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Abstract

Zeolites are extensively employed in the chemical and petroleum industries as an acid
catalyst for cracking, isomerization, and alkylation reactions. Recently, they have also gained
attention as potential catalysts for biomass conversion. The activity of Brensted acid sites (BAS)
contained within the microporous zeolite channels is known to be affected by the location and
local environment that stabilizes reaction intermediates and transition states. Additionally, it has
been reported that presence of extra-framework Al (EFAL) and partially coordinated Al (PFAL)
species can significantly alter reaction rates. However, the mechanism behind these enhancements
and the catalytic roles of individual EFAL and PFAL species are yet to be fully understood. In this
project, we utilized Density Functional Theory (DFT) to elucidate the locations and local
environments of active sites in H-ZSM-5. We also propose the mechanisms behind the synergistic
effects generated by the BAS and EFAL/PFAL in proximity. Moreover, the individual catalytic
effects of different EFAL and PFAL on alkane cracking reactions were investigated.

The theoretical calculations provide precise assignments of NMR spectra for acid sites and
their surrounding in zeolites. The well-known signal 4.2 - 4.5 ppm is attributed from BAS at the
intersection and main channels (straight and sinusoidal channels). The broad signal 5-9 ppm is
assigned for framework BAS at 5-MR/6-MR or silanol groups in silanol nests for the first time. It
is noteworthy that the broad signal 11-18 ppm rise from BAS forming hydrogen bonds with
adjacent EFAL/PFAL species. Additionally, for different EFAL and PFAL species, the 2 Al NMR
chemical shift values are in the broad range of 55-85 ppm, which is rational to the expansion of
aluminum peak up to 85 ppm for steamed samples.

The synergistic sites are formed via the hydrolysis of Al framework atoms and migration

of EFAL in the presence of water. During the initial stages of hydrolysis, incomplete hydrolysis

xvi



of BAS site pairs creates BAS/PFAL synergistic sites. The formation of synergistic sites in pulsed
water treatment is not related to dealumination but rather involves the migration of EFAL to BAS
to generate synergistic effect. In both propane and hexane conversions, the cracking reactions are
more influenced by EFAL and PFAL species than the dehydrogenation reaction. The charge
distributions reveal that EFAL and PFAL interact with transition states, resulting in lower
activation barriers.

This work elucidated the underlying mechanism of EFAL and PFAL for enhancing alkane
conversion and pave the way to investigate the function of broader extra-lattice species such as

rare earth and phosphorous in zeolite.
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CHAPTER 1: Introduction

1.1 Theory background

1.1.1 Zeolites

Zeolites are crystalline, microporous materials that possess regular pores or cavities
connected through narrow channels in an ordered pattern. Zeolites are often referred to as
“molecular sieves” because their pore and channel sizes (around 3-15 A) are uniform and similar
in size to small molecules such as cations, water, or appropriately sized molecules. Zeolites are
composed of aluminosilicates, and their structures are based on tetrahedral silica (SiO4) and
tetrahedral aluminum (AlOy’), as depicted in Figure 1. The tetrahedrons are connected at their
corners through shared oxygen atoms, forming a 3D network with different structures. To balance
the charge imbalance caused by the difference in valency between Al and Si, and the number of
Si04 and AlOy4 present in the framework, protons, alkalis, or alkaline earth metals are filled into
the lattice.

In nature, zeolites are formed when volcanic ashes interact with alkaline groundwater.
Currently, there are 40 known natural zeolites that have a wide range of applications, including
wastewater treatment to remove heavy metals and delivering agricultural compounds to fishponds
and soil. ! However, the inconsistent composition and impurities present in natural zeolites limit
their industrial use. The first synthetic zeolite was discovered by Richard Barrer? in the late 1940s,
and by 1953, Robert Milton® had successfully synthesized 20 different zeolites using different

starting materials. Most of the zeolites utilized in industries are synthetic, with structures and



compositions specially designed to meet specific requirements such as catalysis, ion exchange,
and separations.* Research into novel zeolite and synthesis methods will continue to be an essential
field in the future as the demand for zeolites with precise physical and chemical properties

continues to rise.
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1.1.2 ZSM-5 zeolite

This project is centered around ZSM35, a zeolite extensively employed in the petrochemical
industry for hydrocarbon conversion. ZSM-5 (Zeolite Socony Mobile-5), a notable zeolite in the
pentasil and “high silica” zeolite family with a Si/Al ratio greater than 10, was invented by R.J.

Argauer and G.R. Landolt® of Socony Mobile in 1972.



ZSM-5 crystals typically have a coffin- or parallelepiped-like shape, with dimensions
ranging from 100 nm to 100 mm. 7 Inside these crystals, there is a three-dimensional
microporous channel system, as depicted in Figure 2, which serves as a transport mechanism for
molecules. The channel system consists of straight and sinusoidal pores that align with the [010]
and [100] crystallographic planes, respectively. As the two pore types intersect at regular
intervals, molecules can diffuse in the [0] direction. The average pore size of these channels is
approximately 5.5 x 5.5 A, ® and the channel intersections create cavities that are 6.36 A in
diameter, ° preventing the entry or exit of molecules that exceed these dimensions. However,
larger molecules can fit into the cavities at the channel intersections. These unique shape-
selective properties allow ZSMS5 and other zeolites to function effectively as molecular sieves.

ZSM-5 displays strong acidic properties upon occupation of its cation exchange centers
with protons (H") resulting in the formation of BAS, shown in Figure 3. The degree of acidity is
influenced by the silica to aluminum ratio (SAR) within the framework, with a higher SAR leading
to reduced acidity. The crystallographic formula for the unit cell of ZSM-5 is provided as:

Na,Al,Sige_n0102

The value of the variable “n” in the unit cell formula of ZSM-5 can vary from 0 to 27. In a
unit cell, the total number of silica and aluminum atoms is 96. Therefore, the ratio of silicon to
aluminum atoms within the ZSM-5 lattice can differ widely. Usually, ZSM-5 zeolites have a SAR
of greater than 10. A higher SAR results in ZSM-5 zeolite being hydrophobic and thermally stable,

which is advantageous for several applications.



Figure 2. Overview of H-ZSMS at various dimensional scale. a) a micro-sized coffin-
shaped H-ZSM-5 crystal. b) straight pores [001] [100] planes. c¢) three-dimensional
channel system. d) MFI framework comprises of silica and aluminum tetrahedra. e)
BAS. f) extra-framework aluminum from dealumination. g) terminal silanol group.

This figure is taken from ref. °



Due to its acidity, shape selectivity, and thermal stability, ZSM-5 is an essential
heterogeneous catalyst in the petrochemical industry. The BASs demonstrate significant catalytic
activity in the hydrocarbon cracking process. Additionally, the unique pore structure within the
ZSM-5 framework provides shape-selectivity effects that lead to the production of valuable
commercial products, including alkenes, light alkenes, and aromatic molecules in the gasoline
range. ' ZSM-5 is used in various applications, such as cracking of heavy hydrocarbons, methanol

to gasoline conversion, and biomass conversion. °

1.1.3 Distribution of aluminum in zeolites

Our understanding of how aluminum atoms are arranged in zeolite frameworks is
limited. Although X-ray diffraction can determine the basic structure and chemical composition
of the framework, aluminum distribution cannot be determined due to the nearly identical behavior
of Si and Al under X-ray spectroscopy, making it challenging to differentiate between them.
Previous studies showed that the sitting of Al is not arbitrary and depends on the synthesis
parameters and Si/Al ratio. ' 12 These dependences of activity and selectivity on the site location
could result from different sub-nanometer confinement environments. That is, the transition states
are more stabilized in tighter confinement due to enhanced van der Waals interactions between the
transition states and the zeolite frameworks.!?!> As illustration, Li et al.!? have synthesized H-
ZSMS5 zeolite enriched with Al locating in 10-member ring (MR) channels by using B and
observed higher selectivity to propene and less to butene and pentene in cracking reactions of 1-
hexene over these samples than on conventionally prepared H-ZSMS. This less selectivity to large
olefins was attributed to the reduced preference of formation of bulky cationic intermediates in 10-

MR channels due to the small confinement. Similarly, oligomerization, cyclization and hydrogen



transfer reactions producing aromatics and alkanes were proposed to happen preferably at
intersections. According to Janda et al. '4, the dehydrogenation and terminal cracking of n-butene
were found to occur preferentially at the intersection due to larger intrinsic entropies that result in
lower Gibbs free energies at sites with smaller confinement. Through the use of density functional
theory (DFT) calculations, Boronat et al. ' examined the mechanism of carbonylation of methanol
and dimethyl ether (DME) at different sites in H-MOR zeolites. They discovered that the
selectivity of methanol carbonylation was greater in the 8-MR location due to the restricted pore
size, which prevented the reaction of methanol from forming DME.

As aluminum atoms are responsible for desirable properties, considerable research has
been undertaken in this field. The most referenced rule for Al occupation in zeolite is Lowenstein’s
rule, which states that two aluminum atoms cannot share the same oxygen atom in their tetrahedra.
Although experimental evidence for this rule is lacking, it is frequently used to explain data,

including computational results.

1.1.4 Extra-framework aluminum (EFAL) and partially coordinated aluminum
(PFAL) in zeolites.

The literature indicates that the nature of acid sites could be more intricate, as some Al
framework atoms are removed from the framework and form EFAL or PFAL species.
Furthermore, it is widely recognized that exposure of zeolite to moisture can accentuate the
concentration of EFAL species. According to the dealumination mechanism proposed by Silaghi,
17" each hydrolysis step leads to one Al-O bond breaking, shown in Scheme 1. The partial
hydrolysis of framework aluminum generates tetrahedral PFAL species, which can be the

precursors of EFAL. The PFAL species partially coordinate to the zeolite framework through

lattice oxygen atoms and hydroxyl groups being other coordination. '® ' After reacting with four



H>O molecules, the Al framework will be extracted from the framework to become EFAL. The

most preferred EFAL species are oxoaluminum ions, such as AIO*, AI(OH)**, AI(OH)** and Al*",

and some neutral species including AI(OH)s; and AIOOH.?% 2! These EFAL species can transform

into each other in the presence of water. >
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EFALs are positioned in close proximity to traditional BAS, producing synergistic sites

that are deemed responsible for the enhanced catalytic activity observed in several hydrocarbon

conversion reactions. With the growing interest in employing zeolites as catalysts for the solid-

liquid and solid-gas interface, comprehending the microstructure’s response to activity become

increasingly crucial. Despite the reported positive impact of EFAL and PFAL, the mechanism

underlying their activity enhancement remains relatively obscure.



1.2 Density Functional Theory (DFT)

DFT is a widely used theory in computational physics that aims to describe every property
of a material through its ground-state electron density. The Hohenberg-Kohn theorems form the
basis of DFT and offer a simple explanation of its underlying principles. However, these theorems
alone do not provide a practical way to apply DFT in real applications. Kohn and Sham proposed
an approach for calculating the properties of many-electron systems, which paved the way for
further developments. The theorems and derivations used in this context are presented according

to R. Martin’s work. 23

1.2.1 Hohenberg-Kohn theorems

Hohenberg and Kohn’s theorems offer a method for determining the ground state electron

density in a system with many particles. The Hamiltonian of such a system can be expressed as:

(1.1)

f h2§v2+§\/()+1§ e
= — : xt\I =
2mei i i ext 24| -

i#j

where the first component represents the system’s kinetic energy, the second factor corresponds

to the impact of an external potential, and the final term denotes the interaction among electrons.

Theorem 1: The ground state density of particles, no(r), uniquely determines the external

potential Ve, that acts on system of interacting particles.



To prove this theorem, two external potentials that differ by more than a constant are
considered. Despite producing the exact same ground state energy, these potentials give rise to
distinct Hamiltonian, H® and H® and ground state wavefunctions, (") and ¥®. Assuming
that the ground state is non-degenerate, the following equation can be derived by noting that
¥® is not the ground state of H™W.

(1.2)
EQD = <q}(1)|H/(\1)|q1(1)> < <1p(2)|H/(\1)|1p(2)>
The following expression is obtained by reworking the final term in equation (2.2) and

employing the Hamiltonian from equation (2.1):

<lp(2)|ﬁm|lp(2)> - <lp(2)|ﬁf5|1p(2)> _ <lp(2)|ﬁf1\) _ ﬁ@lqj(z)> (1.3)

=E®@ 4 f rd3r[V§t) - Ve(ft)]no (r) (14)
Therefore, the inequality can be expressed as:
EW < E@ 4 f rd®r[VEY = V& o () (1.5)
Applying the same approach for E®, we find that:
(1.6)

ext ext

E® < E® 4 f rd3r[V(2) —V(l)]no(r)



The resulting inequality obtained by adding the two inequalities in Eq. (2.5) and Eq. (2.6)
is E® + E® < EM + E@), which is self-contradictory. This contradiction serves as proof of the
theorem, which states that the electron density of a non-degenerate system cannot be identical for
two external potentials that differ by more than a constant. However, the potential can be uniquely
determined by the electron density, up a constant. A corollary of this theorem is that since the
Hamiltonian is determined solely by the ground state density but for a constant energy shift, the

many-body wavefunctions for all states can be determined.

The ground state energy of a system can be represented by a universal energy functional
E[n], which is independent of the external potential Vex.. The global minimum of this functional
corresponds to the ground state energy, and the density n(r) that corresponds to this minimum

value is the ground state density of the system for any external potential Vex:.

To prove this theorem, one must consider that the electron density n(r) governs all
characteristics of a system. These characteristics can be regarded as a functional form of n(r). The

total energy functional of such a system can be defined in the following manner:

(1.7)
Eyx = TIn] + Ejy[n] + f rd®r Vo, (r)n(r) + Ey

where the first two expressions in the equation refer to the kinetic and potential energies,
while the third term accounts for the effect of the external potential and the final term denotes the
interaction energy of the nuclei. Furthermore, it should be noted that the first two terms are

universal in nature, as they solely rely on density.
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Examine two distinct densities denoted as n”(r) and n®(r). The external potential V,, is
associated with n(1), and the ground state expectation value of the Hamiltonian with wavefunction
WO can be expressed as:

(1.8)
@ = (oD |ypw @D |p@) = p@
E YO|HD|p®) « (9@ | |y E

As expected, the corresponding density n® with wavefunction W® exhibits a higher
energy level under the same external potential:

(1.9)
W = (pO|gD g @|gD|p@) = @
E YOO |gD) < (9@|HD |y E

This implies that the Hohenberg-Kohn functional yields a lower energy value for the
appropriate ground state density no(r) compared to any other density n(r). One implication of this
theorem is that if the internal energy section of the functional is identified, the precise ground state
density can be determined by minimizing the total system energy. By utilizing both theorems, a
self- consistent loop can be established to identify the ground state density of the system, as
illustrated in Figure 3. However, it is important to note that these theorems do not offer any

practical methods for solving many-body wavefunctions.

(1.10)
Fyk = T[n] + Ej¢ [n]

11



U,(r) «—— mng(r)

Vext(r) —— Wy(r)

Figure 3. This process allows for the iterative determination of the ground state
density of a given system, by utilizing the principle outlined in the Hohenberg-Kohn

theorems, taken from ref. 2

1.2.2 The Kohn-Sham equation: DFT in practice

The Hohenberg-Kohn theorems offer an accurate theory, but the challenge arises when
attempting to solve the equations for systems composed of numerous particles due to the
interaction between the particles. To overcome this hurdle, the Kohn-Sham approach proposes
replacing the interacting system with an auxiliary system that incorporates all the dynamics of the
original system. This is achieved by making an assumption based on the two factors. Firstly, it is
assumed that the ground state density for the non-interacting system is identical to that of the
interacting one. Secondly, it is assumed that the auxiliary Hamiltonian includes the conventional

operator for the kinetic energy portion of the energy along with an effective local potential Vg ¢(r).

The energy functional for such a system is derived from this.

12



Exs = Tg[n] + f rd rV, . (r)n(r) + Egareee [n] + Eyc[n] (1.11)

The representation presented in Eq.(2.7) bears some resemblance to the Hohenberg-Kohn
functional, albeit with certain modifications. The first term in Eq.(2.11) corresponds to the kinetic
energy of the system, the second term arises from the nuclei’s potential and other external fields,
the third term is the Hartree term originating from the Coulomb interaction energy, the fourth term
represents the nucleic interactions, the final term is due to exchange-correlation. The key
innovation in the ansatz lies in segregating the independent kinetic energies of the particles and
the long-range interactions in the Hartree terms, which allows the exchange-correlation term to be
approximated as a local functional. The form of the exchange-correlation functional is expressed

as follows:

(1.12)

Exc[n] ;frd%n(r)f rd3r /#rll)

The exchange-correlation hole is denoted by n,,., and there exists no exact solution for its
actual appearance. Regarding the precision of real DFT calculations, the choice of exchange-
correlation functional plays a crucial role in the accuracy of the results. The Kohn-Sham ansatz
offers a practical approach to utilizing DFT. While Hohenberg and Kohn established a self-
consistency loop to iteratively determine the electron density of the ground state of an interacting
many-body system, the ansatz proposed by Kohn and Sham provides a practical way of using DFT.

Figure 4 illustrates the self-consistency loop in conjunction with the ansatz.

13



Vks(r) —— Yimin.(r)

Figure 4. Through the use of the Kohn-Sham ansatz, it becomes possible to determine
the ground state properties of a many-body system in a self-consistent manner, taken

from ref. 23
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CHAPTER 2: Identify different protonic and
aluminum species in H-ZSMS zeolite

2.1 Abstract

Solid-acid materials with tunable acidic and structural properties are promising
heterogeneous catalysts for tailoring the activity and selectivity of advanced petrochemical
processes. Additionally, the catalytic performances are dictated by acidic strength, density and
local environment of active sites. The latter is related to their locations and the presence of EFAL
or PFAL species, which strongly affect the reaction mechanism and host-guest interaction. Here,
we exploited DFT calculations to interpret solid-state 'H NMR and 2’Al NMR spectroscopy for
identifying different structures of possible active sites in H-ZSMS5 zeolite. The active sites can be
IBA or synergistic sites (BAS/EFAL and BAS/PFAL). The DFT results revealed that 'H chemical
shift of isolated Brensted acid sites (IBAS) is sensitive to their locations. The recently reported
broad signal 11-18 ppm arises from the BAS that forms hydrogen bonds with oxygen atoms
belonging to vicinal EFAL/PFAL, and the silanol groups in silanol nests resulted from
dealumination. Moreover, computed ?Al NMR values of tetrahedral Al are in the well-known
range of 53-63 ppm, while the 2’A1 NMR of EFAL and PFAL can expand to a boarder range of
55-85 ppm. The combination of DFT calculation and NMR spectroscopy allows to clarify all
protonic and aluminum species in H-ZSMS5 zeolite. All these findings are important in
understanding the structures of H-ZSMS5 zeolite and the catalytic role of EFAL/PFAL species,
which is expected to be beneficial for rational design of numerous zeolite-mediated hydrocarbon

reactions.
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2.2 Introduction

Solid-acid catalysts are valuable for many catalyzed processes such as alkane cracking,
alkene isomerization, aromatic alkylation, polymerization and biomass conversion.? 23
Microporous zeolites with pore diameters in the sub-nanometer range are solid-acid catalysts most
commonly employed. The catalytic properties of zeolites arise from the strong acidic protons,
positioned at BASs, that compensate for the negative charge on the framework, resulted from the
substitution of Si*" with AI**. On the other hand, the acid site's distribution and location determine
their performance in hydrocarbon transformations. !4 13-26.27

Previous studies showed that the sitting of Al is not arbitrary and depends on the synthesis
parameters and Si/Al ratio.'’ '2 These dependences of activity and selectivity on the site location
could result from different sub-nanometer confinement environments. That is, the transition states
are more stabilized in tighter confinement due to enhanced van der Waals interactions between the
transition states and the zeolite frameworks.!>!° For example, Li et al.!? have synthesized H-ZSM5
zeolite enriched with Al locating in 10-member ring (MR) channels by using B and observed
higher selectivity to propene and less to butene and pentene in cracking reactions of 1-hexene over
these samples than on conventionally prepared H-ZSMS. This less selectivity to large olefins was
attributed to the reduced preference of formation of bulky cationic intermediates in 10-MR
channels due to the small confinement. Similarly, oligomerization, cyclization and hydrogen
transfer reactions producing aromatics and alkanes were proposed to happen preferably at
intersections. According to Janda et al. !4, the dehydrogenation and terminal cracking of n-butene
were found to occur preferentially at the intersection due to larger intrinsic entropies that result in
lower Gibbs free energies at sites with smaller confinement. Through the use of DFT calculations,

Boronat et al. !¢ examined the mechanism of carbonylation of methanol and dimethyl ether (DME)
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at different sites in H-MOR zeolites. They discovered that the selectivity of methanol
carbonylation was greater in the 8-MR location due to the restricted pore size, which prevented
the reaction of methanol from forming DME.

On the other hand, literature has presented evidence that indicates the acid site character
may be more intricate, as some Al framework atoms can be extracted from the framework and
create EFAL. !7-18:25.2832 Moreover, it is widely acknowledged that exposing zeolite to moisture
can intensify the density of EFAL. 2% 323 The most preferred EFAL species are oxoaluminum
ions, such as AlO*, AI(OH)**, AI(OH)** and AI**, and some neutral species including AI(OH);
and AIOOH. 2% 2134 These EFAL species can transform between each other with the presence of
water. 22 Apart from the EFAL that are completely removed from the zeolite framework, PFAL
species are also present in zeolite catalysts due to incomplete hydrolysis of framework Al atoms.
In a previous study, 2-dimensional 2’Al NMR spectroscopy provided evidence for two types of
tetrahedral aluminum in dehydrated H-ZSM-5 zeolite in close proximity to each other: the first,
AI(IV)-1, arose from framework BAS, while the second, Al(IV)-2 was attributed to incompletely
hydrolyzed AI(IV)-2. 3 The free energy involved in the hydrolysis of Al framework to form
different degrees of PFAL species is presented in Chapter 3. 3¢ PFAL refers to Al partially
coordinated to the framework with the remaining coordination being OH groups. These species
are precursors to EFAL species under water treatment. Various types of PFAL have been reported
depending on the treatment conditions. '* While steaming may lead to a loss of BAS density, a
brief steaming period has been shown to significantly enhance the rate of many hydrocarbon
transformations due to the synergistic sites effect of BAS/EFAL and BAS/PFAL, as reported in

previous studies. More recently, pulsed water treatment has been used to introduce EFAL into MFI
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in a more controlled manner, leading to significantly enhanced cracking rates over these
synergistic sites. 2°

Identification of the locations and structures of the acid sites is thus critical to understand
the catalytic behaviors and controlling the desirable products in zeolite. Solid-state NMR
spectroscopy is a powerful tool for investigating the structural characterization of active sites in
zeolites. 'H NMR and ?’Al NMR spectroscopy can provide valuable information to identify the
structures of active sites in zeolites. 28-3% 3% 37-40 While 2’A1 NMR can provide information about
aluminum state, the local environment of proton can be characterized by 'H NMR. The MFI
structure is a good zeolite framework for such a study since it is very unsymmetrical with 12
crystallographic T sites.

In other to comprehend the catalytic behaviors and regulate the desired product in zeolite,
it is crucial to identify structure and location of active sites. Solid-state NMR spectroscopy is a
potential tool for investigating the structural characterization of active sites in zeolite. Valuable
information about the structure of zeolite can be obtained through 'H NMR and Al NMR
spectroscopy, with 2’A1 NMR providing information about the aluminum state and '"H NMR
characterizing the local environment of protons. The MFI structure is highly unsymmetrical with
12 distinct crystallographic T sites, which is an excellent zeolite framework for conducting such
studies. Chen et al. ?° carried out one- and two-dimensional '"H NMR spectroscopy to elucidate
various types of protonic species in H-ZSMS5 zeolite. The signal 4.0-5.0 ppm are generally
assigned to the well-known BAS. The two signals 2.8 and 11-16 ppm can be removed by
ammonium hexafluorosilicate (AHFS), suggesting that these species could be associated with
EFAL. Our recent work reported that the broad signal at 11-16 ppm rose from BAS in proximity

with EFAL Al(OH); or AI(OH)3 and the signal at 2.8 ppm was assigned to hydroxyl group of

18



EFAL Al(OH),.#!' In addition, the broad signal at 5-9 ppm rising from both framework and EFAL
species are less understood. For 2’ A1 NMR, the three main peaks at roughly 60, 30 and 0 ppm serve
as indicators for tetrahedral framework Al, five-coordinated, and octahedral EFAL. ?>3% The ?’Al
chemical shift signal could expand to 65-74 ppm region in the early stage of hydrolysis. 3 4
Additionally, the 2-dimensional 'H{?’Al} NMR spectra gave evidence that there are two coupling
between tetrahedral Al and proton: 51/4.2 ppm and 54/2.8 ppm in H-ZSM5. 4 In particular, the
51/4.2 ppm correlation is related to the well-known BAS while 54/2.8 ppm resulted from the
coupling of either framework crystallization defect or partially hydrolyzed framework Al. 3 These
findings allow us to conclude that the synergies between BAS and EFAL species present in the
dehydrated H-ZSMS5 zeolite. Nevertheless, further investigation is needed to elucidate the detailed
structures of all possible species after hydrothermal treatment, as the signal overlaps in
experimental spectra make interpretation complex. A study combining 1H NMR and 27A1 NMR
based on DFT-calculation is therefore valuable for giving detailed information on the structures of
different aluminum species as well as their interplay in H-ZSM-5 zeolite.

Here, we benchmark DFT data and experimental NMR spectra for H-ZSMS5 zeolite. Our
analysis includes a comprehensive examination of the 'H chemical shift and 2’Al chemical shift
for isolated BAS at different locations, as well as a discussion of the chemical shifts for potential
synergistic sites involving BAS and EFAL or PFAL. The strong agreement between our
experimental findings and theoretical calculations enables us to differentiate between NMR signals

and uncover intricate details about the structures of synergistic sites.
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2.2.1 NMR Chemical Shift

This chapter will involve the computation of the nuclear magnetic resonance (NMR)
chemical shift of H-ZSM-5 zeolite. To identify the structure and location of active sites and the
local environment surrounding them, both 'H NMR and >’Al NMR were employed. The interaction
between an external magnetic field, B, and a nuclear magnetic moment is expressed as follows:

E=—p,-B 2.1

In the above equation, pa represents the spin magnetic moment of a specific nucleus, while
B denotes an external static homogeneous magnetic field. In atoms, molecules, and solids, the
electrons provide shielding for B, meaning that the nucleus interacts with an effective filed.
Therefore, when nuclear G is subjected to a specific chemical environment, and G represents the
nuclear shielding tensor, then:

E=—-u-(1-0)B (2.2)

The term pa. B is typically excluded from zero-order quantum chemistry calculations;

therefore, the nuclear shielding tensor can be expressed as:

% 2.3)
0B al,lA B=0,1,=0

Oa

To obtain the formal agreement with Eq. (2.3), the second derivative can be computed
analytically, but numerical methods are often preferred due to the complexity of the energy
expression. To establish formal agreement with Eq. (2.3), E, H and ¥ are expanded in a
perturbation series in pua and B, and terms that are bi-linear in both are collected. The dimensionless
quantity o, which is typically given in units of 10 (parts per million, or ppm), is established. The
rotational average is represented by the isotropic shielding constant, c. Experimental data typically

report the chemical shift, 5, which is defined as:
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§ = Greference -0 (2.4)
In this context, the value of s is established for a nucleus of interest in a reference
compound. Quantum chemical calculations of NMR for similar molecules often produce
consistent errors of a similar magnitude and direction, when using the same functional and basic
set. Therefore, a more accurate reference molecule for computational purposes may be one with a

well-known chemical shift that is chemically similar to the molecule under investigation.

2.3 Computational methods

Zeolite model geometry: The unit cell of ZMS-5 consists of 96 T atoms (T = Si, Al) and
192 oxygen atoms. The proton and aluminum chemical shifts of twenty-four BAS at different
locations including intersection, straight channel, sinusoidal channel, small void, 5-member ring
(5-MR) and 6-member-ring (6-MR) were computed. Ghorbanpour et al. * reported that BAS at
T7 was the most thermodynamically stable. Based on that finding, a BAS was positioned at T7 in
all synergistic site configurations. To obey the Lowenstein's rule, the positions of Al site pair in
framework were set in the Al-O-(Si-O)x-Al (x = 1 and 2) sequences. The PFAL species are partially
hydrolyzed Al calculated following the dealumination mechanism by Silaghi et al. !

Computations: Our DFT calculations were performed using Vienna ab initio simulation
package (VASP). 4> Perdew-Burke-Ernzerhof (PBE)* generalized gradient approximation (GGA)
was used for the exchange-correlation potential. DFT-D3 semi-empirical method*” was employed
to account for the van der Waals interaction. The system was fully relaxed with a kinetic cutoff of
400 eV. A single I point in the first Brillouin zone was used for atomic relaxation. The lattice
parameters of unit cell zeolite were set accordingly to the experimental study: a = 20.078 A, b =

19.894 A and ¢ = 13.372 A, as in our previous studies. > 3% 3% 4 The geometry optimizations
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continued until the force excess on each atom was smaller than 0.02 eV/A. The self-consistent
field electronic calculations were assumed to cone 107 eV.

The chemical shift was calculated using the linear response function method. *° The 'H
NMR and 2’Al NMR chemical shifts were obtained by shift factors of 30.9 and 562 ppm,
respectively, which convert the calculated chemical shielding to chemical shifts. The protonic and

aluminum chemical shifts were subsequently computed for all proposed complexes.

2.4 Results and discussions

2.4.1 '"H NMR and ?’Al NMR of isolated Bronsted acid sites at different locations.

We conducted benchmark studies by contrasting experimental NMR spectroscopy with
calculated |H NM and 27A1 NMR data to identify potential species in H-ZSM5 zeolite. Through
this investigation, we aimed to elucidate the structure of all feasible species. Figure S depicted the
three-dimensional microporous channel system of ZSM-5 zeolite, which comprises of straight
channels oriented along b direction and sinusoidal channels running along a direction. The two

types of channels are connected at intersections, which are 6.36 A in diameter.” These channels

serve as delivery systems for molecules diffusion in the a, b and c directions. There are 12
crystallographically distinct tetrahedral sites and 6 possible positions for a BAS including
intersection, straight channel, sinusoidal channel, small void, 5-MR and 6-MR. In experimental
"H NMR and ?’ Al NMR spectra, the well-known signal of BAS is at 4.0-4.5 pm and the tetrahedral
framework Al is at 54-61 ppm.2>- 2829, 32,35, 50,51,

Figure 6 illustrates the calculated 'H and 2’ Al chemical shifts of IBAS and their responding

calculated structures at different locations. As demonstrated in Figure 6a-f, at the intersection and
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straight channel, H! chemical shift of acidic OH groups are in between 4.1 and 4.5 ppm. In the
sinusoidal and small voids, the 'H chemical shifts are slightly higher, in the range of 4.6-5.3 ppm
(Figure 6g-1). Notably, in Figure 6m-r, the 'H chemical shifts of BAS at the 5-MR and 6-MR
downfield in 5.0-8.5 ppm region, which causes from the hydrogen bonds formed with oxygen atom
on the ring. The high electronegativity of oxygen to which the proton is hydrogen bonded decreases
the electron cloud around the proton, leading to deshielding of the protons. The variation of 'H
chemical shifts of BAS is attributed to the degree of hydrogen bonds. Moreover, the deshileding
phenomenon also account for the slightly higher 'H chemical shift of certain BAS located in the
sinusoidal channel and small voids. These regions have smaller confinements, enabling more
oxygen atoms to encircle the BAS as compared to the intersection. This results in the withdrawal
of electron density from neighboring atoms by these electronegative atoms, leading to higher
chemical shift values. Furthermore, the deshielding effect caused by hydrogen bond formation in
SMR/6-MR is significantly more pronounced than that of the surrounding oxygen in the sinusoidal
and small voids. Hence, 'H chemical shifts of BAS in 5-MR/6-MR can shift to 8.5 ppm. These
outcomes suggest that the protonic chemical shift of IBAS is sensitive to their positions. Our
calculated 'H NMR values of BAS at the intersection and void channels agree well with the well-
known 4.0-5.0 ppm peak. According to research by Gounder’s group, the stability of framework

Al centers can be influenced by their surrounding environment. 2

The majority of substituted
tetrahedral Al is connected to oxygen atoms that are approachable to the intersection or the main
channel void. Particularly, the relative Al exchange with TPA" indicate a intrinsic preference for

Al-sitting; the most stable Al substitutions are positioned close to T12, which locate at the

intersection. > Additionally, BAS preferentially point toward the large voids. 2® Thus, most of
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BAS in ZSM-5 dominantly reside at the intersection and main void channels, which exhibit 'H
NMR in the range of 4.1-5.5 ppm.

In experiments, the board 5-9 ppm peak observed at the shoulder downfield of the BAS
peak is less understood. However, it has been demonstrated that ammonium hexafluorosilicate
(AHFS) can partially remove this peak, indicating that it arises from both framework and extra-
framework species. 2% 2° Our results in Figure 6m-r provide the first evidence that the peak 5-9
ppm can be attributed to framework BAS located at 5-MR and 6-MR, which forms H-bonds with
framework oxygen atoms. The dependence of 'H NMR of BAS to locations has been reported
previously; for example, the peaks at 4.3 and 5 ppm were assigned to acidic hydroxyl groups at
super cages and sodalite cages in calcined H-Y zeolite, respectively. Furthermore, the 2’Al
chemical shifts of tetrahedral framework BAS are in the range of 53-63 ppm, which are in good
agreement with well-known tetrahedral Al peak?? 33 40.42. 30,51,

For 2’Al NMR, this section solely focuses on the tetrahedral framework BAS, which
exhibits chemical shift between 53-63 ppm. This range is consistent with the well-known chemical

shift range for tetrahedral Al.
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unit cell

sinusoidal
channel

straight channel

intersection

Figure 5. A) Calculated H-ZSMS zeolite structure; B) Schematic diagram of three-

dimensional channel system of H-ZSMS zeolite morphology comprising of the
straight and the sinusoidal channel.
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Figure 6. DFT-calculated proton and aluminum chemical shift of BAS at different

locations in H-ZSMS zeolite: a, b, c) intersection; d, e, f) straight channel; j, h i)
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sinusoidal channel; j, k, 1) small void; m, n, 0) 5-member ring (5-MR); p, q, r) 6-

member-ring (6-MR). Back numbers: "H NMR, and blue numbers: 2’Al NMR.

2.4.2 'H NMR and A1 NMR of different EFAL species stabilized at the
intersection.

We examined various cationic EFAL species such as AlO*, AI(OH)** and AI(OH)," and
neutral species such as AI(OH); and AIOOH. The EFAL species exhibit a preference to connect
to the AlO4 tetrahedral moiety. 2! Figure 7 shows the optimized structures of EFAL species
formed at the intersection and their corresponding chemical shifts. In structures 1, 2, 3, 4, and 5a,
the EFAL coordinated to the tetrahedral framework at T12. The EFAL Al(OH); can either form
cluster like structure 5b or coordinated to AlO4 tetrahedral moiety like structure 5a. The 'H
chemical shifts of OH associated with EFAL are in the range of 0.7-2.3 ppm.

Now we discuss Al NMR of EFAL species. While the 2’Al chemical shift of AlO*
moieties are still in the range of tetrahedral Al, it’s worth noting that the 2’ A1 NMR chemical shifts
of EFAL exhibit a wider range of values, varying from 58 to102 ppm. This range is dependent on
the specific of EFAL structures, such as binding partner and coordination numbers with the
framework. Structure 1-4 in Figure 7, EFAL AlO*, AI(OH)** and AI(OH)," and AIOOH are
bonded with the two framework oxygen atoms neighboring the tetrahedral Al sites, and the Al-Al
distance are similar, about 2.8 A. In structure 5a, where AI(OH); EFAL is present, it only connects
with on framework oxygen, resulting in a longer Al-Al distance of 3.1 A. This indicates a weaker

interaction with the framework in comparison to the other EFAL species.
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Al(OH)?*

Figure 7. Optimized structures of various EFAI species stabilized at the intersection

and their DFT-calculated '"H NMR and 27A1 NMR.

The observation of tri-coordinated Al signal is impossible using traditional 2’ A1 NMR due
to its huge quadrupolar (Cq >30) and low density. 3 Prior studies used trimethylphosphine oxide
(TMPO) and tri-butylphosphine oxide (TBPO) as probe molecules to evaluate the acid strength of
sites containing tri-coordinated Al species. >* 34 In this situation, DFT calculations can provide a
powerful tool for exploring the 2’ Al NMR values of tri-coordinated Al species. The 2’Al chemical
shift of cluster AI(OH)? in 5b is shown at 102 ppm. Furthermore, computed quadrupolar (Cq)

values for Al atoms in structure 5b are roughly 13 and 32 MHz for the tri-coordinated EFAL and

28



tetrahedral framework Al, respectively. The Cq is sensitive to symmetry of Al sites, the more
unsymmetrical environment the larger the Cq. In this case, Cq of AI(III) is nearly three time larger

than AI(IV) due to the fact that geometry of AI(III) is obviously less symmetric than AI(IV).

2.4.3 'TH NMR and 2’A1 NMR of synergistic site BAS/EFAL species

When BAS locates in spatial proximity with an EFAL species, they form synergistic sites,
which have been shown to result in considerably stronger catalytic activity. % 2% 3132 Recently,
we revealed the broad peak at 12-15 ppm rose from BAS located in proximity with EFAL
Al(OH)," and Al(OH)s, and the signal 2.8 ppm are attributed to hydroxyl groups associated with
EFAL. ° These two signals can be introduced by hydrothermal treatment and can be washed by
AFHS, indicating they are associated with EFAL species. To examine the BAS/EFAL synergies,
we choose T7-11 (the left term represents the tetrahedral site, which is substituted with Al and the
second term denotes the neighboring tetrahedral site of silicon atom connected to the protonated
oxygen) as BAS. We also assessed how the distances between BAS and EFAL impact to chemical
shifts by considering T11 and T12 for location of EFAL.

Figure 8 displays the optimized geometries of a variety of BAS/EFAL, in which EFAL
locate at T12, which is separated from BAS by two Si linking atoms and do not have direct
interaction (e.g., hydrogen bond) with BAS. Structure 10b comprise a BAS and an adjacent EFAL
Al(OH)s cluster without direct interaction, stabilizing at the intersection. One can see that the 'H
and ?’Al chemical shifts in these synergistic sites remain almost the same with isolated BAS and
isolated EFAL. On the other hand, in structures 6b, 7b, 8b, 9b, 10c, and 10d (Figure 9), the EFALs
are positioned at T11, which is only one Si linking atom away from the BAS at T7. In these

synergistic sites, the BAS forms hydrogen bonds with oxygen atoms which are associated with
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EFAL species. These hydrogen bonds shift the 'H NMR of the BAS to 15-18 ppm. The phenomena
happen in the same way with the higher value of BAS at 5-MR/6-MR, in which the hydrogen

bonds result in the deshielding of the proton.

BAS/AI(OH

Figure 8. Optimized structures of a variety of synergistic sites BAS/EFAL species
stabilized at the intersection and their DFT-calculated '"H NMR and 27A1 NMR. In
these synergistic sites, EFAL and BAS do not form hydrogen bonds. Black numbers:

I'H NMR and blue numbers: 2’Al NMR.
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BAS/AIO*

BAS/AI(OH),
6073

Figure 9. Optimized structures of a variety of synergistic sites BAS/EFAL species
stabilized at the intersection and their DFT-calculated "H NMR and 27A1 NMR. In
these synergistic sites, BASs form hydrogen bonds with EFAL. Black numbers: 'H

NMR and blue numbers: 2’Al NMR.

To check this effect in sinusoidal and straight channels, we calculated chemical shifts for
synergistic site BAS/AI(OH)," in both channel geometries, as shown in Figure 9. The 'H chemical
shifts of BAS in synergistic sites 8c and 8d resonate at values of 13.1 and 11.3 ppm. The computed

chemical shifts of synergistic sites in straight and sinusoidal channels are comparable to those
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located at the intersection. Generally, the hydrogen bonds forming between proton and oxygen
atoms belonging to EFAL species can shift the 'H chemical shift of proton to 11-18 ppm. The
broad range of 'H chemical shifts reflect the different degrees of hydrogen bonds, which depend

on the relative distances of O-H bonds.

BAS/AI(OH)," BAS/AI(OH ),

Figure 10. Optimized structures of synergistic sites BAS/AI(OH)," and their DFT-
calculated '"H NMR and 27A1 NMR stabilized at 8c) sinusoidal channel; 8d) straight

channel.

In addition, some 'H NMR of OH groups can be shifted to 6.6 ppm, shown in structure
10d. Even though this chemical shift is in the same range with BAS at 5-MR/6-MR, the difference
is that it belongs to the EFAL species and can be removed by chemical wash AHFS. These results
provide confirmation of the assertion that the 5-7 ppm signal is attributed to both framework and
extra framework species. Generally, we show that the BAS formed hydrogen bonds with different
EFAL species will resonate at higher values of chemical shift, at 11-18 ppm. The 'H chemical
shifts of OH groups in EFAL are mainly in the range of 1.7-3 ppm while some can be much higher

at about 6.6 ppm. In experiments, many coupling signals of two Al in proximity were observed
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using 2-dimensional 2’Al NMR?*. They can be the signals of BAS/BAS or BAS/EFAL.
Particularly, the signals (55, 87) and (55, 114) ppm were reported in dealuminated HY zeolite,
however, the structures corresponding to these signals do not know yet. * From Figure 4, even
though the NMR signals in HY zeolite can be slightly different from that in H-ZSMS5 zeolite, it’s
capable of assigning the (55, 87) ppm to the synergistic site between BAS and EFAl (AIO™,

Al(OH)," or AIOOH) while the signal (55, 114) could arise from the BAS/AI(OH)3 synergies.
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Figure 11. Linear relationship between the O-H bond distance and '"H NMR of proton

in synergistic sites.

2.4.4 'TH NMR and ?’A1 NMR of synergistic site BAS/EFAL species

The hydrolysis of framework atoms in zeolite is a well-known phenomenon that occurs
upon exposure to water. '8 23313355 The extent of dealumination under hydrothermal treatment is
proportional to the duration, temperature, and partial pressure of steam, resulting in the coexistence
of framework Al, PFAL, and EAFL species in zeolite treated with water. '8 2% 33.42,50.56 Tpy the

previous section, we discussed 'H and ’Al NMR of different BAS/EFAL synergistic sites. Here,
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we propose the synergistic sites generated from BAS and PFAL species, which can coexist as
means of enhancing catalytic performances in benzene hydride transfer and n-hexane cracking

reactions. °

BAS/PFAL3

Figure 12. Optimized structures of synergistic sites BAS/PFAL species stabilized at

the intersection and their DFT-calculated 'H NMR and 27A1 NMR.

While EFAL species have been studied extensively, the structures and catalytic functions
of PFAL species remain a current topic of interest. Within the PFAL species, there are three sub-
species: PFALI, PFAL2, and PFAL3, which are each described as incorporating one, two and
three water molecules. The detailed chemical shifts for BAS/PFAL synergistic sites are given in
Figure 7. One can see in Figure 7 that PFAL1 and PFAL3 are four-coordinated Al species while
PFAL2 refer to be penta-coordinated Al species. Most of the silanol Si(OH) groups in silanol nest
are in high deshielding environments, at 8-13 ppm, owing to the hydrogen bond generated with
framework oxygen atoms. The silanol groups having no direct interaction with oxygen atoms have
'H chemical shift at about 5 ppm. The '"H NMR of OH groups on PFAL varies between 1-3 ppm.

In the case of BAS/PFAL1 and BAS/PFAL2 (structure 11 and 12), there is no direct interaction
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between PFAL and BAS, and the 'H chemical shift of BAS at T7 remains unchanged. The
chemical shifts of the A(IV)-2 are 62 and 71 ppm in the cases of four-coordinated PFAL1, PFAL3,
respectively, which agree with observation for 2’Al chemical shift of H-ZSM5 after hydrothermal
treatment. 3> *? Supporting for this result, Ravi et al.’® reported the 2’ Al NMR signal at 63 ppm for
irreversible Al-OH species appearing from calcination in static air. The mentioned irreversible Al-
OH species in should be PFAL species. The five-coordinated Al in PFAL2 species was
characterized by a chemical shift of 40 ppm. These results explain for the expansion of 27Al NMR

peak in experimental spectra under steaming treatment. 3> 42

2.4 Conclusions

The theoretical calculations provide precise assignments of NMR spectra for acid sites and
their surrounding in zeolites. Thus, by combining DFT-calculation with experimental NMR
results, the quantitative information on different active sites (IBAS and synergistic sites) in zeolites
may be accurately determined. Further calculations can provide the acid properties and catalytic
performances over zeolites. The assigned structures of various protonic and aluminum species are
shown in Tables 1 and 2, respectively. The 'H NMR of IBAS are sensitive to their locations and
local environments. The well-known signal 4.2 - 4.5 ppm is attributed to BAS at the intersection
and void channels. The smaller confinement can lead to higher values of 'H NMR of BAS. The
broad signal 5-9 ppm, partially washed by AHFS, is assigned for framework BAS at 5-MR/6-MR
or silanol groups in silanol nests for the first time. It is noteworthy that the broad signal 11-18 ppm
rise from BAS forming hydrogen bonds with adjacent EFAL/PFAL species. Furthermore, the 27Al
NMR values are sensitive to coordination numbers and binding ligands. The 2’Al chemical shifts

of tetrahedral framework Al are in the range of 53-63 ppm, consistent with experimental
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observation. For different EFAL and PFAL species, the chemical shift values are in the broad
range of 55-85 ppm, that is rational to the expansion of aluminum peak up to 85 ppm for steamed
samples. We believe that the synergistic models of BAS/EFAL and BAS/PFAL presented in this
work are useful for studying numerous hydrocarbon reactions in zeolite under hydrothermal

treatment.

Table 1. Assignments for protonic species in H-ZSM zeolite by combining

experimental spectroscopy and DFT calculations.

Assignment of species 'H NMR Fram Extra- Partially
(ppm) ework framework coordinated
framework
BAS at the intersection 4.2-4.5 \% X X

and straight channels

BAS at the sinusoidal 4.6-5.3 \% X X

channels and small voids

BAS at SMR/6-MR 5.0-8.5 v
OH associated with 0.7-3.2 X v A%
EFAL/PFAL
BAS forming hydrogen 11.0-18.0 v Maybe Maybe
bond with EFAL/PFAL (when EFAL (when PFAL
delocalize delocalize proton)
proton)
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Silanol groups in silanol 5.0
nests (without hydrogen

bond with oxygen

framework)

Silanol groups in silanol 8.5-14.1

nests (with hydrogen
bond with oxygen

framework
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Table 2. Assignments for aluminum species in H-ZSM zeolite by combining

experimental spectroscopy and DFT calculations

PFAL

Assignment of species | 2?Al NMR (ppm) | Framework | Extra- Partially
framework | coordinated
framework
Tetrahedral BAS 53-63 A% maybe unlikely
Tetrahedral EFAL 54 -69 v likely
Tri-coordinated EFAL 100 v X X
Tetrahedral PFAL 62-71 maybe maybe \4
Five-coordinated 41 X X \4
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CHAPTER 3: Dynamical behaviors of
aluminum species in H-ZSM-5 zeolite

3.1 Abstract

Extensive discussions and debates have taken place regarding the impact of EFAL species
on industrially important reactions including alkane cracking. It has been widely acknowledged
that water treatments can influence the framework aluminum sites, leading to modifications in
activity. Although various hypotheses have been proposed, the prevailing theory suggests that the
synergistic effect between BAS and EFAL, when in proximity, enhances the catalytic activity of
zeolite. This section proposes possible mechanisms for the formation of BAS/EFAL and
BAS/PFAL synergistic sites, with the latter arising from the incomplete hydrolysis of Al in pairs.
Furthermore, an explanation is provided for a recently reported pulsed water technique, which
introduces very small amounts of water into zeolite catalysts, thereby enhancing the rate of n-
hexane reaction without compromising crystallinity or the total BAS density. In addition,
thermodynamic cycles connecting different EFAL complexes were constructed, involving
elementary steps such as hydration/dehydration and proton transfer. The calculations and
discussions of sodium titration to various active sites situated in different locations were also
conducted. Examining the sodium titration behavior is crucial in analyzing the performance of
each individual active site. Understanding the thermodynamic characteristics of aluminum species
in zeolites through these findings is significant for the rational design of various hydrocarbon

reactions catalyzed by zeolites.
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3.2 Introduction

The zeolite is subjected to a steam treatment to create mesopores by partially breaking the
Al-O and Si-O bonds within the framework through hydrolysis. 37> This process removes some
Al or Si species from the framework, which results in the formation of EFAL and silanol nest. The
silanol nest is characterized by the presence of four hydroxyl groups surrounding the tetrahedral
void. 3° There is a vast amount of literature devoted to the generation and thorough investigation
of extra-framework aluminum (EFAL) species located inside cavities.

Several studies have reported that the process of dealumination can occur at specific sites.
60, 61 The dealumination behavior of a zeolite is also influenced by the structure of the zeolite
frameworks. % For instance, zeolite beta possesses a 12-ring pore system that extends in three
dimensions, making its framework highly flexible. On the other hand, zeolite mordenite has one-
dimensional 12-ring pore system, while ZSM-5 has a three 10-ring pore system. Compared to beta
zeolite, both structures exhibit less flexibility, which makes the process of dealumination more
challenging. Additionally, dealumination could be impacted by the number of T-atoms present in
four-ring, as the tension in smaller rings is greater. ® Van Geem et al. ¢! investigated the
dealumination of mordenite and substantiated this finding. They arrived at the conclusion that the
dealumination atoms in mordenite are distributed randomly throughout all T-sites, and that the
initial stage of dealumination occurred in four-rings, based on their MAS NMR and FTIR analyses.
This finding was supported by Muller et. al., ®© who noted that among the four zeolite types
(mordenite, ZSM-5, ferrierite, and beta zeolite), beta zeolite is the easiest to dealuminate. The beta
zeolite structure contains 75% of tetrahedral sites in four-rings, with half of them linked to two
four-ring, making it easier to dealuminate. ZSM-5 zeolite is highly stable towards dealumination,

owing to the low percentage (17%) of tetrahedral sites in four-ring, and they can be synthesized
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with varying Si/Al ratios and crystal sizes without complications. Ferrierite exhibits the most stable
due to the fact that all tetrahedral sites are bound to five-rings, rather than four-rings.

Chen et al. > provided evidence to demonstrate that even at room temperature exposure of
ZSM-5 to moisture can result in the hydrolysis of the Al framework atoms. Likewise, Agostini et
al. © reported that the dealumination occurs at moderate temperature (450-500 K) during the
steaming of NH4-Y. Shilaghi et al. !7 reported the comprehensive mechanism of dealumination in
Scheme 1, along with the reported free energy of the dealumination process for different zeolite
frameworks. The free energy profile of dealumination in ZSM-5 is presented in Figure 13. The
incomplete hydrolysis leads to PFAL, while the EFAL generated from dealumination can
transform to different forms, shown in Scheme 2. ?> The most preferred EFAL species are
oxoaluminum ions, such as AlO*, AI(OH)**, AI(OH)** and AI**, and some neutral species

including Al(OH); and AIOOH. 20-21.34

-3H,0 -H,0 +H* -H,0 +H* -H,0
Al(OH);(H,0); —> AI(OH); —> AIOOH —> [Al(OH),]* —> [AIO]* —> [Al(OH)]** —> APP*
221 208 -145 256 -185 259

Scheme 2. Conversion of different EFAL species in Faujasite zeolite. The energy is

reported in kJ/mol. This figure is taken from ref. 22
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In this section, to propose for the formation of BAS/PFAL synergistic sites, we adopted

the dealumination mechanism in Silaghi’s paper.
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Figure 13. The free energy profiles for the favored dealumination route of T304,
T1002, and T1103 sites in H-MFI, which involved four water molecules and resulted
in the formation of EFAL AI(OH);H:,0, were analyzed at a temperature of 450 K. The

calculation of free energy utilized a physisorbed water reference. !’

Furthermore, Liu et. al. 22 predicted that at high temperatures during zeolite activation, the
EFAL species are mobile and would arrange themselves into clusters with more than one Al center
and that these resulting tri- and tetranuclear clusters would be preferentially stabilized inside the
small sodalite cages of faujasite due to a favorable coordination and charge-compensation
environment. The cationic clusters, with multiple charges, strongly enhance the protolytic propane
cracking activity of vicinal supercage BAS. Recently, Pham et. al. ?° reported the different change
of BAS density and activity on hexane cracking reactions under two distinct water treatments
(pulsing and steaming). During the pulsing treatment, the catalysts were subjected to multiple 2.85

umol water pulses spaced qt 10-minute intervals. In Figure 14b, Pham and coworkers observed
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that there was no measurable loss in BAS density when HZSM5-11.5 was treated with sequential
pulses of water. The potential for BAS losses is expected to be even less significant for catalysts
with lower BAS density. The catalytic activity under pulsing treatment remained constant after
reaching its maximum level. On the other hand, the catalysts were exposed to continuous steaming
conditions where a consistent stream of water vapor passed across them for a prolonged time. This
steaming initially resulted in an enhancement of catalytic activity, but it eventually decreased after
prolonged exposure to steam (Figure 14a). Pham and coworkers showed that both methods of
treatment increased the catalysts’ activity by approximately 3-3.5 times. It was hypothesized that
the activity increase was due to the generation of synergistic sites. In the pulsed experiment, it is
likely that the catalytic activity would increase until the maximum number of BAS/EFAL
synergistic sites is achieved. In contrast, when a continuous steam treatment is used, the number
of BAS decreases due to the dealumination process.

The mechanism for forming synergistic sites varies across different water treatment
conditions, as observed. Further discussion on this mechanism can be found in the results and

discussions section of this chapter.
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Figure 14. Conversion of n-hexane cracking on HZSMS5-11.5 catalyst and BAS density
(determined by IPA-TPD) as a function of (a) steaming duration (catalyst was treated
by steaming) and (b) number of pulses of water (catalyst was treated by pulsing
water). The steam treatment was at 480 °C in both cases, with a water partial pressure
of 18.6 kPa either in a continuous manner or in pulses. Reaction conditions: T = 480

°C, PnC6 = 4.5 kPa with 0.48 pmol of n-hexane injected in each pulse, 5 mg amount
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of catalyst. The BAS densities of HZSMS5-11.5-0.5hS and HZSMS5-11.5-3hS are 0.79

and 0.73 mmol/g, respectively. This figure is taken from ref.

3.1.1 Nudged Elastic Band (NEB) Method

The description of the NEB method is detailed in ref. ¢ Briefly, the NEB method ®* is a
commonly utilized approach for studying reactions and diffusion events on solid surfaces. This
method aims to locate a reaction pathway that links two local energy minima on the potential
energy surface corresponding to the reactant and product states. To present this pathway, a discrete
representation is employed, whereby Nin.2 intermediates images (i.e., molecular configurations)
are generated between the reactant and product configurations. The accuracy of the method
depends on the number of intermediate images used, as the method converges to the pathway when
Nim-2 is sufficiently large. An iterative optimization algorithm is utilized to adjust the intermediate
images to the nearest reaction path, as is typical for numerical methods that rely on discretization
of continuous variables. A gradient-based optimization method is employed alongside an NEB
force to enhance effectiveness, while the endpoint configurations remain unchanged. The NEB
force is comprised of the sum of two forces: a spring force (F*P) that only operates along the path,
and a perpendicular component of the atomic force (F1) acting on the atoms. The perpendicular
force is:

Fr=F - (F- )% 3.1)
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where ; is the local tangent at image I along the path. To determine the unit tangenet, the
“upwind tangent” technique is employed. ® This approach normalized the line segment between
an image and its adjacent image with higher energy. In instances where the image lies at an energy
extremum along the path, the unit tangent is calculated as the normalized energy-weighted average
of the two line segments that connect the image to its neighboring images. To regulate the
distribution of images along the path, a spring force acting tangentially to the path is utilized. The
spring force is:

FiSp'” = (k;®|Riy1 — Ril — K;21IR; — R4t (32)

where R; represents the 3M-dimensional atom coordinate vector for image i. The length of
the path segment corresponding to image I can be defined as the distance between R;,; and R;
denoted as |R;,; — R;|. The spring constant kis P is utilized to determine the stiffness of the spring

interaction for this particular path segment.
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Figure 15. This figure from Jonsson et. al. illustrates an example NEB simulation that
shows the creation of initial images (represented by a line with white circles) along a
direct reaction path from the initial state to the final state, and the optimized final
path (represented by a line with gray circles) passing through the MEP of that specific

reaction. %3

In NEB calculations, the shape and position of the reaction pathway are modified only by
the atomic forces acting perpendicular to it, which makes it necessary to project the atomic forces
base on a reliable estimate of the local tangent to the pathway. This approximation of the tangent
is a critical aspect of NEB calculations. Additionally, the distribution of images along the pathway
is regulated through the use of harmonic springs that connect adjacent images, but only the

component of the spring force that acts tangentially to the path is taken into account. If this
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distribution control is not applied, the images tend to slide toward the energy minima at the fixed
endpoints. The NEB method is typically implemented with a uniform spring constant for all
springs, resulting in an evenly spaced distribution of images along the path. However, it is possible
to assign different spring constants to different pairs of images to achieve a specific distribution.
The energy maximum along the path of minimum potential energy, known as MEP,
corresponds to the saddle point energy that provides that activation energy barrier. This quantity
is crucial in estimating the transition state using harmonic transition state theory. A depiction of

this process is shown in Figure 13.

3.1.2 Climbing Image Nudged Elastic Band (CI-NEB) Method

To obtain an estimate of the activation energy for a reaction path, the highest energy point
is identified, which corresponds to a first-order saddle point on the energy surface and represents
the bottleneck of the transition between the reactant and product states. In NEB calculations, this
point is treated differently to improve its accuracy. ° This highest energy image is referred to as
the climbing image (CI) and is subject to an uphill force parallel to the path and a downhill force
perpendicular to the path, resulting from the atomic forces acting on the atoms. This approach,
known as climbing image NEB (CI-NEB), enables a more precise location of the highest energy
point. The spring forces, however, do not affect the CI. ¢

Initiating the CI from a NEB calculation that is only partially converged could be
advantageous in practice. This means that when a given criterion, such as max|F*| < g, is
fulfilled. This process can be carried out at the beginning of the NEB calculation, and during
optimization, the CI can shift from one image to another, particularly when a higher energy image

than the current CI emerges. This approach guarantees that the CI will converge to the highest
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energy maximum along the path. Given that the reaction path (reference pathway) is primarily
required to achieve a good tangent estimate for the CI, tighter convergence thresholds are often
applied to the CI than to the other images.

In some cases, it’s unlikely for the images to optimize directly to the saddle point; therefore,
extra images need to be computed between the two highest energy images. If the saddle point is
not found, we will carry out dimer calculation, which is presented in next section. Consequently,
determining the activation barriers can become highly demanding in terms of computational

resources.

3.1.3 Dimer method

The description of the dimer method is detailed in ref. °® This method for locating saddle points
involves utilizing a pair of images or replicas that depict the differently. This pair of images is
referred to as the “dimer”. To determine saddle points, the algorithm requires moving the “dimer”
in an uphill direction on the potential energy surface, starting from the neighborhood of the initial
state’s potential energy minimum and ascending towards the saddle point. During this ascent, the
“dimer” is also rotated to the potential energy’s lowest curvature mode at its current position. Voter
introduced a technique in his hyperdynamics method that allows for the estimation of the lowest
curvature mode at a specific point without the need to evaluate the Hessian matrix. This approach
is utilized to develop a repulsive bias potential that speeds up the classical dynamics of activated
processes. ®

For certain uncomplicated systems, to avoid doubling the computational cost by
introducing more images, the dimer method can be employed instead, which offers a relatively

straightforward means of locating the saddle point.
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3.1.4 Thermodynamic Quantities and Frequencies

Quantum chemical programs calculate energies for stationary nuclei in isolation at 0 K. To
compare these values with experimental results, additional terms are required to account for zero-
point vibrations and the finite temperature of the experiment. Assuming ideal gas behavior based
on statistical mechanics, the difference in enthalpy between 0 K and z non-zero temperature T can
be expressed as follows:

AH(T) = Htrans (T) + Hrot (T) + AHvib (T) + RT (33)

The correction terms for enthalpy due to translational, rotational, and vibrational changes,

as well as the zero-point energy, can be expressed as follow: 7

Hirans (T) = (B/Z)RT (3.3)
H.o:(T) = (3/2)RT (RT for alinear molecule ) (3.4)
AHyip (T) = Hyip (T) — Hyi(0) = Nohz (ehvi/::—iT_l) (3-5)

1
Hyip(0) = Ehz Vi (3-6)
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Equations (3.6) and (3.7) involve summations over all I normal modes. Furthermore,
assuming ideal gas behavior, one can use statistical mechanics to derive equations for the total
entropy, as expressed in ref. 7°

S(T) = Strans (T) + Srot (T) + Syin (T) + Se1 — nR[In(nNy) — 1] 3.7)

Equation (3.9) - (3.12) can be utilized to calculate the entropic contributions from

translation, rotation, vibration, and electronic effects:

Srans (T) = 1R {% +1In l(znl‘; kT)3/2 ("%T)l} (3.8)

Sror(T) = nR {; +1n lwl} (3.9)
Suin(T) = nRz{(uieui B (3.10)
Set = nRIn wg G.11)

The following notations are employed in Equations (3.3) to (3.11):

R = ideal gas constant

n = mole of molecules
Ny = Avogadro’s number
M = mass of molecule

h =Planck’s constant

k = Boltzmann's constant
T = temperature

P = pressure
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Iy, Iz Ic = principle moment of inertia

h2
Uy, Vg, Ve = P — etc.

v; = vibrational frequencies
w,; = electronic ground state degeneracy

s = symmetry number

hvi

U =—
kT

To compute thermodynamic properties, it is necessary to determine the vibrational

frequencies of a molecule. Let’s consider a molecule with N atoms and assume that the nuclei are

situated near equilibrium positions. To obtain the mass-weighted Cartesian displacements for
nucleus A, we take the difference between the displaced and equilibrium Cartesian coordinates
and multiply them by \/E , where M, represents the mass of the nucleus in question. Assuming
the harmonic approximation and limiting the energy expansion around the equilibrium position to
the second order, we can express the energy in terms of X = (X1, ..., Xn) as:
E = (1/2)XTQX (3.12)
Here, we have chosen the energy scale such that E = 0 when the molecule is at equilibrium.

The matrix Q, which has dimensions of 3N x 3N, can be expressed as:

02E (3.13)

~axox'|
X=X"=0

Q

With the normal modes of the system are obtained through the eigenvectors, q, while the

mass-weighted force constants are obtained from the corresponding eigenvalues, k.. In the
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harmonic approximation, the vibrational frequencies denoted as o, are related to the mass-
weighted force constant via:
Wy = \/k—a (3.14)
Certain quantum chemical programs are capable of calculating the second derivative of the
energy with respect to nuclear displacements analytically. However, in instances where analytic
derivatives are not feasible, but analytic gradients are computable, the second derivative term in
Equation (3.14) is replaced by a finite difference, and the resulting frequencies are deemed to be

computed numerically.

0%E A(OE/0X)|X =0 3.15
0XoX' AX'

Q

In this Chapter, we will utilize the equations mentioned above, in conjunction with the
analytically calculated frequencies, to ascertain the entropic and enthalpic contributions to the

Gibbs free energy for hydrolysis reactions of Al framework atoms.

3.1.5 Quasi-rigid rotor harmonic oscillator approximation (q-RRHO) method

Simulating zeolitic reactions presents an added difficulty in the form of calculating
enthalpies. Quantum chemical calculations can offer molecular-level insights into the interactions
between zeolites and adsorbates in addition to modeling the energetic variations and dynamics of
significant reactions taking place within the channels and pores of zeolite catalysts. Calculating
vibrational energy levels is a challenging task that involves modeling the full-dimensional
potential energy surface, which can be computationally infeasible for most systems except for

those that are extremely small.
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When dealing with basic molecular structures, it is typical to approach the issue by making
assumptions about how vibrational modes operate, treating them as harmonic oscillators. This
allows for the determination of energy levels and thermodynamic functions via a normal mode
analysis that relies on second-order derivatives of the electronic potential energy surface. 7!
Unfortunately, when studying the translational and rotational degrees of freedom of a molecule in
zeolites, their potential energy surfaces are often highly anharmonic, meaning that the simple
harmonic oscillator model cannot realistically account for their behavior.

Various techniques have been employed to address the limitations of the harmonic
oscillator approximation, such as anharmonic sampling along normal mode coordinates, 7
frequency down scaling, and interpolation approaches. The quasi-rigid rotor harmonic oscillator
(q-RRHO) approximation proposed by Grimme”? is perhaps the most commonly used alternative
to the harmonic oscillator approximation, which involves replacing the entropies of low-frequency
normal modes with a semi-empirical interpolation between rigid rotor and harmonic oscillator
entropies, utilizing the Head-Gordon” damping function v.

To compute the correction term, a modified approach based on the -RRHO method was

employed. In this method, the vibrational energy contribution is characterized by a below specific

description:
_ uasi-RRHO 3.16
V= z y s (3.16)
i
1
_ z [(o(vi) X VRRHO 1 (1 — 5(v,)) ERT] (3.17)
i
1 (3.18)

Ol = T v
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in which R is gas constant, T is absolute temperature, and v; is the frequency of vibrational
mode i, v, is taken as 100 cm™, and VRRHO s the vibrational energy contribution of mode i
represented by g-RRHO:

e~hvi/kT (3.19)

1 hv;
RRHO _ i
Vi = ENAhVi + RT (—) —(1 — e—hvi/kT)

KT

where k is the Boltzmann constant, h is the Planck constant and Na is the Avogadro
constant.

In this Chapter, the g-RRHO method is employed to calculate the entropic and enthalpic

contribution to Gibb free energy of framework Al atoms’ hydrolysis.

3.3 Computational details

Zeolite model geometry: The unit cell of ZMS-5 consists of 96 T atoms (T = Si, Al) and
192 oxygen atoms. The proton and aluminum chemical shifts of twenty-four BAS at different
locations including intersection, straight channel, sinusoidal channel, small void, 5-member ring
(5-MR) and 6-member-ring (6-MR) were computed. Ghorbanpour et al. * reported that BAS at
T7 was the most thermodynamically stable. Additionally, Gounder et al. 32 revealed that the most
stable Al substitutions are positioned close to T12, which locate at the intersection. Based on these
findings and the Lowenstein's rule, the site pairs are set at T7-T12, which are separated by 2 Si
linking atoms. The process of dealumination was computed according to the mechanism reported
by Silaghi et al. 7

Computations: Our DFT calculations were performed using Vienna ab initio simulation
package (VASP). 4> Perdew-Burke-Ernzerhof (PBE)* generalized gradient approximation (GGA)

was used for the exchange-correlation potential. DFT-D3 semi-empirical method*” was employed
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to account for the van der Waals interaction. The system was fully relaxed with a kinetic cutoff of
400 eV. A single I' point in the first Brillouin zone was used for atomic relaxation. The lattice
parameters of unit cell zeolite were set accordingly to the experimental study: a = 20.078 A, b =
19.894 A and ¢ = 13.372 A, as in our previous studies. 2> 3% 3% 4 The geometry optimizations
continued until the force excess on each atom was smaller than 0.02 eV/A. The self-consistent
field electronic calculations were assumed to cone 107 eV.

The climbing image nudged elastic band method, which uses 8 images, was employed to
identify transition states (TS) and calculate activation barriers. The force threshold for NEB
calculations was set to 0.02 eV/A. Transitions states were confirmed by verifying the presence of
a single imaginary frequency through vibrational analysis. The Gibbs free energy was calculated
using the harmonic oscillator model at 500°C. The energy threshold for vibrational frequency
calculations was set at 10® eV. The low-frequency vibrations resulting from free rotation and
translations were addressed using the quasi-rigid rotor harmonic oscillator approximation
(QRRHO) developed by Grimme”® and Head-Gordon. 7> Additionally, the pressure of gas-phase

systems in Gibbs free energy calculations was carried out at 1 atm.
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3.4 Results and discussions
3.4.1 The formation of BAS/PFAL from a site pair via incomplete hydrolysis

5.89 6.15

\. | AE =16
AG = 154

+H,0

Figure 16. DFT calculations for model hydrolysis of (a) an Al(IV)-1/Al(IV)-1 pair,
resulting in (b) an AI(IV)-1/Al(IV)-2 framework pair. Possible structures resulting
from additional hydrolysis are shown in (c—e). Total energies and free energies are
calculated with an ideal gas reference for water. The Al-Al internuclear distances (in
A) are shown in bold text above or below each structure, and H-H distances are

shown in blue within each figure. 3¢
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Figure 17. Total energies and Gibbs free energies (gas phase water as reference) for

the hydrolysis of isolated BAS at T12. 3¢

This section provides the idea of generations of BAS/PFAL synergistic sites, which have
been reported to increase the activity in n-hexane cracking and benzene hydride transfer.
Additionally, the section introduced two different AI(IV) species: Al(IV)-1, which is the
tetrahedral Al in the framework BAS, and Al(IV)-2, which represents PFAL. When exposed to
water vapor, the BAS site pair at T7-T12 (as shown in Figure 16A) undergoes a reaction with
water, wherein one of the two framework sites reacts with water. The hydrolysis reaction begins
with the T12 sites reacting with water, resulting in the formation of PFAL (as shown in Figure
16B), which is an exothermic step with a AE of -23 kJ/mol and a AG of 90 kJ/mol. Our calculations
indicate that the T12 site is disturbed by water and displaced towards the intersection. This leads

to a reduction in the atomic distance between an AI(IV)-1/A1(IV)-1 from 6.63 to 5.98 A for a

58



Al(IV)-1/ AI(IV)-2 pair, along with a concomitant decrease in the nearest H-H distance to 4.1 A,
and a decrease in the other H-H distance from 6.7 to 6.1 A. After the first Al-O bond is broken,
the second water molecule may continue to attack the T12 site to break the second Al-O bond and
form the configuration shown in Figure 16C, or it may react with the BAS at T7 to form the
structure shown in Figure 16D, with the free energy of approximately 154 and 110 kJ/mol,
respectively. The Gibbs free energies of the initial hydrolysis step in T7 and T12 exhibit similarity.
The variance in AG between the first and second hydrolysis step of T12 can be attributed to the
structure of Al that is partially hydrolyzed and depicted in configuration 16C. In this configuration,
the coordination number of Al site is five instead of four, although no Al(V) signals were found in
the samples discussed in this study except for those that underwent severe steaming. The partially
coordinated Al in the configuration (Figure 16E) can continue to undergo a reaction with water
molecules for form a structure (Figure 16E) with AG of -2 kJ/mol. In Figure 16E, the Al site at
T12 coordinates with only one oxygen framework atom after reacting with three water molecules.
This results in a partially coordinated Al that approaches the BAS at T7, causing proton
delocalization and reducing the Al-Al distance to 5.39 A. Figure 17 compares these calculations
with an isolated T12 site without neighboring Al sites. The reported free energy values are
moderately higher than literature values due to the use of gas phase as reference instead of
physisorbed water. During the first and second hydrolysis steps, the adjacent BAS at T7 does not
affect the hydrolysis of T12. However, in the third step, the partially hydrolyzed Al species interact
with the proton at T7 (as shown in Figure 16E), resulting in a more energy favorable process when

a site pair is present.
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Based on the preceding discussions, it can be inferred that the initiation of BAS/PFAL sites
occurs through BAS site pairs. Consequently, the density of BAS in the sample and the conditions

of water treatment are two key determinants that influence the formation of BAS/PFAL sites.

3.4.2 The formation of BAS/FAL from via migration of EFAL

Figure 18. DFT calculations of migration of AI(OH);" at the intersection. The colors
blue, yallo, red, and white represent Al, Si, O, and H atoms, respectively. The energy

units are given in kJ/mol. %

In order to explore how extra-framework Al(OH)," migrates between different locations in
MFI zeolites, the activation barriers and reaction energies of its migration at the intersection were
calculated (as depicted in Figure 18). The electrostatic interactions between the positively charged
EFAL and the negative charge surrounding the framework Al have an impact on the migration of

Al(OH)," at the intersection. Specifically, the framework Al generates an electrostatic force that
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attracts the AI(OH):" cation towards it. Despite the presence of a spacer in the form of a -O-Si-O-
unit between them in the structure depicted in Figure 18, the AI(OH)," cation prefers to position
itself facing the framework Al. The movement of AI(OH)," to a location that is further away from
the framework Al by one additional unit of -O-Si-O- requires an input of 29-36 kJ/mol of energy
and has an activation barrier of 44-47 kJ/mol. This indicates that AI(OH)," located far from the
framework Al is compelled to migrate towards it due to enhanced stability, but with a moderate
activation barrier of 9-18 kJ/mol. The study also investigated the migration of AI(OH)." in the
sinusoidal channel, where the ion was intentionally placed far from the framework Al to minimize
electrostatic interactions. The findings show that the migration of AI(OH)," from a T12 site to a
T3 site in the sinusoidal channel is a thermodynamically neutral process with a AE value of only
2 kJ/mol and an activation energy of 23 kJ/mol. Consequently, the calculations suggest that the
migration barrier of the EFAL cation is moderate and the migration process is driven toward the
framework Al species. Moreover, barriers associated with moving away from local minima to
more favorably stabilized positions, usually pairs of sites, are in line with experimentally observed

barriers.
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Figure 19. The role of BAS in stabilizing the EFAL species.

Another factor that can influence the generation of highly active sites is the ability of zeolite
structure to stabilize EFAL species, which is hypothetically related to the H bond networks in
zeolites. In this model, the AIO* moiety was set far away from the migration region to compensate
for the cationic EFAL, which would not influence the migration of the EFAL Al(OH),. The EFAL
Al(OH)," started at the location that is 4 Si linking T sites away from BAS at T7, then it moved
toward the BAS in counterclockwise in 10-MR. The results have shown that when the EFAL
species form H bonds with BAS, the energies of the systems are significantly lower than the others.
Within 3 positions (Figure 19, A-C) in which H bonds between BAS and EFAL are formed, the
activation energy for the migration of EFAL species is not profound, about 30 kJ/mol. However,
the migration of these EFAL species further away from the BAS requires relatively high energy
barriers (58-89 kJ/mol). This result suggests that once H bonds are formed, it is difficult for EFAL

species to migrate further. In other words, EFAL species will be trapped nearby BAS by H bonds.
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As investigated in DPE, these BAS/EFAL sites do not correspond to the higher activity for alkane
cracking reaction. However, if there is another neighboring BAS, it is likely that these EFAL
species can synergistically enhance the activity of that BAS. This will explain why pairs of BAS
are required for the generation of highly active sites. This result will explain the previous results
about the generation of synergistic sites during pulsing treatment. 2> Furthermore, when EFAL
species are far from the BAS and their movements are not influenced by the presence of BAS, the
energy barrier to migrate from (E) to (F) via the TS-6 is not sufficiently high. This suggests that
the migration of EFAL species inside the zeolite pores is typically not an energy-demanding
process in the absence of framework Al atoms. While Al-Al pairs are important for the formation

of synergistic sites because the H bond can help to kinetically trap the EFAL species.
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3.4.3 Energy for sodium exchange

Table 3. Reaction Energies for Cation Exchange of Different Active Sites and Their

Corresponding Locations. 3!

type of sites reaction position T-site (k_]?rﬁol)
IBAS ZH — ZNa intersection T7-11 -2
straight TS-1 —-10
sinusoidal T9-9 -12
BAS-EFAL ZH — ZNa intersection T7-T12 —45
straight TS-T12 —66
sinusoidal TS-T7 —88
BAS—BAS Z,H, — Z,HNa intersection T7-T3 —4
Z,HNa — Z,Na, ~18
Z,H, - Z,HNa straight T1-T12 -13
7,HNa — Z,Na, +3
Z,H, - Z,HNa sinusoidal TS5-T7 +14
Z,HNa — Z,Na, —-12

In this section, we employed DFT computations to elucidate the differences in the sodium
exchange affinities, as presented in Table 3 and Figure 20. The ZSM-5 zeolite features a three-
dimensional network of channels, including straight (5.3 x 5.6 A) and sinusoidal (5.1 x 5.5 A)
pores, with cavity regions where these channels intersect having a diameter of 6.36 A. ° The
straight and sinusoidal micropores exhibit comparable pore sizes and are more restricted than the
intersection cages. The sodium titration outcomes indicate that the IBAS at the straight and
sinusoidal channels is somewhat more favorable than that at the intersections, which can be
attributed to the confinement effect. Previous research has shown that sodium cations tend to

remain in the smaller voids of CHA zeolites. 2° The vaiations in sodium exchange ae not
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substantial, being under 10 kJ/mol in the €amnied locations. This implies that the substitution of
sodium is determined by both thermodynamic prediction and availability of sites. We then
compare the sodium substitutions of IBAS and synergistic sites at the intersection, the sodium
titration of IBAS rises by 2 kJ/mol, while the synergistic site rises by 45 kJ/mol. This suggests that
replacing the BAS proton in a synergistic site with sodium is much more straightforward than
doing the same with IBAS. Table 2 illustrates the sodium titration at straight and sinusoidal pores
for synergistic site, which may be attributed to the development of several bonds between Na+ and
the oxygen in AI(OH):". As a result, when introducing sodium to zeolite in a partial manner, the
BAS protons in synergistic sites are the first to be replaced by sodium cations, thereby removing
the synergistic sites in zeolites. Moreover, there is a strong inclination for Na® titration to

synergistic sites of different locations, and this follows the same pattern as the isolated acid center.

When BAS in pairs, the distance between them affects the behavior of sodium titrations by
influencing the interactions between sodium and protons, as well as the interactions between
sodium atoms during the first and second sodium titrations of protons in pairs. The coordination
number of sodium with framework oxygen atoms is also determined by the local environment and
void confinement, as demonstrated in Figure 20 g-k. The exchange of both Al atoms in pairs is
thermodynamically favorable at the intersection. Previous research has shown that the energy
required for sodium titration of BAS in pairs in CHA zeolites varies by 50 kJ/mol depending on
the location of these paired sites. Moreover, the configuration where both the proton and the
sodium cation occupy the same 6-MR in CHA zeolite has the highest energy, with the proton
pointing out of the ring place. This suggests that there is a repulsion between the proton and the

sodium exchange when their locations are sufficiently close. 2
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Figure 20. Calculated structures of Na+ titrated to (a) IBAS at the intersection, (b)
IBAS in the straight channel, (c) IBAS in the sinusoidal channel, (d) BAS/EFAL at
the intersection, (¢) BAS/EFAL at the straight channel, and (f) BAS/EFAL in the
sinusoidal channel; calculated structures of Na+ titrated to (g) paired BAS at the
intersection (h) paired BAS in the straight channel and (k) paired BAS at the
sinusoidal channel. Na, Al, O, Si, and H atoms are colored purple, cyan, red, yellow,

and white, respectively. 3!
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Figure 21. The optimized structures of paired BAS at a) intersection, b) straight

channel, ¢) sinusoidal channel. 3!

Table 2 shows that the initial titrations to paired BAS are exothermic in the straight
channels and the intersections because the protons relax into larger voids, resulting in no repulsion
upon the first titration. However, in straight channels, the repulsion caused by the short distance
between Al atoms and the larger size of two sodium cations makes the second exchange of Al sites
less thermodynamically favorable. In ZSM-5, the distribution of tetrahedral sites is generally
tighter in the straight channels than in the intersection and sinusoidal channels. Therefore, the Al
distance in the Al-O(Si-O)2-Al sequence in straight channels are shorter than those in the
intersection and sinusoidal channels. In sinusoidal channels, two protons pointed to smaller void,
resulting in the first sodium titration to paired BAS being 14 kJ/mol endothermic due to the
repulsion between the proton and sodium. After the second sodium titration in the sinusoidal
channels, two sodium cations relax to positions further from each other to reduce the repulsion and
form multiple bonds with framework oxygen. This makes the second titration 26 kJ/mol easier
than the first one. Zeolite samples with higher BAS density will have more Al in pair at the

intersections, which will be favorably titrated by sodium.
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3.4.4 Interconversion of different EFAL species in ZSM-5

H transfer

- AE =-154

>
>

AE =337

H transfer

Figure 22. Transformation of EFAL species in ZSM-5.

Various potential EFAL complexes can transform into one another through elementary
steps such as hydration/dehydration and proton transfer. The energetics of these transformations
are summarized in Figure 22. Particularly, in Figure 22a, the hydration of AlIO* to AI(OH)," is a
highly exothermic process (AE = -653 kJ/mol). Both EFALs AlO" and AI(OH)," connect to the
AlOy4 tetrahedral moiety through two framework oxygen atoms. Further hydration of Al(OH),"

reduces the total energy of the system by 368 kJ/mol, resulting in the formation of Al(OH),H-O,
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where Al is coordinated with only one framework oxygen atom. The deprotonation of
AI(OH)2H>0 to AlO4 moiety creates a BAS and EFAL Al(OH);, requiring an energy input of 84
kJ/mol. In Figure 22b, the transformation of the AI(OH)," to a less stable AIO" species occurs
through proton transfer and the elimination of water. Dehydration of AI(OH); to form a
hypothetical AIOOH loss energy of 183 kJ/mol, involving an intramolecular proton transfer and
subsequent desorption of water (Figure 22c¢). The water desorption step is exothermic by 337
kJ/mol, which is partially compensated by the proton transfer step with AE = -154 kJ/mol. In an
earlier section, we discussed the hydrolysis of the Al framework, where the fully hydrolyzed
process results in the formation of EFAL Al(OH);H20 and silanol nest. Direct dehydration of
AI(OH);H20 to AI(OH); requires a reaction energy of 381 kJ/mol (Figure 22d). These data
indicate that thermodynamics, rather than kinetics, play a predominant role in regulating the

interconversion of EFALs within the zeolite pores.
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CHATER 4: Catalytic Role of EFAL and
PFAL species in Alkane Reaction

4.1 Abstract

The purpose of this study is to investigate the influence of extra-framework aluminum
(EFAL) and partially-coordinated framework aluminum (PFAL) on intrinsic acid strength and on
the monomolecular cracking and dehydrogenation reactions of propane. Periodic DFT calculation
was used to model synergistic sites created from Bronsted acid sites (BAS) and various EFAL
(AI(OH)**, AI(OH).", AIOOH and Al(OH)3) as well as PFAL. The computed deprotonation
energy (DPE) suggests that the possible active sites in H-ZSMS5 zeolite include isolated BAS
(IBAS) and synergistic sites, which have no direct interaction (e.g., hydrogen bond) with the
proton. The quasi-rigid rotor harmonic oscillator approximation (QRRHO) was used to calculate
thermodynamic (enthalpy, entropy, and Gibb free energy) changes for adsorption states and
transition states. The activation enthalpies of monomolecular propane cracking on all proposed
synergistic sites are significantly lower compared to that of IBAS. Decrease in activation
enthalpies of propane cracking with presence of EFAL and PFAL species are driven by higher
charge transfer. The transition state of cracking happens early in the reaction coordinate and
strongly interacts with the active site; thus, the activation entropy is less affected by the local
environment. For the hydrogenation reaction (a later transition state), activation enthalpies are
insignificantly changed, while activation entropy decrease with the presence of EFAL and PFAL
because the confinement strongly influences on the freedom of movement of this more-like

product transition state. Concurrently, propane in pulse reaction supported by catalysts containing
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different concentrations of EFAL and PFAL shows a consistent trend on activation enthalpy with

DFT results.
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4.2 Introduction

The H-ZSM-5 zeolite is a widely employed catalyst in industrially important reactions,
particularly cracking, isomerization, alkylation, fluid catalytic cracking (FCC) and methanol-to-
propylene (MTP)’S. The catalytic properties of zeolites arise from the strong acidic protons,
positioned at BASs, which compensate for the negative charge on the framework, resulting from
the substitution of Si** with AI**. Apart from BAS, the extraction of these AI** from the framework
under hydrothermal treatments may create PFAL and EFAL species in the zeolite structure, which
provide interesting catalytic properties. '3 3% 35 42,58 77 The partial hydrolysis of framework
aluminum generates tetrahedral PFAL species, which can be the precursors of EFAL. The PFAL
species partially coordinate to the zeolite framework through lattice oxygen atoms and hydroxyl
groups being other coordinations. '% 1930

The positive catalytic effects of EFAL and PFAL species have been investigated before. 2%
25.32,35,78 For example, Zhang et al.** observed roughly 50 and 80 times higher reaction rates of
n-pentane cracking and dehydrogenation over steamed H-ZSMS5 zeolite. They proposed that the
enhanced catalytic activity was attributed to the stabilization of cracking and dehydrogenation
transition states via increasing activation entropy. As reported by Liu et al.?2, the cationic multi-
nuclear EFAL cluster inside the sodalite cages of FAU zeolite compensated the negative charge of
the deprotonated zeolite framework, which stabilized the ion-pair transition state and decreased
the activation barrier of propane cracking.

Despite several proposed scenarios for the catalytic effects of EFAL species, the synergistic
effects generated by the EFAL and PFAL species in proximity of BAS seem to be responsible for
the zeolite activity enhancement. 3238 78-80 Zeolite structure, which plays a vital role in its catalytic

performance, is very sensitive to the treatment conditions. Therefore, it is reasonable to attribute
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the different explanations for the synergistic effects to the unalike structures formed under different
treatments. The synergistic sites in zeolite can be formed as BAS/EFAL or BAS/PFAL. EFAL, on
the other hand, can be in a cationic form such as AlO*, AI(OH)**, AI(OH)," or a neutral cluster
like Al(OH)x(H20)y. 2> 33 These EFAL species can transform among themselves via
hydration/dehydration and proton transfer. 22 They may also migrate along the zeolite framework.
22,235 In our earlier study, we showed two tetrahedral aluminum sites, coexisting in H-ZSM35 zeolite,
which were observed via ultrahigh field two-dimensional (2D) 2’Al magnetic nuclear resonance
(NMR).*> The first tetrahedral aluminum Al(IV)-I is the well-known framework BAS while the
second tetrahedral aluminum Al(IV)-2 population can be controlled by post-synthetic treatment.
The AI(IV)-2 sites were attributed from incompletely hydrolyzed framework aluminum and the
2TAI NMR signal at early state of hydrolysis (one water incorporated) ranged from 65 to 74 ppm.3?
It was also shown that these sites significantly enhanced the catalytic activity of n-hexane cracking
and benzene hydride-transfer reactions. > Ravi et al.>® supported these findings, noting that the
formation of the second tetrahedral aluminum sites only occurred at 550 °C during calculation,

which corresponded to a decrease in the population of BAS. These sites were shown to be

coordinated to the hydroxyl groups and irreversible upon ammonium exchange. Recently, we have
constructed various structures of synergistic sites at different locations (intersection, straight and
sinusoidal channels) by combining computed Al NMR and 'H NMR and experimental spectra
(Chapter 2). The unlike catalytic effect of individual EFAL and PFAL species remains less
understood.

Inspired by prior studies, we investigated the intrinsic acidity and catalytic performance of
various active sites within H-ZSMS5. Our analysis included the calculations of deprotonation

energy (DPE) for a range of active sites, including isolated BAS and synergistic sites, in other to
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assess the influence of nearby EFAL and PFAL in the intrinsic acid strength of the proton. Propane
cracking and dehydrogenation reactions were employed as probe reactions. To gain a better
understanding of the effect of individual EFAL and PFAL species on the catalytic performance of

BAS, we provided calculated enthalpy, entropy, and Gibbs free energy profiles for all active sites.

4.3 Computational details

All periodic DFT calculations were performed using VASP?! version 5.4.1. The PBE
generalized gradient approximation (GGA)® exchange-correlation potential was used with the
projector augmented wave (PAW)® method. The energy cutoff was set at 400 eV during the
structure optimization process, and the DFT-D38* method was employed to account for dispersive
interactions. The relaxation of all atoms was performed until the atomic net force on each atom
was less than 0.02 eV/A and the electronic convergence reached 10 eV. The partial atomic
charges were determined by using Bader charge analysis®® as implemented by Henkelman®®.

The ZSM-5 unit cell comprises 96 T-sites (Si or Al), and 192 oxygen atoms. The dimensions of
the unit cell were fixed with a=20.078 A, b=19.894 A, ¢ =13.372 A and o. = B =y = 90°.

The structures of synergistic sites at the intersection were adopted from our previous papers
(NMR paper). The deprotonation energies were given by calculating the energy difference between
the isolated charged species and the BAS:

DPE = E;- + Ey+ — Egy
in which Ez-, Ey+ and Eyy are energy of negatively charged deprotonated zeolite, proton and the
zeolite before protonation, respectively.

The climbing image nudged elastic band method, which uses 8 images, was employed to

identify transition states (TS) and calculate activation barriers. The force threshold for NEB
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calculations was set to 0.02 eV/A. Transitions states were confirmed by verifying the presence of
a single imaginary frequency through vibrational analysis. The Gibbs free energy was calculated
using the harmonic oscillator model at 500 °C. The energy threshold for vibrational frequency
calculations was set at 10 eV. The low-frequency vibrations resulting from free rotation and
translations were addressed using the quasi-rigid rotor harmonic oscillator approximation
(QRRHO) developed by Grimme 7 and Head-Gordon. 7> Additionally, the pressure of gas-phase

systems in Gibbs free energy calculations was carried out at 1 atm.

Al(OH)?* AI(OH),*

o

Figure 23. Calculated structures used in polarizability calculations.

Polarizabilities isolated cluster/molecules were calculated using Gaussian 09. 87 The

clusters/molecules were taken from optimized structures from VASP calculations and then single
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point energies calculations were carried out with B3LYP hybrid functional %8 and 6-311g +(d,p)

basis set. The clusters/molecules used in polarizability calculations are shown in Figure 23.

4.4 Results and discussions

4.4.1 Effect of EFAL and PFAL to intrinsic acid strength of ZSM-5 zeolite

In chapter 2, the structures of possible active sites, including IBAS and synergistic sites,
were proposed by comparing the computational and experimental 'H and 2’ Al NMR chemical shift
(Figure 24). The synergistic sites are composed of a conventional BAS and a nearby EFAL or
PFAL species. There are two possible synergistic sites for each EFAL species: in one of them, the
EFAL does not have a direct interaction with the proton; in the other one, the EFAL is located
closer and forms a hydrogen bond with the proton. For PFAL in this study, we considered the
species forming at the early stage of hydrolysis (one water molecule incorporated). The energy
and Gibb free energy formation of this PFAL was discussed early in chapter 3. 3¢ To evaluate the
intrinsic acidity of different proposed active sites in Figure 24, the DPE of them were calculated
and compared. The DPE is the energy required to remove the proton from a BAS to an infinite
distance, thus representing an indicator for intrinsic acid strength of a zeolite catalyst. The
considered protons are positioned at T7 for all the studied models to reduce the other factors which

could affect the DPE.
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BAS/PFAL

BAS/AIOOH

BAS/AIOOH

BAS/AI(OH)*

BAS/AI(OH),

Figure 24. Calculated structures of proposed active sites in H-ZSMS zeolite.

present the DPE of hydroxyl group in each structure. Units

are

Figure 25. The numbers

kJ/mol.
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As Table 1 illustrates, the DPE of synergistic sites without hydrogen bonds (structure 2-
6, Figure 24) fall within the range of 1653-1660 kJ/mol, with a difference of less than 16 kJ/mol
compared to DPE of IBAS (1644 kJ/mol). These DPE values match well with prior finding from
Jones et. al., 3° which reported a range of 1620-1667 kJ/mol for isolated BAS in various locations
of MFI zeolite. The presence of EFAL and PFAL species near a BAS without direct interaction
(e.g. hydrogen bond) could alter the electron affinity, leading to small variations in the DPE values
of these synergistic sites. Importantly, for synergistic sites where EFAL and PFAL species are
closer to BAS and form hydrogen bond with it (structure 7-10, Figure 24), the DPE values
significantly increase, reaching up to 1790 kJ/mol as seen in Table 1. These hydrogen bond make
BAS more challenging to protonate guest molecules as they require extra energy to be broken.
Even though the synergistic sites with hydrogen bond are weaker, in another of our study, it was
demonstrated that they contribute to activity enhancement. The hydrogen bond plays a role in
stabilizing the EFAL species and if another BAS is in proximity, it can greatly enhance the activity
of that BAS. Li et al. 3% 7 supported these finding noting that the coordination of EFAL species to
oxygen atom nearest to framework Al is responsible for the enhancement of acidity of
dealuminated HY zeolite, rather than the direct interaction (such as hydrogen bond) between BAS
and EFAL species. The 'H NMR values of BAS having no direct interaction with EFAL/PFAL
remain unchanged relative to IBAS while "H NMR of the BAS having hydrogen bonds are shifted
to a downfield region of 11-18 ppm, as presented in chapter 2.

Additionally, the protons in hydroxyl groups associated with EFAL Al(OH)**, AI(OH),"
and PFAL are not active because their DPEs are 288, 204, and 609 kJ/mol higher than that of the
IBAS, respectively (Figure 25). Figure 26 shows the DPE of various proposed active sites. It is

thus reasonable to assume that only the protons in IBAS and synergistic sites, which do not form
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hydrogen bonds with EFAL/PFAL are related to the catalytic activity. In the following sections,

propane cracking and dehydrogenation reactions are only carried out on these active sites.

Table 4. The DPE values of the proposed active site in H-ZSMS zeolite

Style of site site structure in DPE (kJ/mol)
Figure 1
IBAS I-BAS 1 1644
Synergistic site BAS/AI(OH)** 2 1657
without H-bond BAS/AI(OH)," 3 1660
BAS/AIOOH 4 1653
BAS/AI(OH)3 5 1653
BAS/PFAL 6 1654
Synergistic site with BAS/AI(OH)** 7 1700
H-bond BAS/AI(OH)," 8 1709
BAS/AIOOH 9 1682
BAS/AI(OH)3 10 1690
i @ IBAS
® Synergistic site without H-bonds P
1700+ @ Synergistic site with H-bonds o
[S) ®
i 1675 ¢
o o
a 1650 - ° i
L
1625 -

Figure 26. DPE for various proposed active site in HZSM-5 zeolite.
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3.4.2 Propane cracking reaction

3.4.2.1 The influence of EFAL and PFAL on adsorption and activation
energy of propane cracking.

a) — ] i
H H Ho H H H
H |/ "
\C|)—C/—H \C‘:""'IC—H \(!; """ C/_H
H c/ \H HsC/ T H c/ \H/ \
3 T — . - > 7 :
0 o 5
Si -~ \Al Si ~ \AI Si ~ \AI
b)
~ B
C|)H3 H THs H CHg H
H H H
\/C—C—H Ne—C—H \C|::C—H
H T H — H-H : H-H H
O © |
Si Al s Dl s

Scheme 3. Reaction mechanism of propane a) cracking and b) dehydrogenation of

methylene group.

Enthalpy, entropy, and Gibb free energy of propane cracking reactions were calculated and
compared among different active sites. The cracking process is limited by the initial protonation
of the C-C bond to form the propyl carbonium intermediate (Scheme 3a). The C-C bond of the
propane molecule that undergoes cracking is located directly over the O-H group of BAS. All the
adsorption-related values were calculated at this position of propane.

The adsorption, the intrinsic activation, and the apparent activation energy of propane

cracking on a variety of active sites are presented in Table 5 and Figure 27. The adsorption energy
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of propane over IBAS at the intersection is -68 kJ/mol, in good agreement with previous
computational work reported by Moor et al. *°, which reported values of about -64 and -53 kJ/mol
for propane adsorption in the straight and sinusoidal channels, respectively. There is little variation
in the adsorption energies across the six active sites. The charge transfers between the propane
molecule and zeolite framework at adsorption states are negligible, and these values are
comparable across all active sites as shown in Table 6. The electron density differences in Figure
28 show that the propane molecule interacts with the BAS while no charge interaction occurs
between the propane molecule and EFAL/PFAL species. These results support the similarity of
propane adsorption energy on IBAS and synergistic sites. However, the calculated adsorption
energies tend to be less negative than the experimental measurements. For example, values

reported by Gounder et al. °! and Narbeshuber et al. *> were 43 kJ/mol.
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Figure 27. Enthalpy profiles of propane cracking on different active sites.
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BAS/AI(OH)?* BAS/AI(OH)

Figure 28 Electron density difference charge of propane at adsorption state on
various active sites, the value of isosurface is 0.002 au. The blue color represents

accumulation of charge and the green color represents depletion of charge.

Table 5. Adsorption, and activation energy of propane cracking reactions on
different active sites. The calculation of energy utilized a gas phase propane

reference.

Sites AE 446 AE 4, AE¥

int AEintermediate
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(kJ/mol) (kJ/mol) (kJ/mol)  (kJ/mol)

IBAS -68 122 189 110
BAS/AI(OH)? -63 106 169 106
BAS/AI(OH),* -61 120 181 120
BAS/AIOOH -64 112 176 112
BAS/Al(OH); -63 102 165 102

BAS/PFAL 71 108 179 94

Table 6. Charge transfers from adsorption states to zeolite framework.

Sites Charge transfer (e)
IBAS 0.025
BAS/AI(OH)** 0.029
BAS/AI(OH)* 0.028
BAS/AIOOH 0.032
BAS/AI(OH)3 0.025
BAS/PFAL 0.026

Table 7. Charge resides on TS of propane cracking reactions on various active sites.

Sites Charges reside on

TSs C3Ho*

IBAS 0.8




BAS/AI(OH)** 0.9

BAS/AI(OH),* 0.8
BAS/AIOOH 0.8
BAS/AI(OH); 0.8

BAS/PFAL 0.8

Table 8. Atomic distances of transition states on different site, with C1: terminal C,

C2: middle C, H: BAS, and O: the protonated oxygen.

Sites C1-C2(A) CI1-H@A) C2-H(A) O-H
IBAS 1.71 1.48 1.73 1.26
BAS/AI(OH)** 1.88 1.22 1.32 2.29
BAS/AI(OH)," 1.79 1.28 1.41 1.75
BAS/AIOOH 1.72 1.23 1.63 1.74
BAS/AI(OH); 1.68 1.49 1.79 1.29

BAS/PFAL 2.12 1.21 1.33 242




BAS/AI(OH)*

BAS/AI(OH),*

BAS/AIOOH

Figure 29. Electron density difference charge of TS of propane cracking reactions on

various active sites, the value of isosurface is 0.002 au. The blue color represents

accumulation of charge and the green color represents depletion of charge.

According to Figure 27 and Table 5. The activation barriers of propane cracking reactions

depend on the local environments surrounding active sites. The intrinsic activation energy of IBAS

in this work (189 kJ/mol) is in good agreement with previously reported theoretical and

experimental values. For instance, Gounder et al.”! and Narbeshuber et al. °* reported experimental

values of about 200 kJ/mol and 195 kJ/mol, respectively, while Sharada et al. >3 using QM/MM
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method reported a theoretical value of 184 kJ/mol. It is known that the PBE calculation method
used in this study can result in underestimations of the barrier height. ** This underestimation
explains the slight discrepancy between our calculated value and experimental measurements. The
propane cracking reaction shows significantly lower intrinsic activation energy, which ranges from
165-181 kJ/mol, among five distinct synergistic sites (compared to 189 kJ/mol for isolated BAS
sites). Based on Bader charge analysis, the charges reside on TSs at all active sites except the
BAS/AI(OH);" site is 0.8", while it is 0.9" on TS at BAS/AI(OH)," site. These results point towards
the identity of the TS as CsHo" carbonium cation. The TS on BAS/AI(OH)," site possesses a charge
higher than other TSs, and this value is closest to 17 as the proton approaches the C-C bond at a
shorter distance compared to other TSs, as shown in Table 8. Additionally, Figure 29 reveals that
the positive charge localizes at the C-C bond that is attached by the proton, inducing dipole
moments in the carbonium molecule. In contrast to the adsorption state, the carbonium cation
C3Ho" exhibits charge interactions with EFALs and PFAL species. The EFALs and PFAL species
are charged species that possess dipole moments, enabling them to generate dipole-dipole forces
with the TS carbonium cation C3Ho", shown in Figure 30. These interactions stabilize the TS

systems and decrease the activation barrier of the propane cracking reaction on synergistic sites.
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AI(OH)
AI(OH)* > &

PFAL

nnnnnnn dipole-dipole interaction

Figure 30. Electrostatic interaction between carbonium C3H9" and different EFAL and

PFAL species.

Table 9 shows the polarizability of propane C3Hg and carbonium cation C3Ho" on various
active sites, whereas Table 10 displays the polarizability of zeolite unit SiO4 and different EFALSs
and PFAL. The term polarizability refers to the tendency of molecules to generate induced electric
dipole moments when subjected to an electric field. The charge distribution of the TS carbonium
cation is not uniform, and adjacent charged species can cause the molecule to have an
instantaneous dipole, which then induces another dipole in its neighboring molecule. Thus, the

existence of EFAL and PFAL enhances the electrostatic interaction at TS.
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It is worth mentioning that the presence of EFAL Al(OH); in reaction environment resulted
in a significant reduction of the activation barrier by 24 kJ/mol. This potent stabilization is
attributed not only to the dipole-dipole force but also to the formation of a hydrogen bond between
the TS and OH group of the AI(OH)s species, shown in Figure 29. The sharing of the sole electron
on a hydrogen atom bonded to an oxygen atom results in the hydrogen atom having a significantly
smaller radius. This enables it to approach the EFAL Al(OH); very closely, which leads to a highly
stable configuration with low energy. Therefore, the impact of hydrogen bond can be substantial,
and their strength is significant that they resemble weak covalent bond. This is why the activation

barrier is the lowest at the BAS/AI(OH); site compared to other active sites.

Table 9. Polarizability of propane in the gas phase and carbonium cation on

different active sites.

Polarizability of C3Hs
Gas phase 37.8

Sites Polarizability of C3Ho"
IBAS 74.3
BAS/AI(OH)** 142.5
BAS/AI(OH)* 64.3
BAS/AIOOH 64.7
BAS/AI(OH)3 64.7
BAS/PFAL 78.9
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Table 10. Polarizability of zeolite unit SiO4, EFALs and PFAL species.

Sites Polarizability
SiO4 323
Al(OH)** 209.4
Al(OH),* 194.7
AIOOH 194.9
Al(OH); 32.7
PFAL 182.6

3.4.2.2 The influence of EFAL and PFAL on adsorption and activation
entropy of propane cracking.

Table 11. The change of entropy along the reaction coordinate of propane cracking

reactions on different active sites.

Sites ASads ASapp ASine ASintermediate
(J/molV/K)  (J/mol/K) (J/mol/K) (J/mol/K)
IBAS -165 -188 -23 -155
BAS/AI(OH)?* -170 _185 15 _181
BAS/AI(OH)," -164 -186 -22 -164
BAS/AIOOH -165 -179 -14 -161
BAS/AI(OH);3 -167 -196 29 177

BAS/PFAL -159 -165 -6 -166




To evaluate the entropic changes of propane in different local environments within the H-
ZSMS5 zeolite, this study assumes that the reactant is strongly adsorbed onto active sites, resulting
in the propane molecule being immobilized with negligible rotational and translational entropy
motions. Additionally, the solid zeolite has minimal rotational and transitional motion, and thus
any changes in entropy are solely due to alterations in harmonic vibrational modes. This method
distinguishes entropy loss at transition states from stable states, allowing for the estimation of the
contribution of entropy changes to activation barriers along the reaction pathway. Table 11
provides a comparison of the entropy change for elementary steps versus the gas phase along the
reaction coordinate. The adsorbed entropies of propane on different active sites analyzed in this
work range from -170 to -159 J/mol/K and are not significantly different. Compared to prior
studies, both Moor et al. and Gounder et al. °*°! reported a calculated entropy decrease of roughly
-100 J/mol/K during adsorption, while the experimental value calculated based on statistical
thermodynamic equations was -94 kJ/mol/K. According to Moor et al. °*-°!, the entropy loss during
n-alkane adsorption could be better described by considering the loss of two rotational and one
translational degree of freedom for the molecular entropy. In the case of MFI zeolite, Dauenhauter
and coworkers” showed that assuming a loss of one translational and one rotational degree of
freedom in entropy upon n-alkane adsorption led to underestimation for the entropy loss. However,
they argued that assuming a loss all the three translational degrees of freedom would result in an
overestimation for the entropy loss. They also found that the entropy loss of linear alkane upon
adsorption on MFI was about 38% of their gas phase entropy. Even though this entropy model
overestimates the entropy losses, it still provides a satisfactory comparison among the different

active sites.
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The majority of active sites, including IBAS, BAS/AI(OH)**, BAS/AI(OH).",
BAS/AIOOH, and BAS/AI(OH);, exhibit activation entropies that are insignificantly different.
The activation entropy on IBAS is -188 J/mol/K. Notably, the activation entropy on BAS/PFAL
is 23 J/mol/K less negative than IBAS. The TS on BAS/PFAL site is a late one and resembles the
product, which is evidenced by the elongated C-C bond (2.12 A compared to 1.71 A on IBAS).
The more negative values of apparent activation entropies in the cracking reaction indicate that the
transition states are more restricted in movement than that of the adsorption state, consistent with
a prior study.”! According to Sharada et al. **, the transition state of cracking happens early along
the reaction coordinate and interacts strongly with zeolite framework, which result in a tightly
bound transition state. It can be deduced that the surrounding spaciousness of the actives has little
influence on the motion of the transition states. This assessment is supported by the insignificant

influence of EFAL and PFAL to the apparent activation entropies

3.4.2.3 The influence of EFAL and PFAL on adsorption and activation Gibbs
free energy of propane cracking.

Table 12. Adsorption, and activation free energy of propane cracking reactions on different

active sites, calculated at 773 K. The calculation of free energy utilized a gas phase propane

reference.
Sites AGags AGapp AGint AGintermediate
IBAS 60 267 207 230
BAS/AI(OH)** 68 249 180 246
BAS/AI(OH),* 65 264 198 247
BAS/AIOOH 64 253 187 238

92



BAS/AI(OH);

BAS/PFAL

66

52

250

236

186

184

236

223

93



IBAS

— BAS/AIOH
—___ BASI/AI(OH),
kJ/mol —. BAS/AIOOH
BAS/AI(OH),
280 |
— BASPFAL
240 _ /;,—-‘ \;_
] [ —
200 _ A
////
160
////
120 | Vi
£
80 _ ;/
4 /
40 | (HZSm-5 //;=
+CH,) ¢
ol 7

AA AL A A

Propane Carbonium Carbenium

Figure 31. Free energy profiles of propane cracking on different active sites, calculated at

773 K.

Since the enthalpies and entropies for propane cracking are known, the Gibb free energies
can be calculated as AG = AH — TAS. The calculated values of Gibb free energy are given in

Table 12 and Figure 31. As previously discussed, the free energies in this study would be
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generally overestimated, but to a consistent extent, leading to reliable free activation barriers. In
this work, the free energy of activation barriers on IBAS at the 10-MR intersection is 267 kJ/mol.
The free energy of activation barriers of propane on BAS in 8-MR and 12-MR of mordenite zeolite
was reported by Gounder et al. °! were about 227 and 234 kJ/mol, respectively. There are
significant decreases in the free activation energies activation on synergistic sites, resulting in a

boost in the cracking reaction rate, primarily driven by lower activation energies.

3.4.3 Propane dehydrogenation reaction

3.4.3.1 The influence of EFAL and PFAL on adsorption and activation

energy of propane dehydrogenation

Table 13. Adsorption, and activation energy of propane dehydrogenation reactions on

different active sites. The calculation of energy utilized a gas phase propane reference.

Sites AE 445 AE 4y AEE, AEintermediate
(kJ/mol) (kJ/mol) (kJ/mol) (kJ/mol)
IBAS -62 159 221 84
BAS/AI(OH)* -65 129 195 81
BAS/AI(OH),* -65 156 221 81
BAS/AIOOH -64 168 232 78
BAS/A1(OH); -72 164 236 89
BAS/PFAL -67 157 224 86
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The dehydrogenation reaction happens in parallel to the cracking reaction.’? In this section,
the dehydrogenation reactions are performed on various active sites. Propane dehydrogenation can
take place by removing hydrogen from methyl or methylene groups. It has been reported that the
activation barrier of a methylene group dehydrogenation is about 50 kJ/mol lower than the
dehydrogenation reaction of a methyl group. ° To minimize computational expenses, this study
only focuses on the dehydrogenation of the methylene group, the mechanism of which is depicted
in Scheme 3b. At the transition state configuration, O-H and C-H bonds are broken and
simultaneously a hydrogen molecule together with a secondary propyl cation is formed. From one
of terminal CH3 groups, a proton jumps to a framework oxygen atom, forming a BAS and
producing a propene molecule.

Table 13 and Figure 32 show the energies profile of propane dehydrogenation along the
coordinate reactions on different active sites. The intrinsic activation barrier of propane
dehydrogenation on IBAS is 197 kJ/mol, which is in good agreement with previously reported
results for CHA zeolite at 215 kJ/mol. ° This slight difference can reasonably be accounted for by
the difference in types of zeolite frameworks, the orientations of propane relative to the
frameworks, and the employed computational methods. The EFAL and PFAL have less impact on
the activation barrier for propane dehydrogenation than that on the cracking reaction. The striking
observation is that the activation barrier on BAS/AI(OH)>" is considerably lower than that on IBAS
by 30 kJ/mol, whereas others synergistic sites have similar activation barrier to IBAS.

In Figure 33, it can be observed that there is a peak of TS molecules located 1.3 - 2 eV
above the Fermi level, indicating a vacant orbital in the middle C after hydride transfer. Table 14
provides information on the charges of the TSs, with all of them except for the one on

BAS/AI(OH)," showing a charge of is 0.9%, while the TS on BAS/AI(OH)," is charged 0.6*. The
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Bader charge analysis and density of states confirm that the TS of dehydrogenation is a carbenium
C3H7". Figure 34 shows the electron density differences, which illustrates that the positive charge
delocalizes the entire TS molecule, resulting in a more symmetrically charged distribution.
Additionally, the charge interactions between TS and most of EFALs and PFAL, with the
exception of the EFAL Al(OH),", are negligible. The polarizabilities of TSs carbenium cation are
comparable to the neutral propane molecule in the gas phase, and much lower than the
polarizabilities of TS carbonium cations in propane cracking reactions. These findings suggest
that the charge associated with the carbenium is more symmetrically distributed and they have low
tendency to generate induced dipole moments. As a result, the EFAL and PFAL have a weaker
influence on TS of propane dehydrogenation reaction. Differently, the lower activation barrier on
BAS/AI(OH)," is due to the electrostatic interaction between the TS and EFAL AI(OH)," as shown

in Figure 34.

Table 14. Charge resides on TSs of propane dehydrogenation reactions on various active

sites.

Sites Charges reside on
TSs C3H7*

IBAS 0.9
BAS/AI(OH)** 0.6
BAS/AI(OH)," 0.9
BAS/AIOOH 0.9
BAS/AI(OH)3 0.9
BAS/PFAL 0.9
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Figure 32. Energy profiles of the propane dehydrogenation reaction on different

active sites.
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Figure 33. Density of state at the TSs of hydrogenation reactions.
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Figure 34. Electron density difference charge of TS of propane dehydrogenation
reactions on various active sites, the value of isosurface is 0.002 au. The blue color

represents accumulation of charge and the green color represents depletion of charge.

Table 15. Polarizability of propane in the gas phase and carbonium cation on

different active sites.

Polarizability of C3Hs

Gas phase 37.8
Sites Polarizability of CsH7*

IBAS 40.7

BAS/AI(OH)** 40.7
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BAS/AI(OH),"
BAS/AIOOH
BAS/AI(OH);

BAS/PFAL

41.1

40.9

40.6

41.6

3.4.3.2 The influence of EFAL and PFAL on activation entropy of propane

dehydrogenation.

Table 16. The change of entropy along the reaction coordinate of propane cracking

on different active sites.

Sites ASads
IBAS -163
BAS/AI(OH)* -161
BAS/AI(OH)," -163
BAS/AIOOH -163
BAS/AI(OH)3 -168
BAS/PFAL -157

ASapp

-129

_144

_144

-139

-150

_154

ASint

34

17

19

24

18

Asintermediate

-123

-125

_124

-122

-127

-129

The losses of entropies at TSs for dehydrogenation are less negative than those of reactant

states, indicating these TSs have greater freedom of movement relative to adsorption states and

weakly interact with the active sites. This is in striking contrast to the cracking reaction, where the

TS is more restricted in movement than the adsorption state. The dehydrogenation occurs later

along the reaction coordinate, and the TS more resembles the product fragments. The space
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surrounding the active sites has an impact on the TS of the dehydrogenation reaction. The
confinement decreases in the presence of EFAL and PFAL specie, leading to apparent activation

entropies on synergistic sites that are 10-25 J/mol/K more negative compared to that of IBAS.

3.4.3.3 The influence of EFAL and PFAL on free energy entropy of propane

dehydrogenation.

Table 17. Adsorption, and activation free energy of propane dehydrogenation reactions on
different active sites, calculated at 773 K. The calculation of free energy utilized a gas phase

propane reference.

Sites AGags AGapp AGint AGintermediate
IBAS 64 259 194 179
BAS/AI(OH)* 59 241 182 177
BAS/AI(OH),* 61 267 206 177
BAS/AIOOH 62 275 213 172
BAS/AI(OH);3 58 280 223 187
BAS/PFAL 54 276 222 185
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Figure 35. Free energy profiles of propane dehydrogenation reaction on different

active sites, calculated at 775 K.

Table 17 and Figure 35 present the free energy profile of dehydrogenation reactions on
different active sites. It is noted that the synergistic site BAS/AI(OH)?" exhibits an apparent free
activation barrier that is 18 kJ/mol lower than that of IBAS. For other synergistic sites, the
activation barriers are comparable to that of IBA, but the activation entropies are more negative.

As a results, the variation of free activation energy of dehydrogenation reactions on these sites is
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due to the difference in activation entropy. The free energy barriers of dehydrogenation reactions
on synergistic sites are higher because of the more negative of activation entropies in more

confined environments.

3.4.3.3 Propane reaction under pulsedwater treatment.

Experiments conducted in this section was conducted by Tram Pham; we include this
discussion here to compare with our DFT calculations. The propane cracking was carryout out in
a pulsed reactor. The experimental results in this section give support for the DFT-results. The rate
of propane conversion on H-ZSMS5 zeolite is presented in Figure 36. The reaction order is close
to 1, shown in Figure 37, suggesting a monomolecular reaction pathway. The distribution of
products under investigated reaction conditions are comparable, which include C3Hs (~ 42 wt.%),
CoHe (~ 36 wt.%), CH4 (~ 18wt%), and other light hydrocarbons. These results suggest that
propane cracking and dehydrogenation both can take place under the reaction conditions. It was
shown in Figure 36 that HZSM5-15-AHFS catalyst has a significantly lower activity compared to
the parent H-ZSM5-15. This result suggests that the AHFS treatment removes EFAL species
leading to the loss of synergistic sites. HZSM5-11.5 has lower activity than HZSM5-15, which
can be attributed to fewer synergistic sites in this catalyst.

Figure 38 presents the Arrhenius plot for estimating the activation energies of propane
conversion in the investigated catalysts. The amount of the catalyst is varied to maintain a
comparable level of reaction conversion. In AHFS treated catalysts, the activation energy for
propane conversion is the highest, which is associated with the barrier on typical BAS. This value
is the lowest in HZSMS5-15 due to a significant number of synergistic sites in this catalyst, as

discussed in our previous work. * It is important to note that the required barriers of both cracking
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and dehydrogenation have contributed to the measured activation energies. The trend of activation
barriers in Figure 38 is consistent with DFT-calculated results, though the experimental values are
higher than DFT calculations. This may originate from three main sources: (1) PBE functional
usually gives underestimated values for activation barriers; (2) In this study, only the
dehydrogenation of methylene group was explored, as it was reported to be 50 kJ/mol higher than
that of the methyl group. Thus, it is reasonable to assume that the activation barrier of propane
dehydrogenation will be higher when both reaction pathways are considered. Additionally, (3) the
heat adsorptions were overestimated in DFT results, leading to underestimation of apparent

activation barriers.

0.40

0.35

0.30

0.20 0.19

0.10 008

Activity per site (%/umol BAS)

0.00

HZSM5-15-AHFS ~ HZSM5-15 HZSM5-11.5

Figure 36. Activity per site of propane conversion in HZSMS5-X zeolites, X is Si/Al
ratio. 500 pl pulses of pure propane (>99%) are injected at temperature as 823 K.
The BAS densities of HZSM5-15-AHFS, HZSM5-15 and HZSMS-11.5 are 0.45, 0.73

and 1.08 mmol/g, respectively.
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Figure 37. Estimation of the order of propane cracking on HZSM5-15-AHFS. In
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which x is the reaction conversion, a is the mole percent of propane in the loop.

Figure 38. Estimation of apparent activation enthalpy of propane reactions on MFI

zeolites.

In(X) ~ In(rate)

114 115 116 117 118  1.19 1.2 121 122
0 1 1 1 1 1 1 1
A HZSM5-15-AHFS (95mg)
05 1 OHZSM5-11.5 (30 mg)
-1 O HZSM5-15 (30 mg)
15 4 B=<<__AEapp=171.9 ki/mol
-2 1 ) \“\\\ ~::::::a~ AEapp =142 kJ/mol
-2.5 A \\\\‘\\A o ‘~:::‘~_E
3 AEapp = 183.8 kJ/mol \\\\A
35

1/T (1000/K)

106



3.4.4 Hexane cracking and dehydrogenation reactions

3.4.4.1 DFT calculations
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Figure 39. Reaction energy diagram of n-hexane (a) central cracking and (b)

dehydrogenation of the methylene group. This figure was taken from ref. 3!

In the previous section, we discussed the roles of EFALs and PFAL in propane cracking.
To further explore the role of EFAL species in different chain-length alkane cracking reaction, we
utilized DFT calculations to compare the reaction profiles of hexane on IBAS and synergistic site
BAS/AI(OH),". Hexane cracking on H-ZSM35 has multiple potential reaction pathways, and we
selected central cracking and dehydrogenation of the methylene group as representative reactions.
Figure 39 shows the reaction energy diagram of hexane central cracking and dehydrogenation on
IBAS and synergistic site BAS/AI(OH),". The adsorption configurations are similar for both active
sites, and the computed adsorption energies of hexane on IBAS and synergistic site are -102 and -

105 kJ/mol, respectively.
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IBAS BAS/AI(OH),*

Figure 40. Electron density difference charge of TS of hexane cracking reactions on
various active sites, the value of isosurface is 0.002 au. The blue color represents

accumulation of charge and the green color represents depletion of charge.

The apparent activation energies for hexane central cracking are 89 kJ/mol over IBAS and
59 kJ/mol over the synergistic site. A similar trend is observed for the hexane dehydrogenation
reaction, with an apparent barrier of 103 kJ/mol, which is 21 kJ/mol lower than that of IBAS.
These results indicate that while the effect of EFAL species on the dehydrogenation reaction is
less pronounced than on the central cracking reaction, it is still significant. The activation barriers
for central cracking are lower than those for dehydrogenation, which is consistent with a prior
study. °” Additionally, the significant decrease in activation barriers for hexane conversion at the
synergistic site is due to the electrostatic interactions between the TSs and EFAL AI(OH),". Figure
40 and Figure 41 illustrate the electron density difference charge of TS on IBAS and synergistic
sites. In both TSs, the positive charges localize at the center of the molecules, which suggests that

the molecules have dipole moments. The dipole-dipole interactions between the TSs and the EFAL
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play a similar role as in the propane cracking reaction, stabilizing the energy of the systems and
leading to a decrease in activation barriers.

Compared to propane, the polarizability of both the hexane molecule and its TSs in
cracking and dehydrogenation reactions is high. As a result, the influence of EFAL on hexane
reactions is more significant than that on propane. Furthermore, due to the longer chain length, the
transition state of the dehydrogenation reaction of the methylene group in hexane has a positive
charge localized at the center of the molecule, rather than being symmetrically distributed
throughout the entire TS as in propane dehydrogenation reaction. Therefore, the impact of EFAL

on the dehydrogenation of hexane is more potent than that on propane dehydrogenation.

Figure 41. Electron density difference charge of TS of hexane dehydrogenation
reactions on various active sites, the value of isosurface is 0.002 au. The blue color

represents accumulation of charge and the green color represents depletion of charge.
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Table 18. Polarizability of hexane in the gas phase, and its TSs in cracking and

dehydrogenation reactions.

Polarizability
Locations Carbonium C¢His* | Carbenium C¢Hi3* | Hexane CsHi4
IBAS 156.4 80.7
BAS/AI(OH)," 130.7 77.8
Gas phase 73.8

Additionally, we found that the intrinsic activation barrier of n-hexane cracking over IBAS

(191 kJ/mol) is similar to that of propane cracking (189 kJ/mol). This is in agreement with the

1o 192

finding of Gounder et al. °' and Narbeshuber et al. >, reported that the intrinsic activation barriers
of hydrocarbons (C3-C6) cracking reactions are constant, and the variation in adsorption energy

for different chain length hydrocarbons leads to different measured activation barriers.

3.4.4.2. Hexane conversion in pulsed and steaming reactions.

Experimenal results discussed in this section was obtained by Tram Pham. The hexane
cracking was carryout out in pulsing and steaming reactions. The experimental results in this
section give support for the DFT results. The aim of this section was to analyze the energies and
entropies of the transition states of the cracking reaction in order to understand the reason behind
the high activity on synergistic sites. Based on the data presented in Figure 42, the order of the
reaction at various temperature on HZSM-5 catalyst is close to 1, indicating a monomolecular
cracking mechanism in line with previous study. *® To determine the cracking rate associated with
the synergistic sites, the cracking rate corresponding to the IBAS measured on HZSM5-15-AHFS

was subtracted. The findings show that the apparent activation enthalpy for the n-hexane cracking

110



on the synergistic sites is significantly lower (~75 kJ/mol) than that associated with the IBAS (110

kJ/mol), which is consistent with DFT results. The activation entropies obtained from different

samples are comparable and listed in Table 19.
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Figure 42. Determination of order of n-hexane cracking reaction, where a is the mole

percent of n-hexane in the loop and X is the conversion of the reaction, taking from

ref. 2%

The activation enthalpies and entropies for the synergistic sites were estimated using
various HZSM-5 catalysts with Si/Al ratios ranging from 11.5 to 25, both in fresh samples and
after exposure to pulsing and steaming water. The cracking barriers on IBAS were obtained from
catalysts that had an insignificant amount of synergistic sites, such as zeolites with high Si/Al

ratios and those after sodium exchange. The cracking rates associated with the synergistic sites
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were calculated by subtracting the contribution of isolated sites from the measured rates at
corresponding temperatures. It is worth noting that catalysts devoid of EFAL species, such as
HZSM5-140, HZSM5-40, and HZSM5-15-AHFS, showed a similar apparent enthalpy of
activation, despite differences in BAS location (intersection vs channels and concentration of
paired sites. This enthalpy of activation is far greater than that observed when synergistic sites are
present. Additionally, while the transition state enthalpy is significantly lowered over synergistic

sites, the consequential penalties in TS entropy are far less pronounced.

Table 19. Estimated Activation Enthalpy and Entropy of n-hexane Cracking on

Different MFI Zeolites, taking from ref. 3!

AH,,,, kJ/mol AS,p J/ (mol K)
MEFI samples IBAS SBAS IBAS SBAS
HZSMS-11.5 74.0 —160.0
HZSMS-11.5-steamed 74.3 —160.0
HZSMS-11.5-water pulsed 74.2 —161.8
HZSMS-15 74.7 —160.0
HZSMS5-15-water pulsed 74.0 —162.0
HZSMS-25 80.3 —152.1
NaHZSMS-15 105.2 —152.3
NaHZSMS-25 105.8 —152.4
HZSMS-15-AHFS 100.4 —150.9
HZSMS-40 103.7 —150.2
HZSMS-140 100.7 —152.5

112



3.4.5 Acylation reaction of 2-methylfuran (2-MF) with acetic acid
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Figure 43. Energy profile of acylation of 2-MF with acetic acid on BAS with the

presence of EFAL AI(OH)," in proximity.

In the preceding sections, we discussed the role of EFAL in the alkane cracking reaction.
In this section, we will focus on investigating the impact of EFAL on the acylation reaction of 2-
MEF with acetic acid. The complete mechanism of the acylation reaction is shown in Scheme 4.
When EFAL Al(OH)," is present, the mechanism follows the pathway with IBAS, which occurs
on two oxygen atoms linked to the same Al atom (as shown in Scheme 4a). We analyzed the
influence of EFAL AI(OH)," at two different distances from the BAS, which are the BAS/
Al(OH)," site where EFAL AI(OH)," is two Si linking atoms away from the BAS and the BAS/
Al(OH),"-2 site where the EFAL is eight Si linking atoms away from the BAS. Initially, acetic
acid adsorbs on HZSM-5 by forming hydrogen bond with the BAS. This step has a lower energy
on BAS/ AlI(OH)," and BAS/ AI(OH):"-2, which are 25 and 36 kJ/mol more negative than that of
IBAS, respectively. Subsequently, acyl species and water form with a true barriers of 96 and 105

kJ/mol on BAS/ AI(OH)," and BAS/ Al(OH)."-2, respectively, which are comparable to the value
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of IBAS. However, the apparent activation barriers are 24 and 44 kJ/mol lower than that of IBAS
due to the stronger adsorption if the acetic acid molecule. The closer EFAL have stronger impact
on the adsorption of acetic acid molecule.

In contrast to the dehydration step the, the subsequent C-C coupling steps have slightly
higher apparent activation barriers with the presence of EFAL AI(OH)," at two different distances.
The more stable acyl species on synergistic site may make the C-C coupling step more challenging.
On the synergistic sites BAS/AI(OH),", the activation barriers of C-C coupling steps and
dehydration are comparable, while on BAS/ AI(OH).*-2, the activation barrier of C-C coupling is
10 kJ/mol higher than dehydration step. Even though the apparent activation barrier of C-C
coupling step on synergistic sites are higher than that of IBAS, they are still lower than the apparent

activation barrier of dehydration step on IBAS.

kd/mol

—__ BASJ/AI(OH)-P1

— — — _ BAS/AI(OH)-P2
-370

Figure 44. Energy profile of acylation of 2-MF with acetic acid on BAS with the
presence of EFAL AI(OH)?" in proximity. The solid line represents reaction pathway

1 and dash line represents reaction pathway 2.
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Scheme 4b shows the possible pathways for acylation reaction with the presence of

EFAL Al(OH)?*" located 2 Si linking atoms away from BAS. Pathway 1 involves a dehydration

step similar to that of IBAS, while pathway 2 involves the formation of a bond between the acyl

species and EFAL Al(OH)?**, which stabilizes the acyl group significantly. In both pathways, the

product 2-acetyl-5-methylfuran is bonded with the EFAL Al(OH)**, which reduces the activation

energy of the C-C coupling step of pathway 2. Compared to the highest activation barrier of the

reaction on IBAS, the activation barriers on BAS/AI(OH)*" are 32 and 41 kJ/mol lower following

pathway 1 and pathway 2, respectively.
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a) on IBAS b) on BAS/AI(OH)?* synergistic sites.

3.5 Conclusions
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Our investigation has thoroughly examined the influence of various EFAL and PFAL
species on the intrinsic acid strength, thermodynamics of adsorption and kinetics of
monomolecular propane cracking and dehydrogenation. The DPE values reveal that the synergistic
site, in which the BAS proton and EFAL/PFAL form hydrogen bond, have weaker acidity. By
contrast, the adjacent EFAL and PFAL species having no direct interaction with the proton do not
significantly change the DPE of the proton.

We found that the local environments, where reactions take place, play an important role
in catalytic performance of zeolite. The propane cracking reactions show significantly lower
intrinsic activation energy, which ranges from 165-181 kJ/mol, among 5 distinct synergistic sites
(compared to 189 kJ/mol for isolated BAS sites). The transition states of propane and hexane
cracking are more stabilized on synergistic sites due to the electrostatic force between TSs and
EFAL/PFAL species. The EFALs and PFAL have more influence on the activation barrier of
hexane reaction than propane reaction because of the higher polarizability of hexane molecule. For
the propane cracking reaction, the activation entropy is more negative than adsorption entropy.
This shows early TS tightly bound to the active sites, and the spaciousness of environment
surrounding active sites have less influence on this TS. The decrease of apparent free energies of
cracking reactions on synergistic sites is driven by the decrease of apparent activation enthalpies,
which further depends on the structures of EFAL and PFAL species in the local environment.

We also found that the activation energies of propane dehydrogenation are not significantly
different on synergistic sites relative with IBAS. The charge on TS of hydrogenation is more
symmetric and this TS has small dipole moments. Thus, the electrostatic interaction between
EFAL/PFAL and TS of propane dehydrogenation reactions on most of active sites do not occur.

On synergistic site, the activation entropies of dehydrogenation are more negative than that of
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IBAS because of the decrease of confinement. The activation entropy largely determines the
activation free energies of propane dehydrogenation. Finally, the trends of apparent activation
barriers of the propane in pulse reaction are in line with DFT-results though the activation barriers

predicted from DFT are underestimated.
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CHAPTER 5: Concluding Remarks and
Future Work

5.1 Dissertation summary

In chapter 2, the NMR chemical shift findings demonstrate that the 'H NMR of isolated
BAS is responsive to their positions. Specifically, the well-know signal at approximately 4.2 ppm
is observed for the BASs at the intersection main channels (straight and sinusoidal channels).
Additionally, the 5-7 ppm peak, which is not well understood, was explained as both framework
BAS in small confinements and the silanol groups in silanol nests forming during the hydrolysis
of framework atoms. Furthermore, the recently identified 11-19 ppm signal, which is associated
with non-framework species, is attributed to the BASs that form hydrogen bonds to adjacent EFAL
species.

Chapter 3 focuses on the development of mechanisms for the formation of synergistic sites.
Specifically, the study shows that BAS/PFAL synergistic sites are generated through partial
hydrolysis of BAS site pairs. The formations of these sites are influenced by the density of BAS
in the sample and the condition of water treatment. The formation of BAS/EFAL synergistic sites
can be driven by the migration of EFAL species along the zeolite framework. Additionally, the
study indicates that sodium titration is more energy favorable for synergistic sites than for IBAS.
These findings are valuable for the design and analysis of zeolite catalysts in hydrocarbon reactions
catalyzed by zeolite.

In chapter 4, we show that the presence of EFAL and PFAL species do not change the
intrinsic acid strength of BAS. Using DFT analysis, the study demonstrates that EFAL and PFAL

reduce the activation barriers of propane and hexane cracking and dehydrogenation reactions by
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stabilizing the TS through dipole-dipole interactions between TSs and EFAL/PFAL. Specifically,
the presence of dipole moments in the molecules of TSs with less symmetrical charge distribution
enables them to form stronger dipole-dipole interactions with EFAL and PFAL. Conversely, TSs

with more symmetrical charge distribution are less affected by EFAL and PFAL.

5.2 Future directions

In future work, we can explore the function of broader extra-lattice species, such as rare
earth and phosphorus in zeolite. Phosphorus is a well-known promoter that can enhance the
hydrothermal stability of zeolite H-ZSM-5 and interacts with the acid sites of zeolite, resulting in
a decrease in the number and strength of acid sites. * !9 Although phosphorus can be
advantageous in certain reactions, for instance, in the methanol to olefin reaction where it improves
selectivity towards light olefins and specifically towards propylene, !°! the exact nature of the
interaction between phosphorus and zeolite has always been a topic of debate. Over time,
numerous models have been proposed, suggesting possible interactions, and the primary point of
contention is whether a permanent interaction between phosphorus and the framework exists or
not. ¥ 192 By following the method outlined in chapter 2, we can elucidate the nature and
interaction of phosphorus species in zeolite by combining computational and experimental NMR
chemical shifts. Once the nature of phosphorus species is determined, their role in selectivity and
activity can be investigated.

Besides phosphorus species, the inclusion of rare earth elements in zeolite Y mitigates
framework dealumination when exposed to hydrothermal conditions, thereby resulting in an

increase in activity per unit weight of zeolite and improvement in the rate of hydrogen transfer. 1%
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The specific catalytic role and nature of rare earth in alkane cracking can be studied based on the

idea of the impact of EFAL on alkane cracking.
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