and showing a
distortion value equal to 1.3 A, is now associated with one O—
Pt—O interaction mode between the oxygen and both the two
metal atoms, as discussed in the previous section. Furthermore,
this peak and the one centered at 2.46 A have radial
displacements in the average, but they reach the maximum
values of the absolute displacement among all of the systems.

Figure 7 reports the distortion behaviors taking place in the
different BEA cavities related to systems with three platinum
atoms embedded in the zeolite framework. The most stable
Pt;@t-mtw(c) case unveils the two highest peaks (1.18 and
1.06 A) at 2.73 and 3.57 A from the center taken as reference,
thus being very similar to the behavior of the corresponding
site with two platinum atoms; in fact, only the second peak
became slightly more intense. The next panel shows the same
peaks in the range 2.17—3.57 A that were already observed for
the Pt,@t-mtw structures, with little changes in the signal
behaviors. The one at 3.22 A couples with the silicon peak at
2.94 A of 1.08 A of absolute displacement (which conversely
was negligible in the Si graph of the supported Pt, structure) in
a break of the zeolitic framework where the two atoms move
apart to a final Si—O distance of 3.30 A. An off-scale oxygen
peak is also observed, corresponding to an O atom that moved,

significantly, in order to bond with two other silicon atoms
different to those present in the initial couple. Its position is
now actually occupied by the added third platinum atom. The
behavior of t-bea-1*(a) has not undergone substantial changes
passing from the system involving two to that involving three
embedded platinum atoms, neither for oxygen nor for silicon
displacement. The same result is observed in the subsequent
panel and the, there represented, Pt,@t-mtw(a) system. The
Pty@t-bea-1*(b) species presents a framework break produced
by the first Pt atom already added to the zeolite. However, the
graph shows less intense peaks with respect to both its parent
structures having one and two platinum atoms. Pt;@t-bea-
1#(a) is less stable than the related (b) one due to fewer
interactions occurring between the cluster and the zeolite walls.
The values reported in the panels regarding the Pt;@t-bet
geometry group are very similar to each other. If compared to
the equivalent structures characterized by the presence of two
platinum atoms, the O and Si peaks related to the rupture of
the framework are once again systematically observed, being
those of silicon at slightly higher intensity (0.50—0.60 A
against the previous values of 0.40 A, see Figures 7 and S5).
Furthermore, other peaks of oxygen atoms reaching values of
about 1.0 A are also present, with a characteristic prevalence of
an angular component of the displacement, as can be deduced
by the large difference between A and AP.

Energetics of the Clustering Process. The tendency to
clustering was evaluated inside all of the considered cavities by
calculating the AE values according to processes (eqs 1—3).
The results are collected in Table 2. Besides, Figure 8 shows
the relative energies concerning sets of systems characterized
by the presence of embedded Pt cluster having a different
number (1—3) of atoms inside the cavities. As can be noticed
from the negative values in the first column, Pt, clusters are
favored over two isolated Pt atoms, and this is true regardless
of the kind of cavity. The greatest tendency toward growth
however occurs in the cases where the t-mtw cavity is involved.
This is the second in order of stability as regards the location

https://doi.org/10.1021/acs.jpcc.3c02957
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Table 2. AE Values Related to the Processes Represented by
eqs 1-3, Calculated for Every BEA Cavity Investigated

process AE (kJ mol™")

structure step 1 step 2 step 3
t-bet(a) -16.2 +8.6 +24.8
t-bet(b) —-16.2 +18.1 +34.3
t-bet(c) —-16.2 +32.6 +48.8
t-bea-1*(a) —70.8 —143.3 =72.5
t-bea-1*(b) -70.8 —-116.7 —45.9
t-mtw(a) —119.8 —-101.7 +18.1
t-mtw(b) —-110.3 —-207.0 —96.7
t-mtw(c) —104.3 —242.2 —137.9
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Figure 8. Energetics of and relations between the Pt,@BEA systems
considered for evaluating the clustering tendency. Vertically, cases
with 1, 2, and 3 platinum atoms inside the different cavities are
reported (left to right). The relative energy within the group is given
below the cavity label. Horizontally, cases with the metal atoms in a
certain cavity (t-bet, t-mtw, and t-bea-1%, represented by different
colors) are connected to their parent Pt,_; system by dashed lines.

of a single platinum atom but is actually energetically preferred
over the others for the Pt,@BEA systems. The structures
involved in the different systems easily explain these findings.
In fact, as previously highlighted, the t-bet cavity is already
suitable for hosting one platinum atom, while the t-mtw cavity
undergoes distortions of the framework. However, in the latter,
two metal atoms exhibit a smaller bond distance hence higher
cluster-like features.

The values reported in the second column shows that Pt;@
BEA systems are favored over three isolated atoms, except for
the t-bet sites. Growth in this cavity is indeed thermodynami-
cally unfavorable. This is not surprising, given that in this case,
a comparison is performed between the worst condition for
clustering within the Pt; group (see Figure 8) with the best

energetic condition that is possible to find for a single Pt
embedded in the zeolite. From the structural point of view, the
t-bet cavity is too small to accommodate the three platinum
atoms; in fact, already the second Pt added in this cavity
protrudes toward the main channel so that the cluster is
characterized by little interactions with the zeolite walls. In the
case of the other two types of cavities, on the other hand, the
presence of a Pt; particle is strongly favored, with AE values
ranging from about 115 to 240 kJ mol ™.

The third column of Table 2 shows the difference between
the energy of an embedded Pt; cluster in a given cavity and the
energy of both one metal dimer and one metal atom placed in
two distinct cavities of the same type. The positive value of
+18.1 kJ mol ™! characterizing the t-mtw(a) cavity, see Table 2,
stands out, as an example, from this kind of data adjustment,
which leads to an internal comparison of the three possible
structures in the t-mtw group. If the preferred system for two
platinum atoms is the first, the addition of a further Pt atom
leads to a not particularly stable situation due to the lack of
significant interactions between the metal triangle-shaped
cluster and the zeolite framework. Thus, the growth process
to Pt; most likely follows the c-type structure formation.

Needless to say, clustering could be further investigated,
even until complete saturation of the main zeolite channel is
reached. However, this is clearly outside the scope of the
present work, since the studied systems are intended to be
used as catalysts. Thus, on the contrary, a minimum size is
desirable, provided that the corresponding minimum size
cluster is effective to have catalytic activity and hence, as a
prerequisite, is available to interact with substrates in the main
zeolite channel.

B CONCLUSIONS

An approach within the DFT framework was employed to
identify preferential location of platinum atoms inside a f-
zeolite model and to study the growth of a minimal cluster. Pt
atom migration through cages was also addressed, by means of
a transition state search following the NEB approach.

A comparative structural analysis involving different cavities
and platinum atom numbers showed that the optimal geometry
involving a single platinum atom takes place when the
formation of a O—Pt—O unit in an almost linear arrangement
occurs. This seems to be the driving force that mainly
determine the local structure properties of the metal-
functionalized BEA and may cause breaking of the zeolite
structure even when only one platinum atom is included in a
cage. Energetic preference for clustering was observed against
the occurring of multiple distinct interactions between zeolite
sites and metal centers, leading to slightly different cluster
geometries. With respect to this, the Pt—Pt distance is actually
a sensible factor in orienting the energetics of the Pt,@BEA
species while the cluster geometry become very significant in
the case of the Pt;@BEA species, where the closer the shape of
the cluster is to that of an equilateral triangle, the more stable
the corresponding fragment results.

Platinum migration characterized by the crossing of the wall
of different cavities may occur with relatively low energy
barriers, although occasionally, due to the local topology, the
same process could be hindered by prohibitive energy values.

Since zeolite systems with metal atoms protruding toward
the main zeolite channel, where reactions are likely to occur,
have potential catalytic activity, future developments will be
addressed to simulate, on Pt-embedded zeolites, catalytic
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reactions of interest in the fuel industry, such as paraffin
hydrogenation/dehydrogenation, as part of hydroisomerization
or cracking processes.
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