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Abstract

ABSTRACT

In the present work, the elaboration, characterisation and applications of different
porous materials have been studied. Porous materials are divided into three categories
depending on the porous cavity size, namely microporous materials (pore diameter < 2
nm), mesoporous materials (2 nm < pore diameter < 50 nm) and macroporous materials
(pore diameter > 50 nm). The thesis work is organized in three major parts: the synthesis
of hierarchical micro/mesoporous zeolites and their potential application for the
petrochemical industry, the theoretical study of reaction mechanisms on microporous
zeolite and the design of mesoporous metals with intrinsic chirality at their inner surface.

The hierarchical micro/mesoporous zeolite, composed of microporous and
mesoporous features, has been prepared using carbon-silica (C/SiO;) composites derived
from a pyrolysis of hydrocarbon gas on silica gel. Our findings demonstrate that not only
the presence of a high surface area and porosity, but also an improved efficiency of these
materials for many petrochemical processes such as n-butene isomerization, n-
hexadecane catalytic cracking and hydrocracking. The novel synthetic method is expected
to be generalized for other types of zeolites, and is considered to be a promising method
for creating hierarchical micro/mesoporous zeolites for potential catalytic applications,

especially in the petrochemical industry.

In addition to the study of practical catalytic aspects, a theoretical approach has
been used to investigate potential reaction mechanisms such as the selective isomerization
of 1-butene into isobutene. More specifically, the monomolecular skeletal isomerization
of 1-butene into isobutene on H-FER zeolite was theoretically studied by using the
ONIOM approach. This process was found to involve the transformation of adsorbed 1-
butene through 2-butoxide, isobutoxide, and tert-butyl cation intermediates. The rate-
determining step is the conversion of isobutoxide into isobutene, in which the reaction
has to proceed through the primary isobutyl cation transition state. The shape selectivity
due to the *“nano-confinement” effect of the zeolite framework strongly affects the
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Abstract

adsorption, the stability of alkoxide species and carbenium ion, as well as the skeletal

isomerization mechanism of 1-butene.

Moreover, the microporous and mesoporous zeolite, the generation of chiral
mesoporous metal and its enantioselective recognition properties have been studied.
Molecular imprinting (MI) is a major approach for generating materials with
enantioselective properties. In this work, a chiral imprinted mesoporous platinum has
been obtained by the electrochemical reduction of platinum salts in the simultaneous
presence of a lyotropic liquid crystal phase and chiral template molecules. The resulting
materials exhibit not only a dramatic increase in active surface area due to their
mesoporosity, but also a significant discrimination between two enantiomers of a chiral
probe, confirmed by both electrochemical and enantioselective adsorption experiments.
Most importantly the porous platinum retains its chiral character even after removal of the
chiral template molecule. Our findings could lead to the development of new materials,
which are of potential interest for applications in areas such as chiral synthesis, sensors,
separation, purification and drug development.

Keywords: Hierarchical micro/mesoprorous zeolite, skeletal isomerization, catalysts,
nano-confinement, chiral mesoporous metal, lyotropic liquid crystal,

electrodeposition, electroanalysis

RESUME

Dans ce travail nous étudions I’élaboration, la caractérisation et les applications de
différents matériaux poreux. L’étude est organisée en trois parties majeures: la synthese
de zéolithes micro/mesoporeux et leur application potentielle dans I’industrie
pétrochimique, I’étude théoriqgue de mécanismes réactionnels sur des zeolites
microporeux, et le design de métaux mesoporeux avec une chiralité intrinseque de leur
surface interne. Ces matériaux poreux montrent des propriétés excellentes, notamment

pour des applications potentielles en catalyse et comme interfaces chirales.

Mots clés: Zéolithes micro- et mesoporeux, catalyseurs, métaux mesoporeux chiraux,

électroanalyse, calcul quantique.
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Chapter 1

SYNTHESIS OF HIERARCHICAL MICRO- AND
MESOPOROUS ZEOLITE AND ITS APPLICATIONS
IN PETROCHEMICAL INDUSTRY AS CATALYST FOR
HYDROCARBON TRANSFORMATIONS

Chapter

1. INTRODUCTION

Zeolites are microporous crystalline aluminosilicate materials with open 3D
framework structures. Generally, their framework structure consists of SiO4 and AlO,4
tetrahedra linked to each other via the interconnected oxygen atoms, leading to the
formation of regular intra-crystalline cavities and channels. Such formations provide the
generation of different zeolite structures with various kinds of pore dimensions. The
common pore sizes of zeolites are on the molecular scale, which is less than 20 A by
IUPAC definition. Normally, they range from about 3 to 12 A, which are called as
“micropores”. Micropores of zeolites are open to the outermost surface allowing transfer
of matters between the intra-crystalline channels and the surrounding environment.
Molecules with a critical diameter less than the pore size are preferentially adsorbed into
the pores while larger molecules are excluded. Accordingly, zeolites have a shape

selectivity that opens up a wide range of molecular sieving applications.

Besides the potential in molecular sieving applications, zeolites also exhibit the
potential in catalysis including hydrocarbon transformation, which is a very important
process, especially petrochemical industry. The presence of AI** ions in zeolites leads to
the creation of a negatively charged zeolite framework. Therefore, the positive cations are
attracted to reside in the zeolite structure in order to compensate negative charge of the
framework and preserve overall charge neutrality. Because the cations are not covalently
bonded to the zeolite structure, they can be easily exchanged by other cations via a simple
ion exchange process. The nature of the exchanged cations including size and charge
plays an important role on the zeolite reactivity. For example, when the cations are
protons, the zeolite can act as the proton donor of Brensted acid catalyst. However, the
catalytic properties of reactions do not rely only on the Brensted acid property, but also
depend on the nature of the exchanged cations, which can be applied to catalyze for
various reactions, from acid to base and redox catalysis, for example. Apart from the
particular properties including uniform porosity, interconnected pore/channel system,
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accessible pore volume, high adsorption capacity, ion-exchange ability and shape/size
selectivity, zeolites also have a high thermal stability. Their stability varies over a large
temperature range from about 700°C for low-silica zeolites to about 1300°C for
completely siliceous zeolite providing a promising feature for catalysis. These properties
made zeolites as important heterogeneous catalysts in petrochemical industries.

As far as the importance of heterogeneous catalysts is concerned, synthetic
zeolites for which their properties can be effectively optimized for a certain catalytic
application have been widely used as catalysts in petrochemical industries such as in
catalytic cracking', isomerization?, aromatization of hydrocarbons® and hydrocracking®
processes. Among them, ZSM-5 is one of the most important catalysts in the
petrochemical industries. For this reason, it is of our interest to study the catalytic
activities of ZSM-5 zeolite.

ZSM-5 is a medium pore zeolite involving two types of 10 membered-ring pore
structures, which are straight and zigzag channels. The cavity sizes of the straight and the
zigzag channels are 0.56 x 0.54 nm and 0.51 x 0.55 nm, respectively, as shown in Figure
1.

Figure 1. The illustrations of (a) ZSM-5 porous structure and (b) lattice structure of
ZSM-5.

Although the micropores of zeolites provide a shape-selectivity, they sometimes
limit the catalytic performance of zeolites. As diffusion of reactants and products in the
micropores is slow, reactions encounter diffusion limitation. The pores of microporous

zeolite become blocked when coke is formed during reaction process, resulting in the
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deactivation of catalyst. For example, the conventional zeolites, such as ZSM-5, have
been discovered to deactivate very quickly during the catalytic process due to yielding a
carbon residue or coke inside the framework®®. In addition to the mass transfer or
diffusion limitation, micropores of zeolites can also show heat transfer limitation. Thus,
in many cases, they decrease the catalytic performances in the terms of both activity and

selectivity.

To improve the utilization of these materials, ZSM-5 zeolites with greater
accessibility and shorter path length should be designed. Usually, two potential solutions
have been explored: (i) synthesis of nanometer-sized zeolite crystals, (ii) addition of

mesoporous cavities into some parts of zeolite framework.
(i) Synthesis of nanometer-sized zeolite crystals

As crystalline size of zeolites is typically large (more than 1 pum) so the first
solution, which is able to minimize the diffusion limitation in zeolite framework, is the
reduction of the crystalline diffusion path length by creating zeolites with extremely small
crystals or nanocrystals. By this way, the external surface area is also significantly
improved. Thus, zeolites with nanocrystals have typically exhibited good catalytic

activity and adsorption capacity’.

The preparation methods that are often used for preparation of nanocrystalline
zeolites can be categorized into two major approaches. The first approach is based on the
clear solution or gel synthesis methods. In this approach, the nanocrystals are synthesized
from clear solutions or gels under condition that the nucleation process is preferable
compared to the crystal growth”!. As a result, zeolites are grown with small crystal size
as colloids in the suspension. The crystal size is typically less than 100 nm and the
particle size distribution is relatively narrow. Another approach is a confined-space
synthesis. The nanocrystal zeolites are synthesized using inert matrix consisting of
cavities or voids in which they provide steric hindered space for the zeolite crystal
growth'®*®, After removal of the matrix, nanocrystal zeolite is obtained. In this approach,
the crystal size is directly related to the space of cavity or void of the inert matrix, thus
the desired crystal size of zeolites can be controlled by the selection of matrix. So far,
many types of matrix have been used in the confined space synthesis, for example,
Jacobsen'® prepared the nonosized ZSM-5 crystals using carbon black with two different

pore diameters of 31.6 and 45.6 nm. They obtained nanocrystalline zeolite with the
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corresponding crystal sizes in the ranges of 22-30 and 37-45 nm depending on the

diameters of pore size of matrix.
(if) Addition of mesoporous cavities into some parts of zeolite framework.

The generation of larger transport pores with improved diffusional properties can
be obtained by creating larger pores or mesopores (diameter ranging from 2 to 50 nm by
IUPAC definition) in addition to the micropores™*’. The addition of mesopores into
zeolite framework introduces a concept of hierarchical dual micro- and mesoporous
zeolites. The mesopores that interconnect to the micropores permit faster diffusion of
guest molecules into zeolite framework solving the diffusional problem. Furthermore, the
presence of mesopores enhances the catalytic activity of reactions, which involves large
or bulky reactant, transition state and product. Particularly, it is also possible to create
nanocrystalline zeolite containing mesopores'®, this synergy yields novel catalysts with
high catalytic performance™.

The methods used for synthesis of hierarchical dual micro- and mesoporous

zeolites can be categorized into two major approaches which are based on

16,20 12,17,20-23 4,11,14-17

nontemplating and templating approaches . For the nontemplating
approach, hierarchical mesoporous zeolites are obtained by postsynthesis modifications,
such as the extraction by either metal atoms (demetalation) or silicon atoms (desilication)
with acidic or basic solutions'®?*?, for example. This approach can be considered as a
top-down approach. However, such approach cannot commonly be used for all types of
zeolites, only some types of zeolites can be successfully prepared. For example, the
desilication method is suitable for zeolites having the moderate Si/Al ratio (Si/Al=25-50
for ZSM-5)%. Only low mesoporosity are obtained when the zeolites having the initially
low Si/Al are used, whereas the zeolite structure can be destroyed when the frameworks
having the initially high Si/Al are performed. Moreover, the pore size is difficult to be
controlled by this route’’. It has been reported that the mesopores obtained from such
atom extraction do not always link to each other in order to form a connected network?.
Thus, this nontemplating approach is obviously inefficient in reaching the improvement

of transport limitation of zeolites.

As for the templating approach, the hierarchical zeolites can be obtained via both
direct- and indirect template methods'’. In the direct template methods, zeolite crystals

grow around the template (mesopore template) and the hierarchical zeolites are observed
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after the removable of such template. Generally, two types of template, namely, soft and

27,28

hard template can be used. Polymers®?® surfactants®®, and resorcinol-formaldehyde

I** are categorized as soft templates while polymer beads®* and carbon

12,32

aeroge
materials are considered as hard templates. Mesoporous shape and size of the
prepared zeolites is reflected from the shape and size of the template (mesopore-directing
template), so that the selection of template is the key factors of this method. It has been
reported that the hard templates have high confinement ability derived from their rigid
structure compared to the soft templates®. In the case of indirect templating methods,
hierarchical zeolites is transformed from (amorphous) mesostructured materials or
obtained from zeolitization of diatomaceous earth or incorporation of zeolite nanocrystals
into an existing mesostructured phase®*. This templating approach can be considered as a
bottom-up approach. Because the hierarchical zeolites with high purity are often obtained
by the direct templating method so this method is attractive for synthesis of hierarchical

zeolites.

Among hard templates utilized in the preparation of hierarchical dual micro- and
mesoporous zeolites, carbon materials — including carbon black particles*, multiwall
carbon nanotubes®* and carbon nanofibers®® — have attracted a great interest due to their
high removal ability during calcination of zeolite. In addition, they can be obtained via a
simple and cheap ways. Carbon materials can be used for synthesis not only mesoporous
zeolites but also nanocrystal zeolite depending on the synthetic condition. The confined
space of porous carbons® or the inter-voids of carbon blacks'* can be used for the
generations of the nanosized crystals of zeolites. In order to obtain the crystallization of a
zeolite only in the pores or voids of carbon materials, the amount of zeolite precursor
should be equal to or less than the pore or void volume of the carbon template. In
contrast, mesoporous zeolites are obtained by encapsulation of carbon materials into the
zeolite crystals during synthesis; thus, it is required the high amount of zeolite precursor
in order to grow around the carbon template. After removal of the embedded carbon
template, porous zeolites are obtained™®. Moreover, it is possible that the combined
system of mesoporous zeolites and nanocrystal zeolite is obtained by using carbon

material as templates®’.

Recently, Kustova and coworkers®® have successfully prepared a hierarchical
zeolite using a silica-carbon composites. The composites are obtained from
decomposition of sucrose impregnated in a form of solution to silica gel*. The obtained
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carbon deposits and silica gel act as mesopore-directing agent and silica source for the
zeolite synthesis, respectively. Thus, it can be considered that such silica-carbon
composites act as bifunctional materials for the zeolite synthesis. The hierarchical zeolite
is obtained after zeolite crystallization and combustion of the carbon residues. This
method is simple and inexpensive, however, it yields zeolite product with a low
mesoporosity. This might be due to a poor dispersion of the sugar solution during
impregnation process. In order to extend the idea for preparing hierarchical zeolites with
such simple and inexpensive method, it is required to find a solution to obtain carbon
materials with good dispersion in silica gels.

In this part of thesis work, we proposed an alternative way using low-cost and
abundant carbonaceous gas as carbon source for in-situ generation of mesopore-directing
agent. The silica-carbon composites (C/SiO,) were obtained by its pyrolysis over silica
gel under an inert atmosphere. Molecules of the gas used are rather small thus they are
able to diffuse through voids of silica gel and silica gel bed. Due to such good diffusion,
one can expect that this strategy will provide the silica-carbon composites with good
carbon dispersion. To the best of our knowledge, this synthesis strategy has not
previously been employed for preparation of hierarchical zeolites. We found that this
straightforward method leads the formation of a hierarchical zeolite with a high
mesoporosity. In addition, we also investigated the role of experimental parameters,
which are very important to the zeolite synthesis in controlling crystallinity and
mesoporosity of zeolite. These parameters are type and amount of carbonaceous gas used
for silica-carbon composite preparation, Si/Al ratio and concentration of zeolite
precursors. We found that these parameters play important role on morphology and
property of the obtained zeolites.

In order to compare the catalytic efficiency of the hierarchical zeolite and the
conventional one, the catalytic performances of the synthesized hierarchical zeolite were
explored in three different important petrochemical reactions, including the skeletal
isomerization of 1-butene, cracking of n-hexane and 3-methylpentane, and hydrocracking
of hexadecane.

The skeletal isomerization of linear butenes is a key process in the petroleum
refining to produce isobutene, an important intermediate that can be used for synthesis of
many useful chemicals including gasoline additives, e.g., methyl tert-butyl ether (MTBE)
and ethyl tert-butyl ether (ETBE), polyisobutylene (PIB) and methacrylate®*°. Thus, it is
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one of the most interesting topics from both academic and industrial points of view. Many
medium pore zeolites including FER***2 ZSM-23*, ZSM-22* and ZSM-5% exhibit
potential in catalyzing this reaction. Mechanism of this reaction on these zeolites is varied
depending on the type of zeolite. In FER system, the reaction occurs via a monomolecular
pathway due to their small pore size, leading to a high selectivity of isobutene
product’®*’. For ZSM-5 system, because of their medium pore size the isomerization
takes place on acidic sites via a bimolecular mechanism in which the reaction mechanism
involves many elementary steps including (i) oligomerization (ii) isomerization and (iii)
cracking®. By this mechanism, large intermediates and products may be included in the
reaction. For example, at beginning of reaction, C8 surface species may take place and
decompose to C5 and C3 or isomers of C4. Then, some C3 molecules that still adsorb
onto the active sites may dimerize to hexenes or further oligomerize to C12 species and
then crack to pentenes, hexenes and heptenes®. For this reason, ZSM-5 catalyst is easily
to be deactivated. In this study, we investigated the catalytic behavior of our synthesized
hierarchical ZSM-5 on the isomerization of 1-butene. Although ZSM-5 typically yields
lower selectivity for isobutene production than that of FER zeolite at a comparable
acidity, ZSM-5 shows better stability than FER**. We demonstrate here that the
hierarchical ZSM-5 has better catalytic performance for the reactions than that of the
conventional ZSM-5. The hierarchical ZSM-5 zeolite improves the diffusion limitation
problems of large molecular weight products and solves the catalyst deactivation occurred
by pore blocking.

Generally, catalytic cracking is a main reaction performed in petroleum refining
industry. Long-chain hydrocarbons are broken down into smaller molecules as existed in
the production of gasoline fuel and liquefied petroleum gas (LPG) from crude oil
distillation fraction®". In this thesis, the catalytic performance of catalytic cracking of n-
hexane and 3-methylpentane over synthesized hierarchical ZSM-5 as catalysts were also
explored. The cracking reactions of n-hexane revealed that there is no limit in the
diffusion during the cracking of n-hexane for both conventional and hierarchical ZSM-5
catalysts, since n-hexane molecule is rather small compared to pore opening and cavities
of ZSM-5, while the presence of mesopores in zeolite structure plays important role on
the catalytic performance of the catalyst for cracking of larger molecule.

Finally, we show that the presence of mesopores in zeolite structure does not only
influence on catalysis of proton-type zeolite but also on catalysis of hybrid materials
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containing zeolite such as metal-zeolite bifunctional catalysts. Bifunctional catalysts
containing both Brgnsted acid and Lewis acid sites, which are derived from proton-
exchanged zeolite and metallic sites, respectively. This kind of catalyst exhibits high
potential in many chemical reactions, especially “hydrocracking”. In such process, large
hydrocarbon molecules can be broken down into smaller molecules under a high
hydrogen pressure atmosphere. Thus, it can be used to treat oil residues and yield the
middle distillation fractions products such as diesel and gasoline. As the demand for
diesel and gasoline increases every year, the hydrocracking is one of the most important
reactions performed in petroleum refining industry®>. Due to high hydrogen pressure
atmosphere condition, other reactions such as hydrosulfurization, hydrodemetallization
and hydroisomerization may simultaneously take place. The hydroisomerization is the
most important competitive reaction of hydrocracking. The mechanism of hydrocracking
composes of many elementary steps including isomerization, cracking, hydrogenation and
dehydrogenation. Isomerization and cracking processes preferentially occur on acid sites
or Bransted site via carbocation chemistry, whereas hydrogenation and dehydrogenation
reactions require Lewis acid sites. Therefore, bifuntional catalysts containing both
Bregnsted acid and Lewis acid sites are necessary for the hydrocracking of alkanes. The
dispersion of Brgnsted acid and Lewis acid sites in bifunctional catalysts is a key factor
on catalytic activity and selectivity for this reaction. It should be noted that a rapid
molecular transfer of intermediates from the hydrogenation site (metallic site) to the
Bragnsted acid site is required in order to avoid other undesirable reactions. This aspect
could be achieved by using hierarchical zeolites as starting materials for creating
hierarchical metal-zeolite bifunctional catalyst. Here we show an improved catalytic
performance for n-hexadecane hydrocracking by using the hierarchical Pt/HZSM-5
catalyst compared to the conventional one. This is due to an enhanced accessibility of
molecules into the active site and dispersion of metal inside the micro/mesoporous zeolite

network.
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The aims of this chapter are summarized below:

Synthesis of a hierarchical micro- and mesoporous zeolite

To develop a new, simple and practical synthesis methods of a hierarchical micro-
and mesoporous zeolite based on in-situ generation of mesopore-structure
template by a pyrolysis of the carbonaceous gases

To study the effects of important parameters of crystallization processes on zeolite
crystal morphology and mesoporous formation such as concentrations of
precursors, the amount and nature of mesopore-directing agent and Si/Al ratio

To improve the dispersion of metal nanoparticles on hierarchical micro- and
mesoporous bifunctional zeolite by introducing the metal nanoparticles onto
proton-exchanged zeolite in order to use these catalysts for reaction studies that
require the existence of bifunctional catalytic sites such as hydrocracking

The catalytic study of a hierarchical micro- and mesoporous zeolite

To study the catalytic performances of the synthesized hierarchical micro- and
mesoporous zeolite for interesting hydrocarbon transformation reactions (such as
isomerization, cracking and hydrocracking)

To compare the catalytic efficiency of a hierarchical micro- and mesoporous

zeolite and a conventional microporous zeolite
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2. EXPERIMENTS
2.1 Catalyst preparations

2.1.1 Synthesis of hierarchical micro- and mesoporous Na-ZSM-5 by use of the
C/SiO;, composites obtained by hydrocarbon gas decomposition

2.1.1.1 Preparation of bifunctional carbonized silica (C/SiO, composites) by
hydrocarbon gas decomposition on silica

The carbon-silica (C/SiO,) composites, which were used as bifunctional materials
acting as silicon source and mesopore template for the hierarchical micro/mesoporous
zeolite synthesis, was prepared by the pyrolysis of carbonaceous gas (acetylene or
propane, CxHy) over silica gel surfaces. In the zeolite synthesis solution, this carbon
material was functioned as a secondary structure-directing template (mesopore template)
in which zeolite crystals were grown around its surfaces. After calcination in air, the

carbon was oxidized to create pores and cavities inside zeolite crystals.

A brief description of the preparation method is as follows: An amount of silica
gel, typically 5.0 g, (Merck, silica gel 100, particle size 0.063-0.200 mm and pore volume
1.0 ml/g) was introduced into the middle zone of a fixed-bed tubular reactor (diameter of
tube = 1.9 cm). The setup diagram of this experiment is shown in Figure 2. Nitrogen gas
(N2) was flown into the reactor with a flow rate of 180 or 190 ml/min depending on the
desired concentration of the reactant gas. Nitrogen gas easily displaced air and therefore it
formed an inert atmosphere in the chamber. The reactor temperature was gradually
increased under the flow of nitrogen gas from room temperature to 1123 K and held at
that temperature for 15 minutes. Then a flow of either acetylene (C,H,, 99.9%, Praxair -
Rayong, Thailand) or propane (CsHs, 99.5%, BOC Scientific - Chachoengsao, Thailand)
diluted in N2 gas (N2, 99.999%, Praxair, Thailand) was passed through the reactor. The
gas mixture concentration was 5 or 10 v/v% of acetylene or propane in N, with a total
flow rate of 200 ml/min. After that for 60 to 120 minutes, the CxHy flow was stopped.
The work tube is cooled down to room temperature under the nitrogen flow. The obtained
C/SiO, composites were used as bifunctional materials for the zeolite syntheses. The
silica part of the composites was used as a silica source of the zeolites. The carbon
residue formed in the composites was used as a mesopore template. The amount of
deposited carbon over silica gel was determined by Thermal Gravimetric Analysis
(TGA).
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Figure 2. The setup diagram of a fixed-bed tubular reactor for preparation of bifunctional

carbonized silica (C/SiO, composite).

2.1.1.2 Preparation of the hierarchical micro- and mesoporous Na-ZSM-5 by
hydrothermal synthesis

The C/SiO, composites were used for the preparation of the hierarchical micro-
and mesoporous Na-ZSM-5 zeolite in which the silica part was used as silica precursor
for zeolite formation while a carbon residue was acted as mesopore template. The
aluminium was added into the zeolitic framework by using NaAlO, (Riedel de Haén -
Seelze, Germany) and the TPAOH (20 wt%, Fluka - Buchs, Switzerland) was used as a
structure-directing agent for the ZSM-5 micropores. The molar composition of the
synthetic gel was 1Al,03 : 181SiO, : 36TPAO : 15Na,O : 1029H,0. Typically, the
aluminate solution is prepared by mixing 0.016 g of NaAIO; and 0.11 g of NaOH in 1.7
mL of deionised (DI) water. Then, the aluminate solution was added into 6.77 g of
20wt% of TPAOH in water under stirring condition. The mixture was stirred
continuously until a clear solution was obtained. Then, the resulting C/SiO, composite
(keep 1 g of SiOy) was added into the mixture and stirred for 1 hour. The obtained
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mixture was then transferred into a Teflon-lined stainless-steel autoclave for
crystallization process at 453 K for 72 hours. After that, the autoclave was cooled down
to room temperature and the resulting material was collected by filtration (using
Whatman, No. 42 filter paper) and then the resulting material was rinsed with DI water
until the pH of the filtrate was about 8. The obtained product was then dried at 383 K for
10 hours. Finally, the organic template and the carbon residues were removed by
calcination in air at 823 K for 20 hours.

2.1.2 Preparation of the hierarchical micro- and mesoporous HZSM-5

In order to study the catalytic activity of the hierarchical micro- and mesoporous
ZSM-5, the proton-exchanged zeolite were required and were generated from the initial
Na® type zeolite obtained from previous step. Then the acidic form of zeolite can be
utilized as catalysts in the catalytic studies of the isomerization and catalytic cracking

reactions.

The Na* type ZSM-5 zeolites (Na-ZSM-5) were transformed to acidic ZSM-5
zeolite (HZSM-5) by ion-exchange with ammonium nitrate solution. Normally, 1 g of
zeolite was placed into the cap-bottle in order to perform three consecutive ion-exchanges
with 0.1 M ammonium nitrate (NH4sNO3, 99.99+%, Aldrich) solution at 353 K for 2
hours. Then, the exchanged zeolites were rinsed by copious amounts of deionised water
to remove excess solution, and let the cleaned zeolite samples dried overnight at 383 K.
Finally, the resulting samples were calcined in air at 823 K for 6 hours in order to
transform NH4-ZSM-5 to HZSM-5. Prior to use all catalyst for reaction study, the
HZSM-5 powder was crushed and seized to select the particle size in the range of 0.025
to 0.042 cm.

2.1.3 Preparation of the hierarchical micro/mesoporous bifunctional catalyst
(the hierarchical micro/mesoporous Pt/HZSM-5)

In many catalytic reactions, especially hydrocracking, the bifunctional catalysts
composing of metal sites and acid sites are necessarily used in the catalytic processes.
Therefore, we also prepared bifunctional Pt/HZSM-5 by wet impregnation of the proton-
exchanged zeolites with aqueous solution of tetraammine platinum (Il) nitrate
(Pt(NH3)4(NO3)2, 99.995%, Sigma-Aldrich, USA).
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Typically, the 1 wt% of Pt loaded on HZSM-5 was prepared by adding the
aqueous solution of (Pt(NH3)4(NOs3),) into 1 g of HZSM-5. The mixture was stirred for 24
hours at room temperature. Then the aqueous solvent was removed by freeze drying
process. The resulting samples (Pt/HZSM-5) are calcined at 823 K for 6 hours. Prior to
using of the Pt/HZSM-5 catalyst, the particle size in the range of 0.025 to 0.042 cm of the
obtained sample powder was selected by crushing and seizing processes.

In order to get the metallic platinum inside Pt/HZSM-5, the sample was reduced
in hydrogen atmosphere. The bifunctional catalyst was prepared according to the
following steps. Basically, 0.3 g of prepared Pt/H-ZSM-5 was introduced into the middle
zone of a fixed-bed tubular reactor (inner diameter of tube = 0.4 cm). Nitrogen gas (N2)
was flown into the reactor with a flow rate of 10 ml/min. The reactor temperature was
gradually increased to 473 K under the nitrogen flow and held at this temperature for 15
minutes. Then, 5 % v/v of H; in Ny is introduced though a catalyst at constant
temperature of 473 K for 2 hours. Afterward, the work tube was cooled down to room
temperature under the nitrogen flow. Finally, the obtained samples were ready to use as
bifunctional catalysts for hydrocracking test.

2.2 To study the important parameters for the hierarchical micro/mesoporous Na-
ZSM-5 synthesis

The important parameters for the formation of the hierarchical micro/mesoporous
zeolite were systematically investigated. Types and amounts of carbon residue in
carbonized silica (C/SiO, composites), Si/Al ratio, the concentration of synthesis solution
and crystallization temperature were sensitive factors for the formation of the crystalline
phase and zeolite morphologies. For examples, high temperature and long crystallization
time were favorable to the growth of large crystal formation. Furthermore, the amount of
mesopore template is also expected to influence on the crystallization process. In this
work, the effects among these synthesis parameters on the formation of the hierarchical

micro/mesoporous ZSM-5 were examined.

The molar ratio of ZSM-5 synthesis solution was represented as aAl,Os : bSiO; :
36 TPAO : 15 Nay0O : cH,0, where the ratio of b to a was varied in the range of 15-90 to
investigate the effect of aluminium content on the hierarchical micro/mesoporous ZSM-5

formation and the value of ¢ was varied in the range of 500 to 3500 to observe the effect
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of the concentration of synthesis solution on zeolite morphologies. In addition, the type
and amount of the mesopore template was varied by control the molar ratio of C/Si in the
C/SiO; composites in the range of 0 to 3 in order to investigate the effect of the hard

template on their morphology and mesoporosity.

2.3 Characterisations

During the preparation processes of zeolite, different characterisation techniques
are involved. Thermal Gravimetric Analysis (TGA) is performed on PERKIN ELMER,
TGAT model in order to investigate the carbon contents in the C/SiO, composites. The
structures of the synthesized zeolites were confirmed by an X-Ray Diffraction (XRD)
measurement performed on a Rigaku TTRAX IIl, 18kW diffractometer using Cu K,
radiation. The measurement was operated at an accelerating voltage of 30 kV and a
current of 40 mA. The diffraction patterns were collected at 26 angles ranging from 5° to
50° with a scan speed and step size of 1.2 °/min and 0.02°, respectively. The Scherrer’s
equation was applied to calculate crystal sizes by using the most intense diffraction peaks
at 8° (26), corresponding to 011 reflection plane®***. The morphologies, crystal sizes and
porous structures of the zeolite samples were investigated by scanning electron
microscopy (SEM, JEOL-JSM 6301F) and transmission electron microscopy (TEM,
JEOL JEM-2010 and JEM-2100). The textural properties (the specific surface area and
porosity) of the prepared materials were determined using a N, adsorption/desorption
measurements performed at 77 K on a Micromeritics ASAP 2010 instrument.

For the characterisation, the zeolite samples were degassed at 623 K in a vacuum
for 20 hours before N, sorption measurements. The specific surface areas (Sger) of the
samples were calculated by the Brunauer-Emmett—Teller (BET) method (see Appendix
A). The total pore volume (Vi) was estimated by measuring the amount of adsorbed
nitrogen at 0.97 P/Po. The t-plot method was used to calculate the micropore volume
(Vmicro) (see Appendix A). The volumes of mesopore and macropore (Vmeso+macro) Were
calculated from the difference between Vi and Vimiero . The size distribution of the
mesopores was obtained by applying a Barret-Jovner—Halenda (BJH) model® (see
Appendix A).

As for the chemical analysis, Inductively Coupled Plasma Atomic Emission
Spectrometer (ICP-AES), performing on Perkin Elmer (model PLASSMA 4000) was
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used to investigate the Si/Al ratio in the zeolite framework. The 50 mg of prepared zeolite
was digested by 1000 pL of HNO3 and 500 pL of HF. Then, the solution was sonicated in
an ultrasonic bath for 15 min. The solution was made up by DI water to make the solution
with the total weight of 100g for ICP-AES measurement.

To indicate the nature of Al species in the zeolite framework, the solid state *’Al
magic-angle spinning (MAS) NMR spectroscopy (*’Al MAS NMR) technique was used.
The signals were recorded at 78.20 MHz, using a Bruker Biospin (DPX-300, 300 MHz)

spectrometer with a 2 s pulse, 4 s delay time and 800 scans.

2.4 Catalytic activity studies
2.4.1 The catalytic study of the isomerization of 1-butenes

The skeletal isomerization of linear butenes has been widely used to produce
isobutene. The n-butene isomerization on zeolites has been paid attention in academic
studies due to its behavior involving many reactions. For example, n-butene isomerization
over ZSM-5 zeolite takes place via a bimolecular pathway, composing of (i)
oligomerization (ii) isomerization and (iii) cracking. Therefore, the hierarchical
micro/mesoporous ZSM-5 zeolite is expected to improve the catalytic performances of

this reaction compared to conventional microporous zeolite.

Basically, the isomerization of n-butenes was carried out in a fixed-bed reactor at
atmospheric pressure. The experimental setup is shown in Appendix B. The 2 v/v% of 1-
butene in Ar (C4Hs, 2% in Ar, Praxair, Thailand) was used as reactant. The catalyst was
packed into quartz tube (inner diameter of 4 mm). The packing of catalyst was divided
into three zones. The bottom zone was packed by 0.025 g of quartz wool, the middle zone
was occupied by the desirable amount of the proton-exchanged zeolite sample, and quartz
chips covered the top zone. In the beginning step, the zeolite sample was pretreated by
nitrogen gas with the total flow rate of 40 cm®min at 823 K for 1 hour. After that, the
reactor was cooled down to the desirable reaction temperature and the 2 v/v% of 1-butene
in Ar was fed to the reactor with various flow rates. The products were analyzed by an
online Agilent 6890N gas chromatography at different times on steam (TOS) equipped
with a Flame lonization Detector (FID) and a capillary column (GS-GasPro, 60 m x 0.32
mm ID). The condition of analysis by gas chromatography (GC) technique and exampled

chromatogram are demonstrated in Appendix C.
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2.4.2 The catalytic study of n-hexane cracking reaction and the competitive cracking
reaction of n-hexane and 3-methylpentane

In order to investigate the catalytic activity of cracking of small molecule (such as
n-hexane), the experiments were carried out in a fixed-bed reactor. The 5 cm*/min of N,
was bubbled though n-hexane (n-C6) solution at 288 K. The n-hexane vapor in N, was
then diluted with 20 cm®min of N, to make the reactant feed in the total flow rate of 25
cm®min. The reactant feed was introduced into 0.05 g of zeolite sample, which was
diluted by 0.1 g of quartz chips (particle size of 0.025 to 0.042 cm) in order to enlarge a
catalyst bed. The equipment setup is shown in Appendix D. The products were analyzed
by an online Agilent 6890N gas chromatograph equipped with a Flame lonization
Detector (FID) and capillary column (GS-GasPro, 60 m x 0.32 mm ID). The exampled

chromatogram is demonstrated in Appendix E.

The competitive reaction of n-hexane and 3-methylpentane cracking can be used
to investigate the constraint index, which relates to the pore size of zeolites. Typically, the
catalytic cracking of n-hexane and 3-methylpentane mixtures under the competitive
reaction was carried out in a fixed-bed reactor. Before the reaction study, the 0.05 g of
HZSM-5, diluted with 0.1 g of quartz chips (particle size of 0.025 to 0.042 cm), was in-
situ activated in N atmosphere with the total flow rate of 40 cm®min at 823 K for 1 hour.
After that, the reactor was cooled down to the desirable reaction temperature under the
flow of nitrogen gas. The 5 cm®min of N, was bubbled though mixtures of n-hexane
(CeH14, Sigma-Aldrich, USA) and 3-methylpentane (CgHi4, 99%, Sigma-Aldrich, USA)
at 288 K in order to carry the reactant vapor (see Appendix F for the calculation of the
desired concentration of reactant feed). At vapor-liquid equilibrium pressure, the reactant
stream composes of 50 mol% of 3-methylpentane and 50 mol% of n-hexane in N2, which
was used as carrier. To verify the concentration of feed, the mixture of n-hexane and 3-
methylpentane in N, was checked by gas chromatography (GC) two times before
switching into the reactor. Then, this feed was passed to the reactor at a given reaction
temperature by diluent with 20 cm®min of N,. The equipment setup is shown in
Appendix D. The products were analyzed by an online Agilent 6890N gas chromatograph
equipped with a Flame lonization Detector (FID) and capillary column (GS-GasPro, 60 m
x 0.32 mm ID) at the reaction time of 15 minutes.
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2.4.3 The catalytic study of catalytic cracking and hydrocracking of n-hexadecane

The catalytic cracking and hydrocracking of n-hexadecane reactions on both
the hierarchical micro/mesoporous ZSM-5 and the conventional one are studied because
they involve large molecular weight molecules as reactant and this reaction is a useful
process in a dewaxing procedure. In this study, both HZSM-5 (Brensted acid catalyst)
and Pt/HZSM-5 (bifunctional zeolite) were used as catalysts for catalytic cracking and
hydrocracking, respectively. Because this reaction were studied in the slurry-phase in
which the diffusion rate would be slow, the improving catalytic behavior of the
hierarchical micro/mesoporous zeolite due to the shorten diffusion path length should be
clearly observed compared with when the conventional microporous zeolite was used as

catalyst.

As for the catalytic procedure, the catalytic cracking and hydrocracking of n-
hexadecane were carried out in a stirred Parr batch autoclave in the slurry-phase. In the
case of hydrocracking process, the Pt/HZSM-5 (1 wt% Pt) or bifuctional zeolite samples
were use as the catalysts. Typically, a 0.3 g of catalyst and 10 ml of n-hexadecane
(C16H34, 99%, Sigma-Aldrich, USA) were added to the batch autoclave. The vessel was
pressurized to 10 bars with hydrogen gas. In the case of catalytic cracking of n-
hexadecane, the HZSM-5 or proton-exchanged zeolite samples were used and the vessel
was not pressurized with hydrogen. After that, the reactor was gradually heated to 553 K
for 6 hours with continuous stirring. The reactor was then cooled down to room
temperature. The catalysts were removed from reaction mixture by syringe filter and the
products are analyzed by Agilent 7820A Gas Chromatograph (GC) equipped with a
Flame lonization Detector (FID) and a capillary column (DB-1, 100 m x 0.25 mm ID x

0.50 pm film thickness). The exampled chromatogram is demonstrated in Appendix G.
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3. RESULTS AND DISCUSSIONS
3.1 Synthesis of the hierarchical micro/mesoporous Na-ZSM-5

In this study, the hierarchical ZSM-5 samples with dual meso- and microporosity
were prepared by use of the C/SiO, composition obtained from a pyrolysis of
carbonaceous gases in the presence of silica gel. The synthesis strategy is to create carbon
template supported on a silica raw material that can be generally used as mesopore
templates for synthesis any zeolites. The obtained zeolite crystals encapsulate the carbon
particles. After calcinations to remove the organic template and the entrapped carbon
particles, the micropores and mesoporous cavities inside zeolite crystals are created. The
preparation process is illustrated in Scheme 1. Recently, Kustova and coworkers *® used a
carbohydrate (sugar) as a precursor for carbon template as mesopore-directing agent.
Although, sugar solution can be conveniently impregnated into silica gel and carbonized
at high temperature under inert atmosphere, the mesoporosity gain from sugar-derived
carbon template is moderate (in a range of 0.04-0.1 cm®/g). The reason of this behavior
might be due to a poor dispersion of the sugar solution during the impregnation process.
In order to organize carbon in finely dispersed form on silica surfaces, the use of
hydrocarbon gases, as a precursor might simply be a direct answer. In this work, we
demonstrate that by using in-situ carbon template generated from a pyrolysis of
carbonaceous gases. The carbonized silica (C/SiO;) composites play an important role as
bifuntional materials in which the part of silica is used as silica source for zeolite
formation and the part of carbon residue is performed as mesopore templates. As a result,
the hierarchical micro/mesoporous ZSM-5 can be prepared.
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Scheme 1. Illustration of the preparation process of the hierarchical micro/mesoporous
Na-ZSM-5.

3.1.1 Preparation of bifunctional carbon-silica composites (C/SiO,)

Table 1 shows the carbon content in the C/SiO, composites (wt%) was measured
by thermal gravimetric analysis (TGA). The amount of carbon deposits was found to vary
with type and amount of the carbonaceous gases. The carbon content in the composites
increases with increasing of the concentration of carbonaceous gases and the deposition
time at the same flow rate. For example, by using 5 v/v% of C,H,, the carbon content in
the composite is increased from 10 to 18 wt% by increasing the deposition time of 60 to
120 min. By using the deposition time of 120 min, the carbon content in the composite is
increased from 18 to 29 wt% by increasing concentration of C,H, in the gas mixture used
for carbon deposition from 5 to 10 v/v%, respectively. Therefore, it can be suggested that
the amount of deposited carbon can be simply controlled by varying the deposition time
and the concentration of hydrocarbon gases.

Although C,H;and C3Hg give the same trend in the amount of carbon residue, in
which the carbon content is increased with increasing of the deposition time and the
concentration of hydrocarbon gases, C,H, yields a higher amount of carbon residue than
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CsHg under the same experimental conditions. For example, by using 10 v/v% of
hydrocarbon gases and deposition time of 120 minutes, the carbon deposits in the cases of
C,Hzand CsHg are 29 and 22 wit%, respectively. Although CsHg has a higher molar ratio
of carbon atoms than C;H,, its thermal stability during the pyrolysis process is higher
than that of C,H, (AG+ of propane and acetylene are 45.72 and 40.62 kcal/mol at 1,000

K, respectively®’*®

). Thus, at the temperature used for the preparation of the C/SiO,
composites, the C3Hg could decompose with a less amount compared to C,H,, thus,

yielding a less amount of the carbon residue in the C/SiO, composites.

Table 1. Carbon content in the C/SiO, composites (wt%) prepared by various

experimental conditions.

Sample name Conditions Carbon
Typesof  Conc.of  Deposition content
CxHy CxHy time (Wt%)
(VIv%) (minutes)
SiO; - - - -
5% C,H»-60 min-C/SiOz C,H, 5 60 10
5% C,H,-120 min-C/SiOz C,H, 5 120 18
10% C,H,-120 min-C/SiO; CzH; 10 120 29
5% C3Hsg-120 min-C/SiO, CsHs 5 120 11
10% C3Hsg-120 min-C/SiO; CsHs 10 120 22

The XRD pattern of the raw silica gel and a typical XRD pattern of the C/SiO,
composites are shown in Figure 3. The XRD pattern of the raw silica gel shows a broad
spectrum in the 20 range of 20-30° indicating that silica gel is amorphous in nature. In the
typical XRD pattern of the C/SiO, composite, no crystalline peak was also observed.
Only, a broad spectrum in the 26 range of about 20-30° was observed. This finding
indicates that the carbon residue deposited on silica gel is amorphous.
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Figure 3. XRD pattern of (a) silica gel (SiO) and (b) carbonized silica (C/SiO,) composite
obtained by the carbon deposition of 10 v/v% C,H, with deposition time of 120

minutes on silica gel.

Figure 4 shows the N, adsorption/desorption isotherms of the raw silica gel and
the C/SiO, composites. The isotherms correspond to the type IV (described in IUPAC
classification) *°. This character is explained by the formation of monolayer followed by
multi-layer corresponding to complete filling of the capillaries. It also exhibits the
hysteresis loop, the lower branch representing the addition of gas into the adsorbent
(adsorption branch) and the upper branch by progressive withdrawing (desorption
branch). This character shows that the materials compose of mesoporous cavities, which
are in the range of 2-50 nm (IUPAC definition). Table 2 shows the textural properties of
the raw silica gel and the C/SiO, composites including mesopore volume (Vmeso) and
mesopore diameter (Dg;n) calculated by the difference of Vio: and Vmicro (Viot-Vmicro) and
BJH method, respectively. In part of this work, it was found that the micropore volume
was almost zero for all samples. Therefore, the Vmeso could be estimated directly from the
total pore volume. It can be observed that when the deposition time or the concentration
of hydrocarbon gases is increased resulting in an increase of the amount of carbon
residue, the Vmeso and Dg;y Of the C/SiO, composites decrease in case that C,H, is used.
The Vmeso 0f the C/SiO, composites decreases from 0.78 to 0.67 and 0.51 while the
mesopore size (Dg;n) decreases from 9 to 8 and 7 with increasing of carbon contents in
the C/SiO, composites from 10 to 18, and 29 wt%, respectively (see Table 2). This result
indicates an increase of the carbon deposition in the mesopores of silica gel with

increasing of carbon contents in the C/SiO, composites. In addition to the carbon
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deposition in the mesopores of silica gel, we also suggest the carbon deposition on the
outermost surface of silica gel particles. This suggestion is confirmed by an appearance of
the black color of the C/SiO, composites and the SEM images of the C/SiO, composites.
A typical SEM image of the C/SiO, composites is shown in Figure 5. The image shows
silica gel particles, fully covered by carbon particles, obtained from the deposition of

hydrocarbon gas.

Nevertheless, in case of CsHg, there is no significant change of Vmeso and Dgyn Of
the C/SiO, composites when the deposition time and concentration are varied even
though the amount of carbon residue alters. This finding indicates no carbon deposition in
the mesopores of silica gel. Thus, the carbon deposition occurs preferentially on the outer

surface of silica gel.

Table 2 Textural properties of the raw silica gel and the C/SiO, composites prepared by

various experimental conditions.

C/SiO, composite Vimeso' Den’
(cm®/g) (nm)
SiO, 1.00 11
5% C2H2-60 min-SiO,/C 0.78 9
5% C,H»-120 min-SiO,/C 0.67 8
10% C,H,-120 min-SiO,/C 0.51 7
5% C3Hg-120 min-SiO,/C 0.83 11
10% C3Hg-120 min-SiO,/C 0.85 11

*Vmeso: Mesopore volume calculated by Viot-Vimicro, The total pore volume, Vio, was
calculated at P/P, of 0.97, "Dgy: Mesopore diameter calculated from the adsorption

branch of nitrogen isotherms using BJH method.
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Figure 4. N, adsorption/desorption isotherms of the raw silica gel and the C/SiO,
composites obtained by different carbon contents.
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MTEC 28Ky

Figure 5. Typical SEM image of the C/SiO, composites. The image is of the sample
obtained from the deposition of 10 v/v% C;H; for 120 min.

3.1.2 Hierarchical micro- and mesoporous zeolite prepared from C/SiO, composites
3.1.2.1 Powder X-ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of the raw silica gel, a reference zeolite
(conventional microporous ZSM-5 or ALSI-PENTA Zeolithe GmbH (APZ)), and the
hierarchical micro/mesoporous ZSM-5 samples are shown in Figure 6. A broad spectrum
of the raw silica gel indicates that the silica source possesses an amorphous structure.
However, after the crystallization of synthesis solution, the amorphous silica gel is
transformed to a material with a crystalline phase. The XRD patterns of the hierarchical
micro/mesoporous ZSM-5 samples are comparable to that of the reference ZSM-5 which
shows high intensive peaks at 20 of 7.94, 8.80, 23.10 and 23.98° reflecting to the
crystalline planes of (011), (020), (051) and (033), respectively. The analyzed crystal
structure corresponds to the characteristic of the MFI structure®. Furthermore, it was
found that the diffraction peaks of the synthesized samples are sharp. The XRD pattern
contains a very low background signal. The finding indicates that the samples were
synthesized with high crystallinity.

The crystalline size of nanoparticles can be estimated from XRD peaks by
applying Scherrer’s equation, the average crystalline size can be calculated from the full-
width at the half-maximum (fwhm) of the most intense diffraction peak by using the

following equation.
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D= K_)\,
B,,c0s6

Where D is the crystalline size, K is a numerical factor frequently referred to as
the crystallite-shape factor (normally, this value is approximated as 0.9), A is the
wavelength of the X-rays, B is the full-width at half-maximum of the XRD peak in
radians, and 0 is the Bragg angle.

Table 3. The average crystal size of the hierarchical micro/mesoporous ZSM-5 and
conventional ZSM-5 according to Scherrer’s equation.

Sample name B12* (°) D,° (nm)
5% C,H2-60 min-ZSM-5 0.50 17
10% C,H»-120 min-ZSM-5 0.63 13
5% C3Hg-120 min-ZSM-5 0.50 17
10% C3Hg-120 min-ZSM-5 0.50 17
Conventional ZSM-5 0.16 52

By is the full-width at half-maximum (fwhm) of the X-ray diffraction peak in radians
and 0 is the Bragg angle. "Dp is the crystalline size obtained from XRD pattern according

to Scherrer’s equation using a common peak at approximately 26=8°.

The calculated crystalline sizes are shown in Table 3. The average crystal sizes are
approximately estimated in the range of 13-52 nm. It shows that the crystalline size of the
hierarchical micro/mesoporous ZSM-5 obtained by use of the C/SiO, composites is
significantly lower than that of conventional microporous ZSM-5. However, the
difference in crystalline sizes of samples obtained by various carbon contents is not
pronounced. It should also be noted that the crystal size differs from the particle size
because the particles may be assembly of several crystals. Therefore, in order to
investigate the actual particle size it is investigated by using electron microscopy
technique.
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Figure 6. XRD patterns of (a) raw silica gel, (b) the reference zeolite sample
(conventional ZSM-5, ALSI-PENTA Zeolithe GmbH (APZ)), (c) 0% carbon-
ZSM-5, (d) 5% C,H,-60 min-ZSM-5, (e) 5% C,H,-120 min-ZSM-5, (f) 10%
C2H2-120 min-ZSM-5, (g) 5% C3Hs-120 min-ZSM-5, and (h) 10% CsHsg-120
min-ZSM-5.

3.1.2.2 Scanning electron microscopy (SEM) and transmission electron microscopy
(TEM)

The morphology and porous structure of the hierarchical micro/mesoporous
ZSM-5 and the commercial ZSM-5 were observed by scanning electron microscopy
(SEM) and transmission electron microscopy (TEM). The images are shown in Figures 7
and 8. The large crystal size of above 4 um was observed for the conventional
microporous zeolite (see Figure 7a). The crystal sizes of the hierarchical
micro/mesoporous ZSM-5 samples are varied depending on the carbon contents in the
C/SiO;, composites used in the zeolite synthesis. In case of the sample obtained by use of
SiO, without carbon residues (0% carbon-ZSM-5), the crystal morphology is in form of
the well-faceted cubic crystals with the size distributed in the range of 150-400 nm (see
Figure 7b). Because under the synthesis conditions, the concentration of the structure-
directing agent (SDA) or tetrapropylammonium bromide (TPAOH) is high, thus it can be

3. RESULTS AND DISCUSSIONS | 26



Chapter 1

suggested that a large amount of nuclei could be formed leading to the formation of small
crystals. In case of the samples prepared by use of the C/SiO, composites with low
carbon contents (e.g. 10 wt% and 11 wt% that C,H, and CsHg were used as carbon
sources, respectively), the crystalline shape is nearly cubic crystal with the size of about
200-500 nm (see Figures 7c and 8a). For the hierarchical micro/mesoporous ZSM-5
samples that were prepared by use of the C/SiO, composites with high carbon contents
such as 5% C;H,-120 min-ZSM-5, 10% C;H,-120 min-ZSM-5 and 10% C3Hg-120 min-
ZSM-5 which contain 18, 29 and 22 wt% of carbon, respectively, the large zeolite
particles in the range of 500-900 nm were obtained as an aggregation of nanocrystals (see
Figures 7d, 7e and 8b). The size of each nanocrystal was less than 50 nm. In order to
prove the interaction among the nanocrystals, the TEM images were taken after a
sonication of the synthesized samples. It was found that the aggregated structure was
preserved, thus, these aggregates were considered as fully bound-nanocrystal aggregates.
The formation of small nanocrystals obtained by use of the C/SiO, composites with high
carbon contents could be explained by two reasons: the hindered crystal growth ** and the
promoted nuclei formation ®'. The first explanation is that the presence of high carbon
content leads to hindering crystal growth and inhibiting the further nanocrystal growth,
resulting in the formation of small crystal. In the second reason, the presence of high
amount of carbon particles in synthesis solution results in giving a relatively high nuclei
formation due to reducing of surface free energy of nuclei development; thus, the rate of
nucleation respected to the growth rate is high, causing that the formation of small zeolite
crystals is preferable .

The mesoporous structure was investigated by TEM. The bright area in TEM
image of the zeolites is indicative of the porosity °®%. The mesoporous structure was not
observed for the commercial ZSM-5 (see figure 8a). The mesoporosity was also not
obtained for the zeolitic sample prepared by use of SiO;, precursor without adding the
carbon rasidues (see Figure 7b). However, the mesoporous structure was clearly observed
for the samples obtained by use of the C/SiO, composites (see the bright spots inside
particles in Figures 8c-e and Figure 9). Furthermore, it was observed that the amount of
the bright spots in the TEM images corresponded well with the amount of carbon content
in the C/SiO, composites, used for the zeolite synthesis. This result implies that an

increase of the carbon content in the composites results in increasing of the mesopores in
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the zeolite crystals. Therefore, the amount of mesoporous cavities can be simply
controlled by variation of the carbon content in the C/SiO, composites.

Figure 7. SEM (left hand side) and TEM (right hand side) images of (a) conventional
microporous ZSM-5 (ALSI-PENTA Zeolithe GmbH (APZ)), (b) 0% carbon-
ZSM-5, (¢) 5% C,H,-60 min-ZSM-5 and (d) 5% C,H,-120 min-ZSM-5.
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Figure 7 (Continued). SEM (left hand side) and TEM (right hand side) images of
(e) 10%C;H2-120 min-ZSM-5.

2 um
|

90 nm

Figure 8. SEM (left hand side) and TEM (right hand side) images of (a) 5% CsHs-120
min-ZSM-5 and (b) 10% C3Hg-120 min-ZSM-5.

3.1.2.3 Surface area and porosity characteristics

The N, adsorption/desorption isotherms of the samples are shown in Figure 9. For
the isotherms of the conventional microporous ZSM-5, the adsorption at low relative
pressure increases rapidly, and then, it is constant. The character of this sorption process
is a type | isotherm with a long horizontal plateau ® corresponding to the monolayer
adsorption of the nitrogen molecules derived from small pore width of the micropores
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preventing the multilayer adsorption. It can be concluded that the conventional
microporous ZSM-5 is a pure microporous material. Furthermore, the micropore filling is
also observed for all samples including the hierarchical micro/mesoporous ZSM-5
samples obtained by use of the C/SiO, composites indicating that all synthesized samples
compose of the microporous feature, which is a key character for zeolites. Interestingly,
the adsorption of nitrogen on the zeolites prepared by use of SiO, in the absence of
carbon particles (0% carbon-ZSM-5 sample) increases precipitously at a high relative
pressure (P/Po > 0.9) indicating the presence of large space voids or macropores as inter-
voids generated among the small zeolite crystals (see Figure 7b). It is suggested that the
small crystals are formed in this case because the synthesis is carried out under the
condition with a high concentration of the SDA in which the nucleation process is
facilitated. The N, adsorption/desorption isotherms of the prepared samples obtained by
use of the C/SiO, composites (5% C;H,-60 min-ZSM-5, 5% C;H,-120 min-ZSM-5, 10%
CyH2-120 min-ZSM-5, 5% C3Hg-120 min-ZSM-5, and 10% CsHg-120 min-ZSM-5
samples) significantly differ from those of the sample prepared by use of SiO; in the
absence of carbon residues (0% carbon-ZSM-5 sample) and the conventional
microporous ZSM-5 sample. An increase of the nitrogen adsorption at the relative
pressure in the range of 0.4-0.9 and the presence of hysteresis loop at the relative pressure
in this range were clearly observed. These characters are derived from a capillary
condensation in the mesopore voids of mesoporous materials ®. The finding directly
confirms that the synthesized zeolite samples obtained by use of the C/SiO, composites
shows the mesoporous feature, particularly in cases of 10% C,;H,-120 min-ZSM-5 and
10% CsHg-120 min-ZSM-5 where a large hysteresis loop exists in the isotherms.
Additionally, a higher adsorption/desorption capacity and a larger hysteresis loop were
observed with an increase of the carbon content in the C/SiO, composites used for the
synthesis. Nevertheless, a significant hysteresis loop at high pressure (P/Po > 0.9) was not
observed in the hierarchical micro/mesoporous ZSM-5 samples prepared by use of the
C/SiO;, composites indicating an absence of the macroporous cavities derived from the
inter-void spaces. It is suggested that this is because the assembled zeolite particles in
these cases are larger than those in the sample prepared by use of SiO; in the absence of
carbon residues. As stated above, the microporous feature evidenced by the N
adsorption/desorption isotherms was also appeared in the case of the hierarchical
micro/mesoporous ZSM-5 samples, thus, the zeolite samples synthesized by introducing
the carbon particles composed of both mesoporous and microporous features.
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The distribution of pores having size in the range of mesopores in the samples
investigated by BJH method is shown in Figure 10. The distribution was calculated from
the adsorption branch of the isotherm. The distribution of the samples synthesized by use
of the C/SiO, composites including 5% C,;H»-60 min-ZSM-5, 5% C,;H»-120 min-ZSM-5,
10% C;H2-120 min-ZSM-5, 5% C3Hg-120 min-ZSM-5 and 10% C3Hg-120 min-ZSM-5 is
significantly more broad compared to that of the zeolite sample obtained by use of SiO,
in the absence of carbon particles (0% carbon-ZSM-5 sample) and the conventional
microporous ZSM-5. The distribution of the samples prepared by use of the C/SiO,
composites was various depending on the carbon content in the C/SiO, composites used
in the synthesis. The 5% C;H,-60 min-ZSM-5 and 5% C3Hg-120 min-ZSM-5 samples,
which were prepared by use of the C/SiO, composite with a similar carbon content (=10
wit%), exhibited a comparable distribution with the mesopore sizes in the range of 6-10
nm. Increase of the carbon content in the C/SiO, composites results in significant
increasing of the amount of mesopores and broaden the size distribution of the
mesopores. For examples, in case of 5% C,H,-120 min-ZSM-5, the mesopore sizes were

in the ranges of 10-20 nm.

Figure 9. N, adsorption/desorption isotherms of the hierarchical micro/mesoporous
ZSM-5 synthesized at various conditions and the conventional microporous
ZSM-5.
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Figure 10. Size distribution of the mesopores of the synthesized zeolite samples
calculated from the adsorption branch of the isotherm.

The specific surface area and porosity of the prepared zeolite samples are shown
in Table 4. The micropores were formed by the presence of the tetrapropylammonium
hydroxide (TPAOH) template, thus, the micropore volume should be depend on only the
amount of TPAOH, not depend on the carbon content in the C/SiO, composite. As shown
in Table 3, the micropore volume of the sample synthesized without carbon residues and
the conventional microporous ZSM-5 is slightly higher than that of the samples obtained
by use of the C/SiO, composites. The external surface areas of the 5% C,;H»-60 min-
ZSM-5, 5% C,H,-120 min-ZSM-5, 10% C,H,-120 min-ZSM-5, 5% C3Hg-120 min-ZSM-
5 and 10% Cs3Hsg-120 min-ZSM-5 samples are much higher than that of the conventional
microporous ZSM-5, whereas the surface area of microporous cavities is slightly changed
compared to the conventional one. Because the crystal size of the commercial ZSM-5 is
very large (> 4 um), the external surface is low. Furthermore, the ratio of the large pore
volume (macropore and mesopore volume) to the small pore volume (micropore volume),
Vmeso+macro/ Vimicro, OF the conventional microporous ZSM-5 is very low (0.14 cm®/g) while
the ratio of the synthesized samples is much higher. The Vmeso+macro/ Vmicro ratio of the
synthesized sample obtained by use of the C/SiO, composites is higher than that of the
conventional microporous ZSM-5 up to 14 times. An increase of the carbon content in the
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C/SiO, composites results in a significant increase of the total pore volume. The
mesopore volume is increased while the micropore volume is not significantly changed. It
should be noted that the external surface area and the ratio of Vmeso+macro/Vmicro Of the
sample prepared by use of SiO, without carbon residues (0% carbon-ZSM-5) are greater
than those of the conventional zeolite. This is due to the presence of macroporous feature
resulted from the interparticle void space. These observations indicate a successful
introduction of the mesopores into the parts of microporous zeolite whereas the
microporous feature is preserved. It is noteworthy that although the 0% carbon-ZSM-5
sample exhibits a larger external surface area compared to the conventional microporous
ZSM-5, the preparation of this sample is not practical for the application in a large scale
due to its small single particles requiring a high-speed centrifugation to separate them
from the synthesis solution. Compared to the sample obtained by use of SiO, in the
absence of carbon residues, the hierarchical micro/mesoporous ZMS-5 samples obtained
by use of the C/SiO, composites not only increase the external surface area and mesopore
volume up to 3 times but also improve the synthesis process in which the zeolite sample
is easily collected after synthesis by a simple suction filtration. For these reasons, the
synthesis method using the C/SiO, composites obtained from a pyrolysis of hydrocarbon

gas is promising way for creating hierarchical micro/mesoporous zeolites.

Table 4. Surface area and porosity of the hierarchical micro/mesoporous ZSM-5 and the
conventional ZSM-5 sample.

Sample Seer®  Smice’  Sex Vi Voo Vimesosmacro.  Vmesormacro/ Vinicro
(m’/g) (mPlg) (m*g) (cm®lg) (cm’/g)  (cm’/g) (cm/g)

0% carbon-ZSM-5 428 335 93 0.22 0.13 0.09' 0.69"
5% C,H,-60 min-ZSM-5 418 281 137 0.23 0.11 0.12 1.09
5% C,H,-120 min-ZSM-5 437 269 168 0.30 0.11 0.19 1.73
10% C,H»-120 min-ZSM-5 431 281 150 0.33 0.11 0.22 2.00
5% C3Hg-120 min-ZSM-5 415 278 137 0.24 0.11 0.13 1.18
10% C3Hg-120 min-ZSM-5 440 280 160 0.30 0.11 0.19 1.73
Conventional ZSM-5 343 321 22 0.16 0.14 0.02 0.14

#Sger: obtained from the BET method (P/Py=0.001-0.03). P icro: Obtained from the t-plot method.
Vi calculated at P/Py of 0.97. “Viero: calculated by the t-plot method. ®V esosmacro: Calculated by Vi -
Vmiero. 'the macropore volume resulted from the interparticle void space.
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3.1.2.4 >’Al MAS NMR

The environment around the aluminium atoms in the zeolite framework of the
synthesized zeolite samples was investigated by 2’Al solid state MAS NMR. A typical
spectrum is shown in Figure 11. The spectrum contains a strong peak at the chemical shift
of about 55 ppm corresponding to the tetrahedrally coordinated aluminium atoms.
Generally, the aluminium atoms with the octahedral coordination or the atoms in the
external framework are observed at around 0 ppm. Such signal was not observed in this
work. This result indicates that all aluminium atoms in the synthesized ZSM-5 were
completely incorporated into the zeolite framework during the synthesis without the extra

framework formation.
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Figure 11. Typical ’Al MAS NMR spectrum of the hierarchical micro/mesoporous

ZSM-5. This spectrum is taken from 10% C,H,-120 min-ZSM-5 sample (29
wit% carbon, Si/Al = 83).
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3.2. Effect of synthesis conditions on the morphologies and textural properties of the

hierarchical micro/mesoporous ZSM-5
3.2.1 Effect of carbon content in the C/SiO, composites

The zeolite sample prepared with low carbon content shows the morphology of
crystalline structure with nearly cubic shape (see Figure 7c). However, the morphology of
the zeolite crystals changed to be assemblies of the small crystals when the C/SiO,
composites with high carbon contents are used (see Figures 7d, 7e and 8b). This is
because the presence of high carbon content leads to a hindered crystal growth of
nanocrystals resulting in the formation assemblies of the small crystals. The external
surface and mesoporosity of the samples shown in Table 4 are also altered with the
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varying in the carbon content in the C/SiO, composites used for the zeolite synthesis
whereas the microporosity of the samples is insignificantly changed for all samples. The
micropore volume is in the range of 0.11-0.14 cm®g, while the total pore volume
reflected from the mesopore and macropore volumes significantly increases with an
increase of the carbon content in the C/SiO, composites. Therefore, the ratio of the
mesopore and macropore volumes to the micropore volume (VmesotVmacro/ Vimicro) 1S @n
important parameter that can be used to evaluate the porosity of the zeolite samples in
study. It is noteworthy that the mesopore volume (Vmes) Of the hierarchical
micro/mesoporous ZSM-5 samples prepared by use of the C/SiO, composites is
noticeable component respected to the macropore volume (Vmaro) because of the
hysteresis loop of the prepared zeolites giving in Type IV isotherms without the
hysteresis loop at high relative pressure (P/Po > 0.9). Therefore, an increase of
VmesotVmacro/ Vimicro Should be derived from the improvement of the mesoporosity directly.
The results show that this ratio dramatically increases when the carbon content in the
C/SiO; composites increases. Furthermore, the mesoporosity of the synthesized samples
prepared by use of the different C/SiO, composites shows the difference in BJH pore size
distribution (see Figure 10). Both the mesoporous pore distribution and mesopore size
increase with an increase of the carbon content in the C/SiO, composites. Therefore, it is
very convenient to alter the mesoporosity by controlling the carbon content in the C/SiO,
composites used in the synthesis. In other words, the mesoporosity and morphology of
zeolites strongly depend on the amount of carbon template, which can be directly
controlled by varying deposition time and concentration of hydrocarbon gases used in the

pyrolysis.

3.2.2 Effect of aluminum contents

Because the catalytic performance of zeolites strongly depends on their acidity,
thus, in order to investigate the role of the acidity, reflected from the Si/Al ratio, on the
morphology and textural properties of the prepared zeolites, the hierarchical
micro/mesoporous ZSM-5 with different Si/Al ratios were prepared by use of the C/SiO,
composites that compose of 10 and 18 wt% carbon. The XRD patterns of the samples are
shown in Figure 12. All XRD patterns of the hierarchical micro/mesoporous ZSM-5
samples are comparable to that of the reference ZSM-5, corresponding to the MFI
structure characteristic. The SEM and TEM images showing morphology of the
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hierarchical micro/mesoporous ZSM-5 samples synthesized with various Si/Al ratios are
shown in Figures 13 and 14. The change in the Si/Al ratio leads to an alteration in the
morphology of zeolite crystals and their crystal size. The crystal size of the sample with a
high Si/Al ratio of 83 obtained by use of the C/SiO, composite with 10 wt% carbon was
around 200-500 nm whereas the crystal size of the sample synthesized with a lower Si/Al
ratio of 29 and 16 exhibits to be smaller (see Figure 13). Similarly, in case of the C/SiO,
composite with 18 wt% carbon, the crystal size exhibits to be smaller when the Si/Al ratio
is decreased (Figure 14). The reason could be explained based on the fact that in the case
of high-silica zeolites the presence of aluminum in the synthesized precursors decreases
the crystal growth rate. As shown in the literatures, the crystal growth rate (Kq = dL/dtc,
where K is the growth rate constant, L is the size of crystals at the certain crystallization
time t;) of the NH4-ZSM-5 synthesized at 180°C from the mixture of precursors with a
gel composition of 4(TPA),0/60(NH4)20/xAl,03/90Si0O,/750H,0 decreased with an
increase of aluminum content %", The growth rate of the ZSM-5 crystals decreased in
the presence of aluminum because the aluminum could interact with the hydroxyl (OH")
group, thus, the ability that the OH™ group forming the active silicate species decreased.
As a result, the crystal growth process decreased. The results obtained from this work

thus agree well with that reported in the literatures.

In addition, the mesoporosity of all samples synthesized with different Si/Al ratios
was clearly observed from TEM images. Table 5 shows the porosity of the synthesized
samples. It was found that the amount of mesoporosity dramatically increases with an
increase of the Al content corresponding to that very small zeolite particles were observed
(see Figures 14b and 14c). Therefore, in this experiment, we demonstrate that the
hierarchical micro/mesoporous zeolite samples, which exhibit high porosity compared to
the conventional microporous zeolite, could be successfully prepared with various Si/Al
ratios by use of the C/SiO, composites obtained by a pyrolysis of carbonaceous gas on

silica gel.
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Figure 12. XRD patterns of the hierarchical micro/mesoporous ZSM-5 prepared by use
of the C/SiO, composite with 18 wt% carbon content and with the Si/Al ratios
of (a) 83, (b) 29 and (c) 16.

Table 5. Porosity of the hierarchical micro/mesoporous ZSM-5 (mZSM-5_X)"~ samples
synthesized by use of the C/SiO, composite with 18 wt% carbon content and

with various Si/Al ratios and the conventional microporous ZSM-5.

Samples Si/AI* VtOta VmiCrOb VmeSO+maCrO ¢ VmeSO+maCrO/VmiCr0
(cm¥g) (cm®g) (cm®/g) (cm®/g)
mZSM-5 83 83 0.30 0.11 0.19 1.73
mZSM-5 29 29 0.36 0.11 0.25 2.27
mZSM-5 16 16 0.52 0.12 0.40 3.33
Conventional ZSM-5 24" 0.16 0.14 0.02 0.14

*Vyot: at P/Pg of 0.97. "V iero: calculated by the t-plot method. °V mesosmacro: Calculated by Vig; - Vimicro.
“estimated by ICP-AES. **reported by producer. ***It should be noted that mZSM-5_X is denoted as
the hierarchical mesoporous ZSM-5 obtained by use of the C/SiO, composite with 18 wt% carbon
content and X refers to the Si/Al ratio, for example, mZSM-5_83 indicates the hierarchical mesoporous
ZSM-5 with the Si/Al ratio of 83.
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Figure 13. SEM and TEM images of the hierarchical micro/mesoporous ZSM-5 samples
synthesized by use of the C/SiO, composite with 10 wt% carbon content and
with the Si/Al ratios of (a) 83 (b) 29 and (c) 16.
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Figure 14. TEM images of the hierarchical micro/mesoporous ZSM-5 samples
synthesized by use of the C/SiO, composite with 18 wt% carbon content
and with the Si/Al ratios of (a) 83 (b) 29 and (c) 16.

3.2.3 Effect of concentration of zeolite precursors in the synthesis gel

The effect of concentration of the zeolite precursors in the synthesis gel with the
composition of Al,O3 : 181SiO; : 36TPA,O : 15Na,0 : yH,O where Y was varied from
1029, 1816, 3026 and 4237 was investigated. The decrease of precursor concentration
results in the reduction of nucleation rate. The SEM images (Figure 15) show the
morphology of the zeolite crystals in the samples prepared with different precursor
concentrations. The crystal size of the hierarchical micro/mesoporous ZSM-5 sample
prepared at a low concentration was slightly larger than that of the sample prepared at a
higher concentration. The crystal size of the sample obtained by using very high amount
of water (y=4237) was about 1 pm whereas the crystal size of about 500 nm was found
for the sample prepared by using the precursor gel with a lower water content (y=1029).
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The specific surface area and porosity of zeolite samples prepared with different
precursor concentrations are shown in Table 6. Although the decrease of precursor
concentration results in a slight increase in the crystal size, the change of surface area and
porosity with respect to an alteration of the crystal size is not obviously different in all
samples synthesized with the varied water content in the synthesis gel.

Figure 15. SEM images of the zeolite samples obtained by use of the C/SiO, composite
with 18 wt% carbon content. The composition of the synthesis gel containing
the zeolite precursors was Al,O3; : 181SiO; : 36 TPAO : 15Na,0 : YH,0
where Y was (a) 1029, (b) 1816, (c) 3026 and (d) 4237.
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Table 6. Surface area and porosity of the hierarchical micro- and mesoporous ZSM-5
samples (MZSM-5_Y)~ synthesized by use of the C/SiO, composite with 18
wt% carbon content. The composition of the synthesis gel containing the
zeolite precursors was Al,O3 : 181Si0; : 36 TPA,0 : 15Na,0 : YH,O where Y
was 1029, 1816, 3026 and 4237.

Samples Y Vik  Viico?  Vimesormacro©  Vimeso+macro/Vimicro
(cm¥g) (cm®g)  (cm%lg) (cm*/g)
mZSM-5_ 1029 1029 0.30 0.11 0.19 1.73
mZSM-5 1816 1816 0.29 0.11 0.18 1.64
mZSM-5 3026 3026 0.28 0.10 0.18 1.80
mMZSM-5 4237 4237 0.29 0.11 0.18 1.64

*Vyot: at P/Pg 0f 0.97. PV piero: calculated by the t-plot method. °V mesosmacro: Calculated by Vie - Vmicro.
***]t should be noted that mZSM-5_Y is denoted for the hierarchical mesoporous ZSM-5 synthesized by
use of the C/SiO, composite with 18 wt% carbon content and Y refers to the water content.

3.3 Preparation of the hierarchical micro/mesoporous bifunctional Pt/HZSM-5
catalyst (M/H-ZSM-5)

The bifuctional catalysts, composed of both the metallic sites and the Brgnsted
acid sites, are important for the hydrocracking process. Therefore, in this work, a
bifunctional Pt/HZSM-5 catalyst was prepared by introducing the Pt nanoparticles into
the hierarchical micro/mesoporous zeolite samples using wet impregnation of zeolite with
a platinum salt solution, Pt(NH3)4(NO3),. The dispersion of the Pt nanoparticles into both
the hierarchical micro/mesoporous HZSM-5 zeolite and the conventional microporous
HZSM-5 samples, synthesized with a similar Si/Al ratio, was observed by TEM images
as shown in Figure 16. For the conventional Pt/HZSM-5 sample, most of the Pt
nanoparticles located at the outer surface of zeolite crystals. The size of the nanoparticles
was rather large. The size was about 25 nm. Compared to the particles in the case of the
conventional Pt/HZSM-5, the Pt nanoparticles well dispersed over entire crystal of the
hierarchical micro- and mesoporous zeolite. Interestingly, the size of the particles in the
case of the hierarchical micro/mesoporous Pt/H-ZSM-5 samples, obtained by use of the
C/SiO; composite with 18 wt% carbon content, was smaller (about 10 nm) compared
with in the case of the conventional zeolite. This result confirms that the degree of metal
dispersion can be enhanced by the introduction of mesoporous cavities into the zeolite
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framework. Therefore, the catalytic performance of the prepared bifuctional catalyst
prepared by using the mesoporous zeolite is expected to be greater compared to that of
the catalyst prepared by using the conventional zeolite because of the better dispersion of
the Pt particles. This behavior is expected because the dispersion of metal particles is one
of the key factors prevailing the performance of the metal particles supported on zeolite
catalysts .

Figure 16. TEM images of (a) the conventional microporous Pt/HZSM-5 with the Si/Al
ratio of 24 and (b) the hierarchical micro/mesoporous Pt/H-ZSM-5 prepared
by use of the C/SiO, composite with 18 wt% carbon content and with the
Si/Al ratio of 29.

3.4 Catalytic performances of the hierarchical micro/mesoporous zeolite
3.4.1 Catalytic study of the isomerization of n-butenes

The skeletal isomerization of n-butenes is a key process in the petroleum refining
for production of isobutene. The medium pore zeolite is one kind of the most important
catalysts used for this reaction. The medium pore zeolites which exhibit potential for this
reaction are ferrierite (H-FER) “**?, HZSM-23 **, HZSM-22 * and HZSM-5 *. Among
of them, H-FER has found to be a very selective catalyst for this reaction *’.

Although the selectivity of isobutene over the HZSM-5 catalyst is lower than that
of the H-FER zeolite, the conversion obtained via this catalyst is higher. In addition, the

stability of HZSM-5 catalyst is rather good “**°, There are many mechanisms proposed in
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the literatures including the monomolecular, pseudomolecular and oligomerization-
cracking mechanisms*®"°. The oligomerization-cracking mechanism has been proposed
as the dominant mechanism in zeolite such as HZSM-5 (see Scheme 2). The reaction
mechanism on the HZSM-5 catalyst are composed of many elementary steps in which
large intermediates and products are included due to the oligomerization®. By this
mechanism, C8 surface species are obtained from the dimerization of butene at beginning
of reaction. Then, they decompose to C5 and C3 or C4 isomers. After that, some C3
molecules that are occurred and adsorbed onto the active sites can immediately dimerize
to C6 or further oligomerize to C12 species. Next, C12 species further crack to C5, C6
and C7%. This reaction mechanism could be remarkably facilitated by use of the
hierarchical micro/mesoporous ZSM-5. This is because such catalyst can provide a larger
accessibility into the active sites compared to the microporous zeolite. Therefore, n-
butene isomerization reaction involving bulky molecules such as branched-chain products
occurred in the oligomerization-cracking step was selected to study in order to gain a
better understanding into the catalytic performance of the synthesized hierarchical

micro/mesoporous HZSM-5 samples.

Scheme 2 Mechanism of n-butene isomerization over HZSM-5, reproduced from ref.®,

Although 1-butene was used as the initial reactant, both 1-butene and 2-butene can
be considered as true reactants for the n-butene isomerization’*. This is because 1-butene

are easily converted to 2-butene over Brgnsted zeolites via the double bond migration
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process’?. In addition, the conversion of both 1-butene and 2-butene can be
simultaneously reacted via the same mechanism. Therefore, the number of 1-butene and
2-butene molecules at equilibrium are considered as a real reactant’*. The catalytic
performance of the synthesized hierarchical micro/mesoporous HZSM-5 sample and the
commercial ZSM-5 catalyst for the isomerization of n-butene was carried out at various

reaction temperatures and times on stream (TQOS).

The activity, product selectivity and distribution in product yield were
investigated from the peak area in the chromatograms obtained from gas chromatography
(GC) and calculated based on the mole percentage derived from the detected hydrocarbon
signal, which is proportional to the number of carbon atoms’. The percentage of reactant
conversion, product selectivity and yield are described by the following equations:

(Reactant), - (Reactant)

Conversion = out »« 100 %
(Reactant),
Product
Yietd = £OMa o 50004
(Reactant);
Product
Selectivity = ( Jou x 100 %

(Reactant);, - (Reactant) ,

Figure 17 shows the product distribution obtained from the n-butene conversion
over the HZSM-5 catalysts at 240°C and the weight hourly space velocity (WHSV) of 1.8
h™. In all cases, the products are the hydrocarbon molecules composing of C3, C4, C5,
C6 and C7. From the obtained product distribution, the results clearly show that the
reaction on HZSM-5 catalyst is not very selective in the production of isobutene.
Therefore, the monomolecular and pseudomolecular mechanism should be excluded
while the oligomerization-cracking mechanism is suggested to be the predominant
pathway. This result agrees well with that reported in the literatures .
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Figure 17. Distribution of products obtained from the n-butene conversion at 513 K and a
weight hourly space velocity (WHSV) of 1.8 h™ over (a) the conventional
microporous HZSM-5 (Conventional HZSM-5 24) (b) the prepared
hierarchical micro/mesoporous H-ZSM-5 obtained with the Si/Al ratio of 29
(mHZSM5_29). Conventional HZSM-5_X and mHZSM5_X denote for the
conventional microporous HZSM-5 and the hierarchical micro/mesoporous
HZSM-5 synthesized with the Si/Al ratio of X, respectively.

3.4.1.1 Effect of reaction conditions on n-butene isomerization

The effect of reaction temperature on the catalytic performance of the catalysts for
the n-butene isomerization was also studied at the same WHSV (0.2 h™) and at
temperature in the range of 493 to 573 K. It was found that an increase of temperature
results in enhancing of the n-butene conversion over the synthesized hierarchical
micro/mesoporous H-ZSM-5 samples (see Figure 18a). In addition, the product
distribution at temperature ranging from 493 to 523 K is not significantly altered with the
change in temperature (see Figure 18b). The Cs- products appears to be the main product.
Interestingly, the amount of Cs™ and propene are not comparable as it is expected for a
bimolecular mechanism. The reason may be due to a further dimerization of propene to
larger products such as hexenes and heptenes *. However, the product distribution at a
high temperature of 573 K significantly changed. The propene selectivity increases with
an increase of temperature while the products of Cs~ and large molecules (> C6) become
less resulting in a comparable amount of propene and Cs~ products. This finding would be

explained by a suppression of the further dimerization of propene at a high temperature.
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Figure 18. Effect of temperature on (a) n-butene conversion and (b) the product
selectivity obtained in the case of the synthesized hierarchical
micro/mesoporous HZSM-5 sample synthesized with the Si/Al ratio of 29
(MZSM-5_29). The WHSV was 0.2 h™*. The pressure was 1 atm. The TOS

was 30 min.

In addition, the role of the WHSV on the reaction over the hierarchical
micro/mesoporous H-ZSM-5 was studied at 513 K. The n-butene conversion, product
distribution and isobutene yield are plotted against the contact time (t), which is derived
by 1/WHSV and shown in Figure 19. The conversion of n-butenes increases with an
increase of the contact time in the both cases, the hierarchical micro/mesoporous HZSM-
5 and the conventional microporous HZSM-5 catalysts. Interestingly, at all contact times,
the conversion of n-butenes on the hierarchical micro/mesoporous HZSM-5 sample is
significantly higher than that on the conventional HZSM-5. For example, at contact time
of 1.8 h, the butene conversions are 89% and 56% for the hierarchical zeolite and the
conventional one, respectively (see Figure 19a). For the hierarchical micro/mesoporous
HZSM-5, the amount of large molecule products such as Cs~ and C;~ increases while the
amount of small molecule products such as propene decreases with an increase of the
contact time (see Figure 19b). The reason could be an increase of the further
oligomerization process of olefin species at a higher contact time. In addition, the values
of the initial reaction rate of isobutene formation over the hierarchical micro/mesoporous
HZSM-5 and the conventional microporous HZSM-5 samples, estimated by the initial
slopes of the tangent at time zero to the curves of isobutene formation versus time, are

shown in Figure 19c. It can be seen that the initial rate of the isobutene formation over the
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hierarchical micro/mesoporous HZSM-5 sample is 4 times higher than that of the reaction

over the conventional catalyst.

Figure 19. Effect of contact time, t (t=1/WHSV) on the n-butene conversion over (a) the
hierarchical micro/mesoporous HZSM-5 obtained with the Si/Al ratio of 29
(mHZSM-5_29) and the conventional microporous HZSM-5 with the Si/Al
ratio of 24 (Conventional HZSM-5_24), (b) the product distribution obtained
in the case of the mHZSM-5_29 and (c) the isobutene yield obtained in the
case of the mHZSM-5_29 and Conventional HZSM-5_24 zeolite samples. The

reaction was performed at 513 K and 1 atm.
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3.4.1.2 Catalytic performance of the hierarchical micro/mesoporous HZSM-5 for n-

butene isomerization

To evaluate the catalytic performance of the synthesized hierarchical
micro/mesoporous HZSM-5 and the conventional microporous HZSM-5 catalysts in the
details, the conversion of 1-butene was performed at 513 K with the WHSV of 1.8 h™.
Because one of the drawbacks of the conventional microporous zeolites is the fast
deactivation of the catalysts during a reaction process, the stability of the catalytic activity
of the catalysts was investigated from the curve of the n-butene conversion as a function
of the TOS (see Figure 20a). It is noteworthy that the conversion of n-butene on the
hierarchical micro/mesoporous HZSM-5 samples is significantly higher than that of the
reaction on the conventional microporous HZSM-5. Interestingly, the conversion of n-
butenes on the synthesized micro/mesoporous HZSM-5 is up to 89%, whereas the
conversion of n-butenes on the conventional HZSM-5 is less than 56 % even when the
fresh catalyst is used (the reaction time about 30 min). In addition, the study of the
stability in the activity of the catalysts shows that the conversion of n-butenes on the
conventional microporous HZSM-5 sample decreases rapidly while that on the
hierarchical micro/mesoporous HZSM-5 samples remains rather steady even after the
TOS of 6 hours. This result indicates that the deactivation of catalyst is more retarded in
the case of the hierarchical micro/mesoporous HZSM-5 compared to that in the case of
the conventional zeolite, which composes of only microporous cavities. In order to
evaluate the catalytic activity of the hierarchical micro/mesoporous HZSM-5 samples
synthesized with different Si/Al ratios, the activity of the catalysts with the Si/Al ratios of
83 and 29 was studied. The results show that there is no significant difference in the
catalytic performance of the hierarchical micro/mesoporous HZSM-5 samples prepared
with different Si/Al ratios of 29 and 83.
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Figure 20. (a) Conversion of n-butenes at different times on stream (TOS) and (b) the
product yield at the reaction time of 6 hours obtained over mHZSM-5 83,
mHZSM-5_29 and Conventional HZSM-5_24. The reaction was performed at
513 K with the WHSV of 1.8 h™.

The evaluation of the amount of the product yield obtained on the hierarchical
micro/mesoporous HZSM-5 and the conventional microporous HZSM-5 (Figure 20b)
shows that the yield of isobutene is significantly higher in the case of the hierarchical
micro/mesoporous HZSM-5. In addition, the yield is irrespective to the Si/Al ratio. The
yield of C5-C7 products, obtained on the hierarchical micro/mesoporous HZSM-5, is
visibly higher when it is compared to that obtained in the case of the conventional
microporous HZSM-5, while the yield of propene does not considerably differ in the both
cases. It should be noted that concentrations of the obtained C3~ and Cs™ are comparable
in the case of the conventional microporous HZSM-5, whereas the concentration of C3~
are almost three times lower than that of Cs in the case of the hierarchical
micro/mesoporous samples. This result is irrespective to the Si/Al ratio. This is suggested
to be due to the introduction of the mesoporous cavities in the case of the hierarchical

micro/mesoporous samples providing a larger void space for the further oligomerization.

The observations confirm that the introduction of mesoporous cavities into the
part of microporous HZSM-5 results not only in an increase in the catalytic performance
for the conversion of n-butenes but also in the retardation of the catalyst deactivation due
to the small diffusion path length of the hierarchical micro/mesoporous could reduce the
pore blocking, derived from the coke formation inside the porous structure. Thus, it
diminishes the general drawbacks of the microporous materials .
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3.4.2 Catalytic performance of the hierarchical micro/mesoporous HZSM-5 for cracking
of n-hexane and 3-methylpentane

The cracking of paraffin is one of the most important reactions in oil refinery
process because it can be used to produce high value products from the refinery residues.
The first cracking method had been achieved by thermal process. However, the thermal
cracking requires high energy. Thus, the catalytic cracking has been developed instead of
the thermal process. Moreover, as the catalytic cracking can be successfully achieved at a
much lower temperature compared to the thermal process ™, the carbon dioxide emission
from the process is lower. Zeolites are well-known solid acidic catalysts for catalytic
cracking of alkanes . Up to recently, there are two mechanisms proposed for paraffin
cracking. These mechanisms are the classical or bimolecular mechanism (B-scission),
which takes place via the carbenium ion intermediate and the nonclassical or
monomolecular mechanism (protolytic cracking) processing through carbonium ions (see
Scheme 3) .

Scheme 3. Mechanism of n-hexane cracking via (a) the nonclassical or monomolecular
mechanism (protolytic cracking) and (b) the classical or bimolecular
mechanism (B-scission). Reproduced from "® and "’
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In order to investigate the catalytic performance of the hierarchical
micro/mesoporous HZSM-5 and the conventional microporous HZSM-5 for catalytic
cracking of non-bulky molecules, the catalytic cracking of n-hexane was investigated at
different temperatures by using a stream of n-hexane in nitrogen carrier gas as reactant.
The conversion of n-hexane and product selectivity obtained at different temperatures are
shown in Figures 21 and 22, respectively. The results reveal that an increase of the
reaction temperature leads to an enhancement of the n-hexane conversion. The major
cracked products obtained at a low reaction temperature of 573 K are C4. The amount of
small molecules significantly increases with an increase of temperature. At temperature in
the range of 573-673 K, methane is not observed as the by-product. However, the
significant amount of C1 and C2 molecules is detected at a higher temperature of > 623
K. The main cracked product obtained at temperature of above 623 K is C3 for the both
the hierarchical micro/mesoporous HZSM-5 and the conventional microporous HZSM-5
catalysts. The reason of the product distribution differences at various temperatures could
be explained by different reaction mechanisms. Due to the existence of light alkane
molecules such as methane and ethane at a high temperature, it can be suggested that the
reaction mechanism takes place via the nonclassical pathway or protolytic cracking.
These light alkane products could not be produced by the classical pathway or
bimolecular mechanism in which the smallest cracked alkane product is propane or
propene. This is because the B-scission process is very slow for the production of the
small molecules such as methane and ethane, processing via the primary carbenium ions,
which are high-energy species ®. Thus, it is reasonable to exclude the bimolecular
mechanism, occurred at high temperature. However, at a low temperature of 573 K, the
bimolecular mechanism could be predominant. This suggestion is confirmed because the
small alkane product is not detected, while the significant number of huge molecules
(>Cb5) is significantly observed. Interestingly, a comparable amount of propane and
propene is also investigated as well as the amount of C2 is equivalent to C4 at 673 K,
indicating that the protolytic cracking of n-hexane is prevalent. However, at a higher
temperature, the selectivity of propane decreases while the selectivities of methane,
ethane and ethene increase. This reason could be explained by the further cracking of

propane.

Concerning the catalytic performance for the n-hexane cracking, it was found that
both catalytic activity and product selectivity of the hierarchical micro/mesoporous
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HZSM-5 and the conventional microporous HZSM-5 insignificantly differed. Therefore,
the catalytic performance of n-hexane cracking under the examined reaction conditions is
not influenced by the presence of mesoporosity in the zeolite sample. In order to explain
this finding, the kinetic diameter of n-hexane should be considered. The kinetic diameter
reported by Maloncy et al. ° of n-hexane is 4.3 A. This value is smaller than the cavity of
the conventional HZSM-5, composing of the pore opening of 5.6 x 5.4 A along its b-axis
for straight channels and 5.1 x 5.5 A along its a-axis for sinusoidal channels ®. In
addition to the small kinetic diameter of n-hexane, in this case the reaction mechanism of
hexane cracking predominantly proceeded via the protolytic monomolecular pathway ®,
so that it is reasonable to suggest that the intermediates of this reaction are not large
enough to contribute to the diffusion limitation inside the zeolite channels in which the

mesoporosity should overcome.

In addition, the effect of the Si/Al ratio on n-hexane cracking was also
investigated. The catalytic activity of the hierarchical micro/mesoporous HZSM-5
samples synthesized with the Si/Al ratio of 29 and 83 for the n-hexane catalytic cracking
are shown in Figure 21. The results clearly show that the conversion of n-hexane cracking
decreases with an increasing of the Si/Al ratio. This result is in good agreement with that
reported in the literatures. It was found that the catalytic cracking strongly depends on
amount of the acidic sites of zeolites ®. Our results show that the introduction of
mesoporosity does not improve the catalytic activity of n-hexane cracking on the HZSM-
5 samples whereas the amount of acidic sites strongly influences on their activities.
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Figure 21. Effect of temperature on activity of n-hexane cracking over the hierarchical
micro/mesoporous HZSM-5 samples prepared with the Si/Al ratios of 29

(mHZSM-5_29) and 83 (mHZSM-5_83) and the conventional microporous
HZSM-5 (Conventional HZSM-5_24).

Figure 22. Effect of temperature on product selectivity of n-hexane cracking over (a) the
conventional microporous HZSM-5 with the Si/Al ratios of 24 (Conventional

HZSM-5_24) and (b) the hierarchical micro/mesoporous HZSM-5 obtained
with the Si/Al ratios of 29 (MHZSM-5_29).

The constraint index (CI) was firstly described by Werner O. Haag and his
colleagues in order to explain the shape selective catalytic behavior in zeolites ®. This

index is determined from the relative reaction rates of the cracking of n-hexane (n-C6)
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and its isomer, 3-methylpentane (3-MP) under competitive conditions. The CI is defined
as the following equation.

log(1— Xn_ce)

log(1- X

Constraint Index (ClI) =
3—MP)

Where Xn.ce and Xs.mp are the fractional conversion of n-hexane and 3-
methylpentane, respectively. The zeolites that are owing to a lower CI prefer to crack
branched hydrocarbons compared to linear hydrocarbons as result of the absence of steric
constraint from the zeolite wall. From the CI data of some zeolites taken from the
literatures, it clearly shows that the CI value corresponds to porous cavities of the zeolite
(see Table 1 in ref ). The zeolite with larger pores is owing to a lower CI value.
Therefore, the examination of Cl value can provide an insight into the structure of
zeolites and the selectivity of the zeolites for the reactions. The CI values can be used to
classify the zeolite materials into three groups. The zeolites with large pores (12-ring
pores or the larger pores) give the ClI value of <1. The zeolites with intermediate pores
(e.g. 10-ring pores) give the CI value in the range of 1-12. The zeolites with small pores
(8-ring pores or the smaller pores) give the Cl value of > 12 33# Therefore, in this work,
we also investigated the CI value of the synthesized hierarchical micro/mesoporous
HZSM-5 prepared with the Si/Al ratio of 29 (mMHZSM-5_29) compared to that of the
conventional microporous HZSM-5 with the Si/Al ratio of 24 (Conventional HZSM-
5 24). The CI values determined under competitive conditions of n-hexane and 3-
methylpantane cracking for the mHZSM-5_29 and the conventional microporous HZSM-
5 are shown in Table 7. The CI values of the both zeolites decrease with an increase of
the reaction temperature. This behavior could be explained by an alternation of the
reaction mechanism from the bimolecular mechanism to the monomolecular one at a high
temperature. Basically, the bimolecular mechanism requires a larger space for the
reaction compared to the monomolecular mechanism so that the rate of 3-methylpentane
conversion is much slower compared to that of the n-hexane cracking at a lower
temperature 3. However, the rate of 3-methylpentane cracking dramatically increases at a
high temperature because the monomolecular or protolytic mechanism demanding less
space for the reaction becomes predominant. Compared to the conventional microporous

HZSM-5, the CI value of the hierarchical micro/mesoporous H-ZSM-5 is significantly
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lower implying that the hierarchical micro/mesoporous HZSM-5 prefers to crack
branched hydrocarbons compared to linear hydrocarbons. It should be noted that the
difference in CI values (ACI) between the conventional and micro/mesoporous zeolites is
greater at a low reaction temperature, while the ACI becomes lower at a higher reaction
temperature. The reason of this result is that the hierarchical micro/mesoporous zeolite
provides a large space for the reaction, which is important parameter for the bimolecular
pathway, resulting in a better cracking of branched hydrocarbons compared to linear one
at a low temperature. Therefore, it is reasonable to conclude that an investigation of the
ClI value is an alternative method that can be used to distinguish between the mesoporous

zeolite and the conventional zeolite as their porous cavities are different.

Table 7. Cl values of the hierarchical micro/mesoporous H-ZSM-5 synthesized with the
Si/Al ratio of 29 (mMHZSM5-29) and the conventional H-ZSM-5 with the Si/Al
ratio of 24 (Conventional HZSM-5_24) at different reaction temperatures.

Temperature (K) Cl ACI”
Conventional mMHZSM-5_29
HZSM-5_24
673 6.5 2.1 4.4
823 4.0 1.7 2.3
873 2.8 15 1.3
923 2.5 1.2 1.3

ACI’: The different CI values of the conventional HZSM-5 with Si/Al = 24 (conventional HZSM-5_24)
and the hierarchical micro/mesoporous HZSM-5 with Si/Al = 29 (MHZSM-5_29).

3.4.3 Catalytic performance of the hierarchical micro/mesoporous HZSM-5 for cracking
and hydrocracking of n-hexadecane

In order to investigate the catalytic performance of the synthesized hierarchical
micro/mesoporous zeolites for the reactions when the reactants are large molecules, the
catalytic cracking and hydrocracking of n-hexadecane was investigated. As stated above,
the catalytic cracking occurs on the Brgnsted acid sites and produces both alkene and
alkane products. In case of the hydrocracking process, large hydrocarbon molecules break
down into smaller molecules in the presence of hydrogen atmosphere. Therefore, the
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mechanism, product distribution and catalyst feature are different from those in the case
of the catalytic cracking. The hydrocracking is successfully processed on bifunctional
catalysts containing the metal sites and the Brgnsted acid sites. The metal sites perform as
the Lewis acid sites, which are the catalytic sites for the dehydrogenation, hydrogenation
and dissociation of hydrogen molecules, while the Brgnsted acid sites act as the catalytic
sites for accelerating the isomerization and cracking reactions so that the
hydroisomerization normally takes place as a competitive reaction of the hydrocracking.
The products of the hydrocracking normally are saturated hydrocarbons. This is due to
the presence of hydrogen that further promotes the hydrogenation reaction. Mechanisms
of the hydrocracking and hydroisomerization are shown in Scheme 4.

Scheme 4. lllustration of mechanism for hydrocracking occurred on bifunctional catalyst,

reproduced from ref. .

In order to study the catalytic performance of the synthesized hierarchical
micro/mesoporous zeolites for the reactions involving high molecular weight reactant, the
catalytic cracking and hydrocracking of n-hexadecane were carried out in a slurry phase
solution at 553 K. In this experiment, a typical H* type catalyst (HZSM-5), which is
owing to the Bransted acid sites, and a bifuctional catalyst (Pt/HZSM-5), composed of the
metal sites and the Brgnsted acid sites, were used for catalytic cracking and
hydrocracking, respectively. The catalytic performances of the hierarchical

micro/mesoporous ZSM-5 and the conventional ZSM-5 for the catalytic cracking and
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hydrocracking of n-hexadecane are shown in Table 8. Because the reaction was
performed at a moderate condition (medium temperature of 553 K and pressure of 10
barr), the main products were in the liquid phase. This result agreed well with that
reported in the literature where a very low amount of gas products was observed for the
both catalytic cracking and hydrocracking processes ®”. In addition, a low amount of C14
and C15 products was observed implying that methane and ethane could also form with
an insignificant amount. Therefore, it is reasonable to suppose that the main products are
in the liquid phase and the gas products can be neglected. The conversion of n-
hexadecane to liquid products was observed for the both catalytic cracking and
hydrocracking processes. In case of the catalytic cracking, the conversion of n-
hexadecane to liquid products over the conventional HZSM-5 is very low (about 5.8%).
Compared to the conventional microporous HZSM-5, the catalytic performance for n-
hexadecane cracking of the hierarchical micro/mesoporous H-ZSM-5 is significantly
better even when the zeolite with a high Si/Al ratio of 83 is used. The catalytic activity of
the hierarchical micro/mesoporous zeolite for the cracking increases with an increase of
the number of active sites or the Si/Al ratio. The conversion of n-hexadecane over the
catalyst with the Si/Al ratio of 29 is higher than that occurs over the sample prepared with
the Si/Al ratio of 83 by 3 orders of magnitude. This result confirms that the conversion

rate of n-hexadecane cracking strongly depends on the acidity of zeolites 5.

The results clearly demonstrate that the introduction of the Pt nanoparticles into
the hierarchical micro/mesoporous H-ZSM-5 samples extremely enhances the catalytic
performance of the catalysts for the hydrocracking process. The conversion of n-
hexadecane over a mesoporous catalyst (mPt/HZSM-5_29) is up to 98%, whereas that of
the commercial one with the similar acidity is only 33%. This finding strongly confirms
that the hierarchical micro/miesoporous H-ZSM-5 exhibits a better catalytic performance
for the n-hexadecane hydrocracking. Because the product mixture in the C4-Cygrange is
important for petroleum industry as it is largely in the gasoline boiling range so it is a
benefit to categorize the cracked products into three groups, C4-C7 Cg-Cio , and C;3-Cig,
respectively. The obtained product yields are shown in Table 8. The main products are in
the C4-C5 range for all catalysts. The bifunctional catalyst prepared from the hierarchical
micro/mesoporous zeolite shows a high yield of the mixture in the C4-C;orange of up to
80%.
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To gain a better understanding of the catalytic performance of the hierarchical
micro/mesoporous zeolite for the n-hexadecane conversion, the molecular size and pore
diameter of zeolite were considered. The kinetic diameter of n-hexadecane is 0.306 x
1.975 nm %, whereas the pore opening of ZSM-5 zeolite is 0.56 x 0.54 nm along its b-
axis for straight channels and 0.51 x 0.55 nm along its a-axis for sinusoidal channels .
Therefore, the moving of n-hexadecane molecules into the microporous channels is
restricted by the molecular dimensions. When the mesoporous cavities are introduced into
the parts of microporous zeolite, larger space for the reaction is provided. For this reason,
the n-hexadecane molecules can diffuse easily into the zeolite active sites through the
mesoporous structure. In addition, the dispersion of metal nanoclusters or nanoparticles
supported on bifunctional catalysts also plays an important role on the catalytic
performance of bifunctional catalysts. Because the Pt nanoparticles supported on the
hierarchical micro/mesoporous HZSM-5 samples are smaller than those supported on the
conventional one and their dispersions are better so the improved dispersion leads to a
balance of the acidity active sites and hydrogenation/dehydrogenation sites in these

bifunctional catalysts.

Table 8. Catalytic performance of the hierarchical micro/mesoporous ZSM-5 samples
synthesized with the Si/Al of 29 and 83 and the conventional microporous
ZSM-5 for n-hexadecane cracking and hydrocracking.

Entry Catalyst Wt % Conversion Product Yield (%)
of (%) -
Pt C4-C7 Cg-Cy0 C11-Cys
1 Conventional HZSM-5 24 - 5.8 2.0 1.6 2.1
2 mHZSM-5_29 - 45.6 19.6 124 136
3 mHZSM-5_83 - 15.2 6.4 4.5 4.3

4 Conventional Pt/HZSM-5 24 1.0 334 19.2 8.0 6.2

5 mPt/HZSM-5_29 1.0 98.2 516 278 19.2

C11-Cis : Cyg is the isomerization product for which n-hexadecane is not included. Conventional HZSM-
5 _24: Conventional HZSM-5 with Si/Al ratio of 24, mHZSM-5_29 and mHZSM-5_83: the hierarchical
micro/mesoporous HZSM-5 samples with Si/Al ratio of 29 and 83, respectively, Conventional Pt/HZSM-
5_24: Conventional Pt/HZSM-5 with Si/Al ratio of 24 and mPt/HZSM-5_29: the hierarchical
micro/mesoporous PtYHZSM-5 with Si/Al ratio of 29.
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In conclusion, the hierarchical micro/mesoporous ZSM-5 synthesized by use of
the C/SiO, composites, which are obtained from a pyrolysis of carbonaceous gases in the
presence of silica gel, shows not only an improvement in the surface area and porosity
due to the mesoporous feature but also an enhancement of the catalytic performance for
the reactions involving the presence of huge molecules compared with the conventional
zeolite in the both cases of the Brgnsted and bifunctional catalysts. In addition, the
dispersion of Pt nanoparticles, which is a key effect for catalytic performance of the
bifuctional catalyst, is significantly improved in the presence of mesoporous feature. This
finding demonstrates that our developed synthesis procedure for the preparation of the
hierarchical mico/mesoporous zeolites, which are obtained by use of a pyrolysis of
carbonaceous gases to produce carbon residues as the mesoporous templates, and the
obtained catalysts can be considered as promising method and material for the potential

applications, especially in petrochemical industry.
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4. CONCLUSIONS

The hierarchical micro/mesoporous ZSM-5 zeolites were successfully prepared by
using the C/SiO, composites obtained by pyrolysis of carbonaceous gases in the presence
of silica gel. The C/SiO, composites act as a bifunctional material in which carbon
residue and SiO; part function as a mesoporous template and a silica source for the zeolite
synthesis, respectively. The results from XRD patterns confirm that the structures of all
synthesized samples corresponding to MFI framework. In addition, TEM images and N,
adsorption/desorption isotherms show that the using of C/SiO, composite results in a
significant increase of mesoporosity. The mesoporosity of zeolite can be easily controlled
by varying the carbon contents in the C/SiO, composites. Increasing the carbon content in
such composite results in a significant increase of surface area and total pore volume,
which reflect to a rise of the mesopore volume whereas the micropore volume of the

samples is not significantly altered.

The morphology, particle size and mesopore volume also strongly depend on
Si/Al ratios. A decrease in Si/Al ratio causes to reduction of crystal size, resulting in an
increase of mesopore volume. In addition, the bifunctional zeolite, composing of H” site
as acidic site and Pt nanoparticles as metal sites, has been successfully prepared by wet
impregnation of Pt(NH3)4(NO3), solution on H* type zeolite and followed by freeze-
drying to remove solvent. The hierarchical micro/mesoporous Pt/HZSM-5 improves the
degree of metal nanoparticle dispersion on zeolite support, which plays an important role
for bifunctional catalyst design. It was found the high dispersion of small Pt nanoparticles
throughout the mesoporous network over hierarchical micro/mesoporous zeolite, while

the larger Pt particles are located on the outermost surface for microporous zeolite.

The catalytic performances of both hierarchical micro/mesoporous ZSM-5 and
conventional one were investigated on three different reactions, including the n-butene
isomerization, n-hexane and 3-methylpentane cracking and n-hexadecane -catalytic
cracking/hydrocracking. The catalytic performance of n-hexane cracking over
hierarchical micro/mesoporous ZSM-5 is not significantly improved compared to
conventional microporous ZSM-5 under the present condition because the diffusion of n-
hexane inside microporous ZMS-5 is not restricted by zeolite wall. However, the catalytic
performances of reactions, involving the big molecules as reactants (n-hexadecane
hydrocracking) and intermediates or products (isomerization of 1-butene), on hierarchical

micro/mesoporous zeolite dramatically enhance. Compared to conventional microporous
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ZSM-5, the hierarchical micro/mesoporous ZSM-5 is not only increase their catalytic

activities in such reactions but also retard the deactivation of catalyst.

Our findings confirm the high efficiency of a hierarchical dual micro/mesoporous
zeolite catalyst obtained based on an embedded nanocarbon cluster synthesis. This
controllable and efficient synthetic method is expected to be generalised for other types of
zeolites, it is considered to be a promising method for creating hierarchical
micro/mesoporous zeolites. This type of catalyst is considered to be a promising material

for the potential applications, especially in petrochemical industry.

4. CONCLUSIONS | 61



Chapter 2

A QUANTUM CHEMICAL ANALYSIS OF STRUCTURES
AND REACTION MECHANISMS OF SKELETAL
ISOMERIZATION OF 1-BUTENE ON FERRIERITE

ZEOLITE

Chapter

1. INTRODUCTION

Zeolites have been emerged as one of the most industrially important catalysts due

92 A large

to their fascinating properties such as separation, ion exchange and catalysis
number of major industrial processes have been paid attention to their acid-base
properties in order to catalyze the reactions in production lines for the desired high-cost
products. Among major industrial reactions, the “skeletal isomerization of linear butenes”

is one of them.

The skeletal isomerization of linear butenes to isobutene® has been considered as
one of the most important reactions in petrochemical industrial processes, especially for
the preparation of isobutene, which is used as the alkene precursor in the productions of
gasoline additives such as methyl tert-butyl ether (MTBE), ethyl tert-butyl ether
(ETBE)), polyisobutylene (P1B) and methacrylate®"38%4%

Among various types of zeolites, the zeolites composing of medium pore
diameters in the range of 4 to 5.5 A such as FER***?, ZSM-23*, ZSM-22* and ZSM-5*,
have been reported as good candidate catalysts for this reaction. As far as the product
selectivity is concerned, ferrierite (H-FER) has been found to be the most selective
catalyst for the skeletal isomerization of n-butenes*’, due to their specific pore dimension
which is suitable for the monomolecular reaction. Thus, ferrierite zeolite was selected as

the catalyst in this study.

On the focus of the skeletal isomerization mechanisms of linear butene to
isobutene, three possible reaction pathways are proposed. These are (i) the
monomolecular  mechanism, (i) the bimolecular  mechanism and  (iii)
pseudomonomolecular mechanism (autocatalytic process). For the monomolecular
mechanism, one molecule of 1-butene can be directly converted to isobutene®®*®, The
monomolecular mechanism takes place through methyl shift or a protonated

methylcyclopropane of n-butyl species to produce primary carbenium species. For
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bimolecular mechanism, all of elementary steps involve with the linear butene
dimerization (D), isomerization and cracking of octenes®. As for the
pseudomonomolecular mechanism, the process involves the formation of carbenium ions
at the active sites, subsequently the reaction undergoes with complex mechanisms of
these carbenium species before the production of isobutene and by-product*®®.
Although these reaction mechanisms have been proposed, the monomolecular mechanism
is the possible one in the production of highly selective isobutene. This pathway has been
emerged in the specific zeolites with highly constraining pore dimension, e.g., H-FER'®"
103 " \whereas the bimolecular mechanism requires larger pore space than that of the
monomolecular mechanism. Many reports suggested that isobutene was predominantly
produced from the monomolecular mechanism, whereas the bimolecular pathway results

in the formation of by-products'®#1%4-10

. In order to further confirm the possible
mechanism, the data of reversible skeletal isomerization reaction in different zeolites
available in the literature were considered. The high reversibility of n-butenes skeletal
isomerization was observed over H-FER. This behavior is not expected for the
bimolecular mechanism because the formation of by-products cannot gain the high
selectivity of n-butenes from isobutene isomerization %, Therefore, it is reasonable to
propose that the skeletal isomerization of 1-butene over H-FER processes via

monomolecular mechanism.

The skeletal isomerization of 1-butene to isobutene is particularly interesting in
both theoretical and experimental studies because it involves several important
intermediates both carbenium ions and alkoxides in the reaction pathway. For example, it
has been reported that when using heterogeneous acidic catalyst, e.g., zeolites, the
reaction proceeds via the covalent alkoxide intermediate species rather than the
carbenium ion'®*'®. On the other hand, the mechanism in homogenous catalyst, e.g.,

117,118

superacid catalyst (see refs. ), linear butyl-cation is directly converted to tert-butyl

cation through primary butyl transition state. Even though many experimental

97,99,101,107,119-126 |116,127-130

and theoretica studies have intensively been investigated the
skeletal isomerization of 1-butene to isobutene reaction, unclear issues still remain
whether that the carbenium ion exists as a transition state or a stable intermediate.
Therefore, selected details from literature for the skeletal isomerization of 1-butene to

isobutene are concisely discussed here as follow.
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For the experimental studies, the FT-IR'? and NMR®’ revealed that the carbenium
ions are not stable species in the zeolite framework excepted for some cyclic carbenium
ions that can persist in acidic zeolites*?®. Solid-state NMR revealed that the protonation of
alkene by Bransted zeolite produced the surface alkoxyl species instead of free carbenium
ion*3,

As for the theoretical point of view, the skeletal isomerization of 1-butene over
zeolite has been involved with several important carbenium ions and alkoxides in the

reaction mechanism. For examples, Boronat and coworker'*

proposed the skeletal
isomerization of 1-butene of theta-1 via monomolecular mechanism and they found that
2-butoxide, primary butoxide and protonated methylcyclopropane were observed as
reaction intermediates and transition states. In addition, the geometry restrictions of
zeolite framework are considered by the increasing of zeolite cluster size. Constraint
effects result in destabilization of these species compared with the adsorbed alkene.
Besides, the stabilities of the carbenium ions and alkoxide intermediates were carried out
at different levels of theory. The tert-butyl carbenium ion was reported to be a transition

state by Boronat and coworker'****?

, While the true tert-butyl cation intermediate can be
observed only from the Hartree Fock calculation'*. In 2010, the tert-butyl carbenium ion
was reported as the true intermediate from experimental and theoretical studies by
Rosenbach et al.***, The formation of the tert-butyl cation as an intermediate inside
cavities of zeolite was observed during the reaction of the nucleophilic substitution of
tert-butylchloride and bromide over NaY impregnated with NaCl or NaBr. Because the
nucleophilic substitution of tert-butylhalide takes place via SN1 mechanism, which
involves carbocations formation, the ion pair of the tert-butyl cation and zeolite
framework could be formed. Consequently, the carbocation can be attacked by the halide
over halide impregnated inside zeolite. This result confirms the existence of tert-butyl
cation as intermediate species inside zeolite cavities. Moreover, in the same work, the
calculations were also carried out by the ONIOM(MP2/6-31G(d,p):PBE1PBE/6-31G
(d,p))//ONIOM(MP2/6-31G(d,p):MNDO) and PBE1PBE/6-31G(d,p)//ONIOM (MP2/
6-31G(d,p):MNDO) approaches. They found the tert-butyl cation as an intermediate with
the energy lies between 9.6 — 12.2 kcal/mol higher than the tert-butoxide species.

Alternatively, the protonation of isobutene in  various zeolites
109.111,113.114.127.128, 130,133 have also been theoretically reported in order to examined

alkoxide stabilities'® 107:109110123.124.126130 " £qr axample, Rozanskaet al.*” studied the
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isobutene chemisorptions in chabazite (CHA), ZSM-22, and mordenite (MOR) zeolites
using the periodic DFT calculation, they proposed two reaction mechanisms of isobutene
protonation through the primary and tertiary carbocation-like transition states. The
corresponding activation energies for primary carbocation-like transition states are
32.9(CHA), 21.5(TON) and 28.2 (MOR) kcal/mol, while the activation energies for
tertiary carbocation-like transition states are 10.8 (CHA), 5.7 (TON) and 7.2 (MOR)
kcal/mol. As a result, on one hand, the reaction of the chemisorption of isobutene was
favored to occur via the tertiary carbocation-like transition state rather than the primary
carbocation-like transition states. They also reported that the energies of the tertiary
carbocation and tert-butoxide intermediates were very close to that of the corresponding
transition state, indicating the existence of reactive species and the possibility of finding
carbocation intermediate in the reaction coordinate. On the other hand, the pri-butoxide is
the intermediate species for the protonation of isobutene via the primary carbocation-like
transition states. The pri-butoxide was more stable than their corresponding transition

state structures by about 28-30 kcal/mol. Boronat et al.***

reported that they found the
free tert-butyl carbenium ion as a true reaction intermediate depending on the locations of

the basic oxygen of the zeolite that the cation are bound.

Using the hybrid MP2:DFT calculations*®®,when the dispersion effects of the
zeolites framework were taken into account, the reaction energies (including the zero-
point vibrational energy, ZPVE) with respect to the isolated isobutene molecule and H-
FER zeolite system were reported to be -17.7, -9.6, -6.4 and -15.1 kcal/mol for the =n-
complex, the tert-butoxide, the tert-butyl carbenium ion and the isobutoxide, respectively,
suggesting that the tert-butyl carbenium ion is not stable intermediate compared with tert-

butoxide. Subsequently, Tuma and co-worker™**

theoretically studied the stabilities of
isobutene, tert-butyl carbenium ion, tert-butoxide and isobutoxide using hybrid MP2:PBE
method. They reported that the tert-butyl carbenium ion was higher in energy than
isobutene, tert-butoxide and isobutoxide by 14.4, 5.7 and 12.2 kcal/mol, respectively.
Likewise, the activation barriers of the tert-butyl carbenium ion transformations to
isobutene, tert-butoxide and isobutoxide were also reported to be 3.3, 7.5 and 14.6

kcal/mol, respectively.

Although there are many literatures observed the reaction energies of
intermediates and transition states, which related to skeletal isomerization of 1-butene, it
is still unclear to explain the effect of zeolite framework on the complete mechanism of
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this reaction as well as the stabilities of reaction intermediates (alkoxide species),
particularly the stability of tert-butyl carbenium ion which is not possible to directly
detect by the experimental method. Thus, the goals of this chapter are:

» Exploring the complete monomolecular mechanism of skeletal isomerization of 1-
butene over ferrierite zeolite by means of a full quantum calculation using the
ONIOM(MP2:M08-HX) approach.

» Investigating the effect of the extended zeolite framework on the stabilities of
related intermediates, transition state and other complexes in the reaction
mechanism.

» Examining the existence of tert-butyl carbenium in the system.

1. INTRODUCTION | 66



Chapter 2

2. METHODOLOGY

It has been reported that the most active and selective catalysts for the skeletal
isomerization of n-butenes are the medium pore zeolites, e.g., ZSM-23%
ferrierite® 119122135136 and MCM-22'?! in which the reactions process occurs via the
monomolecular pathway. The medium pore zeolites with specific pore diameters can
even suppress the dimerization or oligomerization reactions which are competitive
reaction with the monomolecular skeletal isomerization of n-butenes'?. In this study,
ferrierite (H-FER) was selected as a catalyst due to the fact that it has been reported to be

the most selective zeolite among the medium pore zeolites.

As a ferrierite model, a 37T (T refers to tetrahedral center) quantum cluster
consisting of 136 atoms (Sis7O49Hsp) (Figure 23) was used since this is large enough to
fully cover the catalytic pore, which behaves like “nanoreactor” in the ferrierite zeolite.
The 37T model represents a two-dimensional pore system consisting of a 10-ring (4.2 A x
5.4 A) channel intersected by an 8-ring (3.5 A x 4.8 A) channel®*" (See Figure 23), thus
the model can reveal the confinement effects of zeolite which plays a significant role in

the predictions of reaction energies™*4°,

At the active site of the 37T model, a silicon atom at the T(2) position was
replaced by an aluminum atom* and, in order to neutralize the system, an H atom was
added to one of the neighbor oxygen atoms in the most energetically favorable position.
From the literature, it was reported that the O(7) is the most suitable position rather than
the O(1) position'*®**’. The additional H atom at the O(7) position results in the
generation of a Brgnsted acid site in the ferrierite zeolite (H-FER), as illustrated in Figure
23b. We note here that the O(7) and O(1) crystallographic positions are conventionally
written as “O1” and “O2” in all Figures and Tables throughout this chapter. Moreover, in
the models employed, the dangling bonds of surface oxygen atoms are terminated by H
atom at the distance 1.47 A from the Si, yielding Si-H bonds, aligned along the
corresponding Si-O bonds of the structure.
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(a) (b)
Figure 23. The unit cell of ferrierite (H-FER); (a) the representation of the 10 member

ring of the selected 37T model. (b) the cluster representation along the ¢
direction of the ferrierite unit cell. Bond and stick model, excluding the
terminating hydrogen atoms.

To account for the framework effect on the local geometry, especially for the van
der Waals interactions, which play a significant role in the hydrocarbon interaction with

the zeolite!*

, the calculations were carried out by means of the ONIOM2 method (see
Appendix H for more details). Structure optimizations were carried out using the
Gaussian 03 program“®, which incorporates the Minnesota Density Functionals by Zhao
and Truhlar**®. The 5T quantum cluster, where the Brensted acid site is located, is
assigned to be the inner layer, and the extended 37T quantum cluster is the outer layer
(Figure 24b). Only the adsorbed molecule and the 5T cluster at the active region
(AlSi,O4H) of the zeolites were allowed to fully relax whereas the rest was kept fixed
with the crystallographic structure. The 5T inner layer and adsorbed molecule were
treated with the sophisticated MP2 method and the M08-HX functional was applied for
the 37T outer layer to account for the framework effect on the local geometry. Beside the
electrostatic interaction, the van der Waals interactions also play a significant role in the

hydrocarbon interaction with the zeolite. The 6-31G(d,p) basis set was used for all atom
types.
In order to study the mechanism and stability of intermediates and transition states

with- and without framework effect, optimizations of 5T clusters were also carried out
(Figure 24a). All results clarify the significance of the zeolite framework effects on the
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reaction mechanisms compared to that of the 37T model and the available results in the
literature. Finally, to improve the reaction and activation energies, single point
calculations with the 6-311+G(2df,2p) basis set were performed for all models.

(@)

(b)

Figure 24. Models used in this study (a) 5T quantum model and (b) 5T/37T ONIOM2
model.

2. METHODOLOGY | 69



Chapter 2

3. RESULTS AND DISCUSSIONS
3.1 Validation method

In order to establish the accuracy of method used, the adsorption energies of
species adsorbed on H-FER were investigated at different levels of theory. Experimental
adsorption energies for alkenes adsorbed on acidic zeolite are not available in the
literatures because of the facile isomerization and oligomerization of alkenes on the
zeolite surface. Therefore, in order to compare adsorption energies from the calculations,
obtained with different methods, with data from experiments, the n-butane adsorption
energies were investigated, as shown in Table 9.

In this work, four different DFT functionals, i.e., B3LYP, M06-L, M06-2X and
MO08-HX were examined. It results that the B3LYP method shows an underestimation of
the adsorption energies of n-butane/H-FER and 1-butene/H-FER compared to the results
obtained from the Minnesota Density Functional (M06-L, M06-2X and M08-HX). Using
the ONIOM2(MP2:DFT) methods: the combination, at the MP2/6-31G(d,p):B3LYP/6-
31G(d,p) level of theory, of the ONIOM scheme still underestimates compared to
experimental data. This is because the B3LYP functional (outer layer) does not represent
the effect of the zeolite framework properly. When the ONIOM scheme was used
together with the MP2 method and the Minnesota Density Functionals, the adsorption
energies of n-butane were in good agreement with the experimental data especially for the
combination of MP2 and M08-HX. Consequently, the ONIOM2(MP2:M08-HX) was
selected to be the method utilized in this study.

In order to overcome the basis set error, the adsorption energies were also
investigated by single point calculation with a larger basis set at the ONIOM(MP2/6-
311+G(2df,2p):M08HX/6-311+G(2df,2p))//ONIOM(MP2/6-31G(d,p): MO8HX/6-31G
(d,p)) level of theory. All reaction energies as well as the activation energies in this
chapter are reported at this level. The adsorption energy of n-butane is -15.4 kcal/mol,
which is very close to the experimental value of -15.1 kcal/mol. The adsorption energies
of 1-butene in H-FER with different methods behave in a similar fashion as the butane
adsorption.
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Table 9. The adsorption energies of n-butane and 1-butene on H-FER obtained at

different levels of theory, compared to experimental data.

Adsorption Energies

Methods (kcal/mol)
n-butane/ 1-butene/
H-FER H-FER
DFT
Optimization
B3LYP/6-31G(d,p) -0.9 -5.6
MO06-L/6-31G(d,p) -19.3 -21.4
MO06-2X/6-31G(d,p) -17.8 -21.4
MO08-HX/6-31G(d,p) -16.6 -19.4
ONIOM2
Optimization
MP2/6-31G(d,p):B3LYP/6-31G(d,p) -4.5 -
MP2/6-31G(d,p):M06-L/6-31G(d,p) -18.2 -
MP2/6-31G(d,p):M06-2X/6-31G(d,p) -16.4 -
MP2/6-31G(d,p):M08HX/6-31G(d,p) -15.2 -18.0
Single Point Calculations
MP2/6-311+G(2df,2p):M08HX/6-31G(d,p)// -16.2 -19.1
MP2/6-31G(d,p):M08HX/6-31G(d,p)
MP2/6-311+G(2df,2p):M08HX/6- -15.4 -18.0
311+G(2df,2p)//
MP2/6-31G(d,p):M08HX/6-31G(d,p)
Experiment -14.1° -
-15.1°

éEder, F.; Lercher, J. A. J. Phys. Chem. B1997, 101, 1273-1278.
®Yoda, E.; Kondo, J. N.; Domen, K. J. Phys. Chem. B2005, 109, 1464-1472.
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3.2 Adsorption of 1-butene and isobutene on H-FER

Table 10 and Figure 25 show selected geometric parameters of 1-butene and
isobutene adsorption complexes in the 37T H-FER. Both 1-butene and isobutene, as
reactant and product, interact with the Brgnsted acid site of the zeolite via m-interaction
between acidic proton (Hz) and the C=C double bond of the butene molecules. This -
interaction changes the structures of the zeolite and butane insignificantly. The adsorbed
molecules are located in the 10T straight channel of the H-FER, acting as a nanoreactor.
For the 1-butene adsorption, the O1-Hz distance of the acidic zeolite elongates from 0.97
to 1.00A and the corresponding O1-Al-O2 angle is slightly increased by 2.3° (from90.8°
to 93.1°), while the Al-O1-Sil angle decreases by 2.6°. The proton of the Brgnsted acid
site is situated closer to the C1 position of the 1-butene molecule (C1---Hz = 2.11 A) than
to the C2 position (C2---Hz = 2.24 A) because the terminal carbon is less steric. The
protonation occurs at the C1 position while the C2 interacts with the adjacent oxygen of
the zeolite framework. The C1=C2 double bond distance does not change significantly
compared to the isolated molecules due to a weak n-interaction. The weakening of the
C=C double bond leads to the protonation of the 1-butene and the subsequent formation
of intermediates.

The isobutene adsorption complex has the same analogue as in the 1-butene
complex. The adsorption of isobutene induces the elongation of the acidic bond (O1-Hz)
and of the C1=C2 double bond from 0.97 to 0.99 A and from 1.34 to 1.35 A, respectively.
However, the C2-Hz bond distance of isobutene is longer than that of 1-butene due to a
steric effect on the carbon atom (C2). Since there is more steric hindrance on the C2 atom
of isobutene, the zm-interaction is very asymmetric. The C2---Hz and C3---Hz distances

are 2.67 and 2.18 A, respectively.

The calculated adsorption energies, at the basis set levels of 6-311+G(2df,2p), are
-18.0 and -14.8 kcal/mol for 1-butene and isobutene on H-FER, respectively. The
experimental adsorption energies for alkenes on H*-type zeolites are not available due to
the facile isomerization and oligomerization reactions on the zeolite surface. Hence, the
comparison is made with the values available in the literature such as the heat of
adsorption of n-butane in H-FER. This value is for n-butane in ferrierite zeolite -
14.1kcal/mol**° or -15.1kcal/mol*®. It is expected that the adsorption energy of 1-butene
should be stronger than that of n-butane, therefore, the calculated result of -18.0 kcal/mol
appears to be reasonable. For comparison, it was reported that the adsorption energies of
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1-butene over different zeolites are in the range of -6.1 to -18.2 kcal/mol depending on
the methods, models, and choice of relaxation utilized in the calculations™*113415:152153
The adsorption energies for small cluster models were reported for different cluster sizes,
for examples -6.1'", -6.87'3, -7.4%%? kcal/mol for the 3T cluster, -6.85 kcal/mol for the
5T cluster'™, -6.42 kcal/mol for the 11T cluster'®, and -8.24 kcal/mol for the 27T
cluster™. In addition, electron correlation shows a significant influence on the adsorption
energies, comparable to the electrostatic interaction provided by the periodic HF
calculation [-10.3 kcal/mol (3T, MP2/6-31G(d)//B3P86/6-31G(d)) vs -6.19
kcal/mol(periodic HF)]**. When the framework effects were taken into account,
improvements of the adsorption energies were reported**>**%. The adsorption energy of 1-
butene in H-FER zeolite at the O(1) position of the active site using hybrid QM/MM
method is reported to be -18.2 kcal/mol'*>. The different zeolite topologies strongly
correlate with the confinement effect as shown in the calculated adsorption energies of 1-
butene over H-MOR and H-FAU™. It was found that calculations using ONIOM(MP2/6-
31G(d,p) :UFF//B3LYP/6-31G(d,p):UFF) provide the adsorption energies of -17.4 and -
12.5 kcal/mol for 1-butene over H-MOR and H-FAU, respectively. This suggests a strong
confinement effect in the stabilization of hydrocarbon in the smaller pore size zeolite such
as MOR, resulting in the smaller adsorption energy (more negative).

For the adsorption of isobutene, the energy is evaluated to be -14.8 kcal/mol,
which is more than that of 1-butene by 3.2 kcal/mol, due to steric repulsion between the
bulky isobutene molecule and the zeolite framework. These energies were reported from
theoretical work in the range 1.89 to -17.7 kcal/mol, depending on the method and cluster

+,,109,111,113-115,127-130,152,1
size 09,111,113-115, 30,152, 54,155.

Using the small QM cluster approaches results in
underestimated values, for examples, the adsorption energies of isobutene were reported
to be -6.8'%%, -7.07*** for 3T and 5T, respectively. It was reported that the experimental
adsorption energies of isobutane in a H-ZSM-5"° and H-TON"’, medium pore zeolites,
were -11.9 and -11.3 kcal/mol, respectively. Because the porous cavity of H-FER (4.2 x
5.4 A) is smaller than that of H-ZSM-5 (5.1 x 5.5 A), the steric repulsion between the
isobutene and the zeolite walls could be more pronounced in H-FER. Therefore, our

computed adsorption energy of isobutene of -14.8 kcal/mol appears to be reasonable.
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(@) (b)

Figure 25. Selected geometric parameters of the adsorption complexes on 37T H-FER
obtained at the ONIOM(MP2/6-31G(d,p):M08HX/6-31G(d,p)) level of
theory: (a) 1-butene (reactant, 1) and (b) isobutene (product, 1X).
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Table 10. Selected geometric parameters and calculated adsorption energies (kcal/mol)
for the H-FER zeolite and the adsorbed n-complexes.

1-butene / Isobutene /
Parameters H-FER H.FER H.FER
Distances/A
O1-Hz 0.97 1.00 0.99
Cl-Hz - 2.11 -
C2-Hz - 2.24 2.67
C3-Hz - - 2.18
C1-C2 - 1.34 1.35
Al-Hz 2.32 2.36 2.35
Al-01 1.88 1.86 1.87
Al-02 1.68 1.67 1.67
Si1-01 1.67 1.67 1.67
Si1-02 1.59 1.58 1.58
Angles/®
0O1-Al-02 90.8 93.1 92.6
Al-01-Sil 139.6 137.0 135.7
Al-02-Si2 148.4 152.3 151.9
Energy/ kcal mol™
Eas’(37T) - -18.0 -14.8
Eaas’(37T) - -18.0 -14.8

*Eqgs = Eotefin/ H-rer-Eolefin—Err-rer; Obtained by 5T/37T ONIOM (MP2/6-31g(d,p):MO8HX/6-31g (d,p))
PEugs = Eotefins H-rer-Eolefin—Er-rer Obtained by 5T/37T ONIOM (MP2/6-311+G(2df,2p):MOBHX/6-
311+G(2df,2p)// MP2/6-31G(d,p):MO8HX/6-31G(d,p))
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3.3 Monomolecular pathway of skeletal isomerization of 1-butene over H-FER

It was proposed that the skeletal isomerization of 1-butene occurs via a
monomolecular mechanism in which only one 1-butene molecule is being converted to an
isobutene molecule. Although some experiments suggested that the monomolecular
mechanism involved the formation of a thermodynamically unstable primary carbenium

46.119,158 111,112,115,129 confirmed

ion as intermediate , this work and other theoretical studies
that the primary alkoxide exists as a stable species on the potential energy surface (PES)
(see detail in the section 3.4). In addition, the experimental data confirm that isobutene is
predominantly produced from the monomolecular mechanism, whereas the bimolecular
pathway results in the formation of by-product'®!%*1%_ Therefore, it is reasonable to
suppose that the skeletal isomerization of 1-butene takes place through a monomolecular

mechanism over H-FER.

The proposed mechanism for the skeletal isomerization of 1-butene over 37T H-
FER is shown in Scheme 5, it consists of four elementary steps, which are described as
follows: (i) protonation of adsorbed 1-butene (I) on acidic site to provide the 2-butoxide
intermediate (I11) via a transition state (Il), (ii) transformation of the 2-butoxide
intermediate through a cyclic transition state (IV) into isobutoxide intermediate (V)
(primary alkoxide), (iii) the formation of tert-butyl cation (VII) from the isobutoxide
intermediate via 1,2 hydride shift transition state (VI), and (iv) the deprotonation of tert-

butyl cation (VI11I), leading to the formation of adsorbed isobutene (IX) over zeolite.

The complete reaction energy profile, the optimized structures of the
intermediates and the transition states are shown in Figures 26, 27 and 28, respectively.
The selected geometric parameters of the intermediates and transition states are also
presented in Tables 11 and 12, respectively. Since the activation energy is mainly related
to the true transition state structures, all transition-state structures are confirmed by
frequency calculations for which the vibration movements at the transition states
corresponding to the imaginary frequency are shown in Figure 29.
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Scheme 5. The proposed monomolecular pathway for the skeletal isomerization of 1-
butene to isobutene over 37T H-FER.

For the skeletal isomerization mechanisms of 1-butene to isobutene over 37T H-
FER, it starts with the protonation of the adsorbed 1-butene (I) to generate the 2-butoxide
(111) as intermediate via transition state (I1). The protonation usually occurs through a
concerted mechanism by which the hydrogen of the Brensted acid site protonates the
primary carbon atom (C1) of the double bond and, at the same time, the positively
charged C2 interacts with the neighboring basic oxygen of the zeolite framework to form
the covalent alkoxide species. The acidic proton is preferably protonated to the C1 atom
of the 1-butene since it is less steric and its transition state, a secondary carbenium ion, is
more stable than the primary carbenium, which occurs via the protonation at the C2 atom.
At the transition state (TS1 in Figure 28a), the proton of the active site is situated close to
the carbon (C1) of the 1-butene rather than to the framework oxygen (C1---Hz = 1.19 A
and O1---Hz = 1.72 A), indicating that the proton transfer step is more advanced. The
C2---02 distance before forming an alkoxide species is about 2.79 A, indicating that there
is no covalent bond between the protonated butene and the zeolite framework. In
addition, the Mulliken population analysis for the organic fragment shows a positive
charge of +0.819e, the largest part of which is located on the C2 position with
contribution of +0.186e, confirming that the transition state is a secondary butyl
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carbenium ion. The activation energy (Ea;) of this step is calculated to be 19.5 kcal/mol.
At the end, a strong covalent bond between the C2 atom of the butene fragment and the
02 atom of the zeolite framework is formed, giving the 2-butoxide intermediate (I11).
The C2-02 covalent bond distance is 1.56 A and the 2-butoxide intermediate is
destabilized by 3.0 kcal/mol compared to the initial 1-butene adsorption complex.

vii
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Figure 26. The reaction energy profile of the monomolecular mechanism of the 1-butene
skeletal isomerization over 37T H-FER zeolite model obtained at the
ONIOM(MP2/6-311+G(2df,2p):M08-HX/6-311+G(2df,2p))//ONIOM
(MP2/6-31G(d,p):M08-HX/6-31G(d,p)) level of theory. Geometrical
parameters and energies are in A and kcal/mol, respectively.
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(a) (b)

(©) (d)
Figure 27. Selected geometric parameters (in A) of intermediate structures (a) 2-butoxide
(1), (b) isobutoxide (V), (c) tert-butoxide (VII’) and (d) tert-butyl cation
(V1) over the 37T H-FER model.
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(@) TS1 (1) (b) TS2(I1V)

(c) TS3 (VI) (d) TS4 (VIII)

Figure 28. Selected geometric parameters (in A) of the transition states.
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(8) TS1 (b) TS2

(c) TS3 (d) TS4

Figure 29. Vibrational movements (displacements corresponding to the normal
coordinate) corresponding to the imaginary frequency of the transition state

structures.
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Table 11. Selected geometric parameters and calculated energies (kcal/mol) for the
intermediates (alkoxide and cation species in the H-FER zeolite) calculated at
the ~ ONIOM(MP2/6-311+G(2df,2p):M08-HX/6-311+G(2df,2p))//ONIOM
(MP2/6-31G(d,p):M08-HX/ 6-31G(d,p)) level of theory (at the O2 position in

the 37T).
2-butoxide isobutoxide tert-butyl cation
Parameters
(111) (V) (VII)

Distances/A

C-O 1.56 1.53 3.20

Al-01 1.70 1.70 1.73

Al-02 1.86 1.85 1.71

Si1-01 1.58 1.59 1.58

Si2-02 1.69 1.69 1.57
Angles/®

C-02-Al 118.3 107.7 102.7

01-Al-02 94.9 96.5 98.8

Al-01-Sil 145.2 141.7 142.3

Al-02-Si2 132.7 135.1 146.7

Relative energies, Ee/ kcal mol™
Erel (37T)a 3.0 -1.2 12.0

a — .
EreI = Eintermediate_ El-butene adsorption comple;

Relative energies, Eq/kcal mol™ (with respect to 1-butene adsorption over H-FER)
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Table 12. Selected geometric parameters and calculated energies (kcal/mol) for the
transition states in the H-FER calculated at the ONIOM(MP2/6-
311+G(2df,2p) :M08-HX/6-311+G(2df,2p))//ONIOM(MP2/6-31G(d,p):M08-
HX/6-31G(d,p)) level of theory.

TS1 TS2 TS3 TS4
Parameters
(11 (IV) (V1) (VIII)
Distances/A
0O1-Hz 1.72 - - 1.85
Cl-Hz 1.19 - - 2.67
C2-Hz/C2-H 1.78 - 1.14 1.87
C3-Hz/C3-H 2.65 - 1.73 1.14
C1-C2 1.40 1.49 1.52 1.47
C2-C3 1.46 1.38 1.42 1.42
C2-C4 2.50 1.81 1.52 1.47
C3-C4 1.54 1.77 2.50 2.52
C2-01 - - - 3.18
C2-02 2.79 3.07 3.26 -
C3-02 - 2.77 2.40 -
Al-O1 1.75 1.72 1.73 1.75
Al-02 1.71 1.70 1.74 1.70
Si1-01 1.60 1.57 1.58 1.58
Si2-02 1.58 1.57 1.60 1.57
Angles/®
01-Al-02 97.0 100.6 98.8 97.8
Al-O1-Sil1 138.9 143.8 146.0 139.3
Al-O2-Si2 148.1 148.2 142.2 149.7
Activation Energy/ kcal mol™
E. (37T)% 19.5 20.8 36.1 2.8

aEa = Etransition state™ Eintermediate
Activation Energies in kcal mol™ (relative to the corresponding intermediate
species)
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As for the second step, the 2-butoxide intermediate is converted into the
isobutoxide intermediate via a cyclic transition state (I'V) to yield isobutoxide (V). At the
transition state (1V), the C2-O2 covalent bond of 2-butoxide is cleaved. The methyl
group, connected to the C3 carbon atom, moves toward the C2 atom. Such methyl group
locates almost halfway in the direction between its position in the 2-butoxide and in the
isobutoxide species (see Figure29b). The corresponding bond distances C4---C2, C4---C3
and C2---C3 are 1.81, 1.77 and 1.38 A, respectively, and the C---O bond (C3-02)
corresponding to the formation of isobutoxide is 2.77 A. It is noteworthy that the partial
charge of the cyclopropyl cation transitions state is +0.913e and the largest positive
charge is located on the C3 position as obtained by Mulliken population analysis. The
calculated activation energy for this step (Eaz) is predicted to be 20.8 kcal/mol. The
transition state (I1V) is converted to isobutoxide (V) by breaking the C4-C3 bond and
forming a new C4-C2 bond. The C3-O2 bond distance between isobutoxide and the
zeolite framework is 1.53A, which is slightly shorter than the C3-O2 bond distance of the
2-butoxide by 0.03 A. The isobutoxide intermediate is found to be lower in energy than
that of the 2-butoxide by 4.2 kcal/mol.

The breaking of the C3-O2 strong covalent bond results in the formation of the
tert-butyl cation (VI11) through a highly unstable primary isobutyl cation transition state
(VI), for which the optimized transition-state structure is illustrated in Figure 28c. This
step requires a high activation energy of 36.1 kcal/mol. The terminal C3 position of the
highly unstable isobutyl cation transition state shows the largest positive charge and the
partial charge of the butyl fragment is +0.853e. This result indicates that the primary
isobutyl cation can be formed. Because the C2-H bond distance is 1.14 A, whereas the
C3-H bond distance is 1.73 A at the transition state, it is reasonable to suppose that the
hydride shift from the C2 to C3 position is still in an early stage. The vibrational analysis
for this transition state yield only one imaginary frequency corresponding to the
movement of the H atom from the C2 to C3 atom (Figure 29c). It strongly confirms that
this species is a transition state but not an intermediate. In addition, there is a large
distance between the H and O2 atom (2.55 A) on the zeolite framework. Therefore, the
proton should not be directly transferred back to the zeolite but should be shifted to the
positively charged primary carbon to from either a tertiary butyl cation or tertiary
butoxide. Although the tert-butyl cation and tert-butoxide in a zeolite cavities have not
yet been found in experimental studies, many theoretical studies reported that they could
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be presented as reactive intermediates™”. In this study, the tert-butyl cation was observed
as a reaction intermediate. The tert-butyl cation exists due to the steric hindrance between
the bulky structure of the tert-butyl species and the local structure at the active site in
which the closest bond distance between the tertiary C2 carbon atom and the O2 oxygen
of the zeolite framework is 3.20 A (as shown in Figure 27d). The structure of the tert-
butyl cation is almost planar with all equivalent C-C bond lengths of 1.45 A in good
agreement with the literature (1.45 A™*). This intermediate is stabilized in the zeolite
pore by the electrostatic interactions and the hydrogen bonds between the cation methyl
group and the zeolite oxygen atoms. There are more than three possible hydrogen bonds
between the tert-butyl cation and the zeolite framework with O-H distances below 2.5 A
(Figure 30). According to the Mulliken population analysis, the positive charge on the
tert-butyl cation is about +0.89e and the C2 position carries most of this positive charge,
+0.31e, confirming the tertiary carbocation species. This intermediate is more stable than
the primary cation transition state (VII) by 22.9 kcal/mol, but it is less stable than
isobutoxide and 2-butoxide by 13.2 and 9.0 kcal/mol, respectively. In this system, tert-
butoxide was found with an energy higher by 4.6 kcal/mol compared to the tert-butyl
cation. The tert-butyl species cannot easily gain access to the oxygen of the zeolite
framework due to the high steric hindrance among the three methyl groups on the
intermediate and the wall of the zeolite. Therefore, it is reasonable to consider the tert-
butyl cation as a reaction intermediate.

Figure 30. Illustrations of the hydrogen bonds among the cation methyl group and the

zeolite oxygen of a tert-butyl cation stabilized in the zeolite cavity.
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As for the last step, the tert-butyl carbenium ion is rapidly deprotonated to the
zeolite through a tertiary carbocation-like transition state (VIII), resulting in the
formations of an adsorbed isobutene complex (1X) over the Brgnsted acid site. This step
requires an activation energy (Ea4) of 2.8 kcal/mol, and the exothermic reaction of this
step is observed with the energy of 12.8 kcal/mol. Our results agree well with the ones
obtained from hybid MP2:DFT calculation in the H-FER system, where the activation

energy is 3.3 kcal/mol and reaction energy is -14.4 kcal/mol***,

With respect to the isobutene adsorption, the conversion of the tert-butyl
cabenium ion into isobutene is one of two possible reverse reaction pathways of the
isobutene protonation*?’. Two corresponding reaction pathways can occur, via either
primary or tertiary carbocation-like transition states, depending on the carbon position of
the isobutene where the proton is attracted to, leading to the production of the isobutoxide
and tertiary alkoxide intermediates (tert-butyl cation), respectively. Rozanska and
coworkers*?’ calculated the activation energies of the isobutene protonation to be around
27.7-30.5 and 0.5-6.5 kcal/mol for the primary and tertiary transition states, respectively.
They also reported that the isobutoxide is more stable than the tertiary species in zeolite
pores due to the smaller steric constraint. Therefore, the reverse reaction of the
protonation of isobutene (step 1V in this study) can occur much more easily through a
tert-butyl intermediate than through isobutoxide as expected from the low activation
energies. This supports our proposed monomolecular mechanism for the skeletal
isomerization of 1-butene to isobutene through the tert-butyl carbenium ion.

From the energy profile of the monomolecular mechanism of the 1-butene skeletal
isomerization, the first two steps are facile and reversible, which is in keeping with the
low activation barriers of 1.5 and 5.8 kcal/mol compared to the isolated 1-butene and H-
FER for the first step and second step, respectively. Similar relative energies are found
for the three reaction intermediates (1-butene m -adsorption complex, 2-butoxide and
isobutoxide). This clearly shows that the conversion of isobutoxide to the tert-butyl cation
intermediate via a 1,2-hydride shift transition state (V1) is the rate-determining step, with
the corresponding activation energies of 36.1 kcal/mol. This step requires high activation
energy to remove the strong covalent bond between the isobutoxide and the zeolite
surface and to form the unstable primary isobutyl cation transition state. In order to
compare the results with experimental data, the calculated apparent activation energy of
the rate determining step was obtained from the relative stability of the transition state
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compared with the isolated 1-butene and zeolite. It was found to be 16.9 kcal/mol, which
agrees well with the experimental value reported from a study of the monomolecular
mechanism skeletal isomerization of 1-butene to isobutene, for which the apparent

activation energy for the rate of isobutene production is ~14 kcal/mol %2,

3.4 The effects of the zeolite framework on the stabilities of alkoxide species and the

tert-butyl cation over H-FER

The effects of the zeolite framework on the relative stabilities of the reactive
species in the monomolecular skeletal isomerization reaction mechanism of 1-butene
were demonstrated using 5T and 37T as models, thus excluding and including zeolite
framework effects. In the 5T model, the adsorption complexes as well as the transition
states and the intermediate species were treated at the MP2/6-31G(d,p) level of theory
and the corresponding reaction energies were calculated at the MP2/6-
311+G(2df,2p)/IMP2/6-31G(d,p) level of theory.

Figure 31 and Table 13 show the optimized geometric parameters for 1-butene
and isobutene adsorbed over the 5T cluster active site. The adsorption energies of 1-
butene and isobutene were calculated to be -10.3 and -10.7 kcal/mol, respectively.
Excluding the zeolite framework in the 5T model leads to an underestimation of the
adsorption energies compared to those of the 37T model. Even though isobutene is
bulkier than the 1-butene isomer, the adsorption energy of isobutene is similar to that of
the 1-butene complex, indicating that the 5T model cannot correctly represent the shape

selectivity of a medium pore zeolite.

As for the stabilities of the alkoxide and cation species, Figure 32 and Table 14
present selected geometries of the isobutoxide, 2-butoxide, tert-butoxide, and tert-butyl
cations. All these alkoxide species occur from a positively charged carbon atom of
organic fragment, covalent forming a C-O bond with the basic oxygen atom of the
framework. For the 5T model, the covalent C-O bond of 2-butoxide, isobutoxide, and
tert-butoxide are 1.52, 1.49 and 1.56 A, respectively. Alkoxide species induce a
decreasing of the Si-O-Al angle of zeolite structure for 2-butoxide, isobutoxide, and tert-
butoxide by 9.8°, 6.7° and 15.6°, respectively, resulting in the energies of intermediated

species, which are in the order of tert-butoxide > 2-butoxide > isobutoxide. For the
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37Tcluster, the order of stabilities of the intermediated species is isobuoxide > 2-butoxide

>> tert-carbenium ion >tert-butoxide.

In order to compare the effects of different zeolite framework, the relative
energies with respect to the 1-butene adsorption complex were computed for both the 5T
and 37T systems. The relative energy of isobutoxide adsorption is lower than that of 1-
butene complex by 3.7 and 1.2 kcal/mol for 5T and 37T, respectively. For 2-butoxide, a
similar trend can be observed for the relative energies. With respect to 1-butene
adsorption, they are -1.1 and 3.0 kcal/mol for 5T and 37T, respectively. The relative
energy of tert-alkoxide is lower than that of the 1-butene adsorption complex by -0.2
kcal/mol for 5T, but it is higher by 16.6 kcal/mol for 37T. The largest differences
between 5T and 37T are the existence of tert-butyl carbenium cation in the 37T system,
while this species cannot be observed as reaction intermediate for 5T model. This might
be explained by the fact that when the extended zeolite framework is taken into account
the steric hindrance at the active site is increased, resulting that the tert-alkoxide in 37T
system is not stable. This circumstance leads to the existence of the tert-butyl carbenium
cation as true intermediate instead of tert-alkoxide. The relative energy of such species is
higher than that of the 1-butene adsorption complex by 12 kcal/mol.

To summarize, the different stabilities of alkoxides for both models suggests that
the confinement effect of the zeolite framework plays an important role on the stability of
the alkoxide intermediates. The less steric hindrance is felt by the alkoxide intermediate,
while the cation intermediate will be in the circumstance of high steric hindrance. As a
result, among the alkoxide species, the isobutoxide is the lowest in energy while the tert-
butoxide is the highest one.

From the literature, the relative energies of alkoxide intermediate were reported to
be sensitive to the models, methods and relaxation criteria. For example, on one hand, the
energies of alkoxide intermediate are reported in the order of tert-butoxide > isobutoxide

>2-butoxide! 1151,

The relative energies of isobutoxide and the tert-butoxide,
respectively, are higher than that of the 2-butoxide by 0.7 kcal/mol**?, 2.0 kcal/mol***, 2.6
kcal/mol™® and 5.2 kcal/mol**?, 22.5 kcal/mol**®, 49.5 kcal/mol***. On the other hand, the
isobutoxide was reported to be the stable intermediate™***® for which the relative
energies are lower than those of the 2-butoxide and the tert-butoxide, respectively, by 9.6
kcal/mol™#*® and 22.5 kcal/mol™*?, resulting in the energy in the order of tert-butoxide >

sec-butoxide > isobutoxide.
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Besides, the stability of the tert-butoxide, the tert-butyl carbenium ion, and the
isobutoxide were also investigated with respect to the adsorption of isobutene on FER

zeolite. Tuma and Sauer™°

reported that the reaction energy related to the isolated
isobutene and the H-FER zeolite for the tert-butoxide, the tert-butyl carbenium ion, and
the isobutoxide were -9.6, -6.4 and -15.1 kcal/mol. The tert-butyl carbenium ion was
predicted to be a transient species in the zeolite system. Subsequently, however, the tert-
butyl carbenium ion has been reported as a true intermediate by Rosenbach et al.*** and
Tuma et al.™**. Rosenbach et al."** reported that the stabilities of the tert-butyl carbenium
ion and tert-butoxide, calculated at the PBE1PBE/6-31G(d,p)//MP2:MINDO level of
theory, are stable intermediates in the FAU zeolite. The tert-butyl cation is higher in

energy than the tert-butoxide by 10.5 kcal/mol. Tuma et al.*

investigated the stabilities
of isobutene, the tert-butyl carbenium ion, tert-butoxide, and isobutoxide in ferrierite. The
tert-butyl carbenium ion is reported to be a true intermediate, higher in energy than
isobutene, tert-butoxide, and isobutoxide by 14.4, 5.7 and 12.2 kcal/mol, respectively.

Our results for 37T are in good agreement with the reports by Rosenbach et al.**

and Tuma et al.**. The tert-butyl carbenium ion is a true intermediate in the system,
while the tert-butyl carbenium ion is higher in energy than isobutene, tert-butoxide, and
isobutoxide by 12.8, 4.6 and 13.2 kcal/mol. Finally, the tert-butyl cation is stabilized in
the pore of the 37T H-FER zeolite as a truly stable intermediate rather than a transition
state. This is due to the small pore size of the ferrierite, which is correctly represented by
the extended framework in the 37T model, while it is omitted in 5T model.
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Table 13. Selected geometric parameters and calculated adsorption energies (kcal/mol)

for the 5T H-FER zeolite and the adsorbed n-complexes, obtained from the

MP2/6-311+G(2df,2p)//MP2/6-31G(d,p) level of theory.

1-butene / Isobutene /
Parameters H-FER H-FER H-FER
() (IX)
Distances/A
0O1-Hz 0.97 0.98 0.98
Cl-Hz - 2.34 -
C2-Hz - 2.26 2.48
C3-Hz - - 2.13
Cc=C - 1.34 1.35
Al-Hz 2.27 2.33 2.34
Al-01 1.90 1.88 1.87
Al-02 1.69 1.69 1.69
Si1-01 1.70 1.70 1.69
Si1-02 1.62 1.61 1.62
Angles/®
01-Al-02 88.6 914 90.8
Al-01-Sil 142.5 141.3 141.9
Al-02-Si2 144.3 147.0 145.8
Adsorption Energy/ kcal mol™
Eads® - -10.3 -10.7
*Eads = Eolefin/ H-rer-Eolefin—EH-reR
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Table 14. Selected geometric parameters and calculated energies (kcal/mol) for alkoxide
species in the 5T H-FER zeolite obtained from optimization calculations at the
MP2/6-31g(d,p) level of theory level of theory.

Parameters 2-butoxide(111) isobutoxide(V) tert-butoxide(V11”)
Distances/A
C-O 1.52 1.49 1.56
Al-01 1.70 1.70 1.71
Al-02 1.88 1.88 1.91
Sil-01 1.61 1.62 1.61
Si2-02 1.72 1.71 1.73
Angles/®
C-02-Al 119.2 109.2 118.5
01-Al-02 94.6 96.4 96.3
Al-01-Sil 146.0 141.9 146.3
Al-02-Si2 134.5 137.6 128.7
Relative energies, Er/ kcal mol®
Erel® -1.1 -3.7 -0.2

aEreI = Eintermediate_ El-butene adsorption complex
Relative energies, E/ kcal mol™ (with respect to 1-butene adsorption over H-FER)

(@) (b)
Figure 31. The optimized structure of the adsorption complexes over 5T H-FER obtained
from the MP2/6-31g(d,p) level of theory: (a) 1-butene (reactant, 1) and (b)
isobutene (product, 1X). Geometrical parameters are in A.
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(@) (b)

(©)
Figure 32. Optimized structure of (a) 2-butoxide (I11), (b) isobutoxide (V) and (c) tert-

butoxide (VI11) over the 5T H-FER model by from optimization calculations

at the MP2/6-31g(d,p) level of theory. Geometrical parameters are in A.
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3.5 The effect of the zeolite framework on the monomolecular skeletal isomerization
of 1-butene

In this part of the work, the monomolecular mechanism of the 1-butene skeletal
isomerization is discussed in relation with effects of the zeolite framework. The proposed
mechanism in 5T, neglecting the zeolite framework, is shown in Scheme 6. Figure 33
shows the complete reaction energy profiles for 5T model. Selected geometric parameters
for the optimized structures of the transition states are shown in Table 15 and Figure 34.
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Scheme 6. Monomolecular mechanism for the skeletal isomerization of 1-butene to

isobutene using the 5T model.

As far as this mechanism is concerned, the first two steps are similar to those in
the 37T model. Even though the structures of adsorption, transition state and intermediate
complexes for both models are quite similar, the interaction energies are different due to
the effects of the zeolite framework. The activation energies for the 5T model (27.2 and
37.8 kcal/mol for the protonation and branching step, respectively) are higher than those
of the 37T systems (19.5 and 20.8 kcal/mol, respectively). This can be explained by the
nature of the transition state structures that are typically more ionic than the
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corresponding intermediates. As in the 37T model, the transition state structures undergo
stronger stabilizing interactions by the zeolite framework compared to the intermediates.
This was disregarded in the 5T model.

The differences between the 5T and 37T models begin at the third step of the
mechanism in which the transformation of isobutoxide to isobutene occurs via two
completely different pathways. In the 5T model, the isobutoxide intermediate can directly
decompose to form the isobutene adsorption complex via transition state (VI). The
alkoxide bond of isobutoxide species is dissociated and, simultaneously, a proton on the
C2 tertiary carbon atom is transferred back to the zeolite O1 oxygen atom. In this step,
both the O1 and O2 atoms of the zeoite participate. The negative charge on the O2 atom
stabilizes the positive charge on the C3 atom, whereas the O1 atom abstracts a hydrogen
atom from the C2 of the butyl transition state. The activation energy required for this step
is 37.2 kcal/mol, which is less than that of the previous steps. As a result, the rate-
determining step for the 5T model is the branching step in which 2-butoxide transforms to
isobutoxide with a required activation energy of 37.8 kcal/mol. Our results from the 5T

132
|13

model are in good agreement with the mechanism proposed by Boronat et al.”*, in which

a small model was employed.

In contrast, the different mechanisms seen in the 37T model occur due to the
restriction of the zeolite framework that prohibits the direct deprotonation of isobutoxide
to isobutene. Hence, two consecutive steps are required for the transformation of
isobutoxide to isobutene. The C3-O2 covalent bond of isobutoxide is dissociated, leading
to the formation of a primary isobutyl carbenium ion transition state, which is stabilized
by the interactions with the zeolite framework. At this transition state, the hydrogen atom
(Hz) cannot be transferred to the oxygen atom of the zeolite framework due to the large
distance between the hydrogen atoms on the C2 tertiary carbon atom and the O atom of
zeolite framework so that the direct transfer of the hydrogen back to framework is
prohibited. The hydrogen atom is, instead, transferred to the positively charged C3 carbon
to form a tertiary butyl carbenium ion as a reactive intermediate. This intermediate is then
rapidly decomposed to form isobutene. The rate-determining step is obtained from the
formation of tert-butyl cation from isobutoxide via 1,2 hydride shift transition state and
the activation energy is calculated to be 36.1 kcal/mol.

In conclusion, it is clearly demonstrated that the zeolite framework has a very

strong influences on the structures and stabilities of reactive intermediates and transition
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states, resulting in different mechanisms and different rate-determining steps in different
zeolite models.

Figure 33. The reaction energy profile of the 1-butene skeletal isomerization determined
for the 5T H-FER zeolite model by optimization calculations at the MP2/6-

31g(d,p) level of theory. Geometrical parameters and energies are in A and
kcal/mol, respectively.
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Table 15. Selected geometric parameters and calculated energies (kcal/mol) for the
transition states in the 5T H-FER model.

Parameters TS1 TS2 TS3

Distances/A

O1-Hz 1.61 - 1.44
Cl-Hz 1.18 - 2.20
C2-Hz/C2-H 1.93 - 1.25
C3-Hz/C3-H 2.78 - 1.93
C1-C2 141 1.49 1.52
C2-C3 1.46 1.39 1.40
C2-C4 2.50 1.76 1.53
C3-C4 1.53 1.81 2.48
C2-02 2.46 2.83 2.96
C3-02 3.06 2.76 2.15
Al-O1 1.76 1.74 1.78
Al-02 1.73 1.72 1.74
Si1-01 1.63 1.60 1.65
Si2-02 1.62 1.60 1.63
Angles/®
O1-Al-02 96.6 99.5 94.2
Al-O1-Sil 140.4 143.6 139.3
Al-02-Si2 144.3 147.8 145.5

Activation Energy/ kcal mol-1 (relative energies of intermediate species)

Ea 27.2 37.8 37.2

ar- —
Ea - Etransition state™ Eintermediate
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(@) (b)

(©)

Figure 34. The optimized structures for the transition states (a) TS1 (1), (b) TS2 (IV)
and (c) TS3 (VI) over the 5T H-FER model at the MP2/6-31g(d,p) level of
theory. Geometrical parameters are in A.
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4. CONCLUSIONS

In this chapter, the complete monomolecular reaction mechanism for the skeletal
isomerization of 1-butene over H-FER was investigated by means of quantum mechanical
calculations. The models and methods utilized here are well validated. The so-called 5T
and 37T zeolite clusters were selected as models for the ferrierite zeolite in order to
examine the influence of the zeolite framework. All calculations using the 37T H-FER
model were performed at the ONIOM (MP2/6-311+G(2df,2p):M08-HX/6-
311+G(2df,2p))//ONIOM(MP2/6-31G(d,p):M08-HX/6-31G(d,p)) level of theory, while
the ones for the 5T H-FER models were carried out at the MP2/6-311+G(2df,2p)//MP2/6-
31G(d,p) level. With 37T, the adsorption energies of 1-butene and the isobutene
complexes were calculated to be -18.0 and -14.8 kcal/mol, respectively. The zeolite
framework differentiates between butene isomers, the lower adsorption energy of the
isobutene complex, compared to 1-butene, is observed due to the unfavorable steric
hindrance of the branched isomer in the H-FER porous cavities. This cannot clearly see in
5T model in which the adsorption energies of 1-butene and isobutene are -10.3 and -10.7

kcal/mol, respectively.

Monomolecular reaction has been proposed for the skeletal isomerization of 1-
butene™*. However, two different mechanisms were found in the 5T and 37T models. In
the 37T cluster, the monomolecular reaction mechanism proceeds through four transition
state structures, namely the protonation of 1-butene TS1(ll), a cyclic transition state
TS2(1V), the conversion of isobutoxide to a tert-butyl cation through the 1,2 hydride shift
transition state (VI), and the deprotonation of the tert-butyl cation (VIII), with the
corresponding intermediates; 2-butoxide, isobutoxide and tert-butyl carbenium ion. The
rate-determining step is found to be the decomposition of the surface isobutoxide
intermediate through the highly unstable primary isobutyl carbenium ion transition state
by an intramolecular 1,2-hydride shift with an activation energy of 36.1 kcal/mol,
resulting in the formation of a tert-butyl cation as reactive intermediate. In contrast, the
mechanism in the 5T model consisted of three transition state structures and three
alkoxide species. The main difference in mechanisms between the 5T model and the 37T
is that the isobutoxide (V) intermediate can be directly decomposed to form the isobutene
adsorption complex. Moreover, the rate-determing step for the 5T model is the branching
step in which 2-butoxide transforms to isobutoxide with a required activation energy of
37.8 kcal/mol.
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The confinement effect on the stabilities of the reaction intermediates as well as
the transition states are also discussed. All alkoxide species find their origin in the
positively charged carbon atom of the organic fragment, which covalently forms a C-O
bond with the oxygen atom of the framework. The effects of the zeolite framework, in
37T model, show a major impact on the stabilization of the transition states, whereas
bulkier alkoxide intermediate are destabilized, such that the stability of reaction
intermediates is in the order of isobutoxide > sec-butoxide >> tert-butyl cation > tert-

butoxide.

Attempts have been made in the literature in order to answer whether the question
the tert-butyl cation in the reaction mechanism is a transition state structure or a true
intermediate species. This investigation, using a medium-pore size ferrierite zeolite (H-
FER), represented by 37T model, provides that the finding of tert-butyl carbenium cation
as a true intermediate, which is in good agreement with the experimental and theoretical
studies reported by Rosenbach et al.***. Our findings are also in agreement with the
theoretical study, with sophisticated method, by Tuma et al.*** This species cannot,
however, be found when the effects of zeolite framework are neglected, i.e. in the 5T
model.

Finally, this study indicates that the shape selectivity due to the “nano-
confinement” effect of the zeolite framework strongly effects not only on the adsorption,
the stabilities of reaction intermediates and the transition states, but also the mechanism
of skeletal isomerization of 1-butene in H-FER.
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ENANTIOSELECTIVE RECOGNITION AT METALLIC
MESOPOROUS SURFACES

Chapter

1. INTRODUCTION

Chirality refers to the property of an object that is not identical to its mirror image.
In other words, the chiral molecule is a molecule that is not superimposable on its mirror
image. The chiral molecule and its mirror images are called enantiomeric pair. Generally,
the two enantiomeric compounds have identical physicochemical properties in an isotopic
system, whereas they have dramatically different effects in the biological activity in an

9 Various biological molecules and medicines are currently

anisotropic environment
used in the form of chiral structures in which one enantiomer might exhibit the desired
pharmacologic effect, whereas the one is in the best case inactive or could be even toxic.
It is therefore obvious that the studies related to the fabrication, the development and the

application of chiral interface materials dramatically increased in recent years.

There are various methods that have been used to fabricate chiral surfaces, such as
generating an intrinsically chiral surface on a crystal, the adsorption of molecules on a
surface, polymeric chiral interfaces based on surface-grafting and molecular
imprinting'®®*®*. Although chiral surfaces have been successfully obtained by many
different approaches, the most popular one is based on molecular imprinting with chiral
molecules as templates™®*®. This approach allows designing chiral materials having
specific recognition properties, corresponding to the template structure'®®*®®. Particularly,
the molecular imprinting technique has been widely used to elaborate chiral surfaces on
soft materials such as polymers'’. However, molecularly imprinted polymers (MIPs)
often suffers from some disadvantages, such as difficult template removal, poor mass
transfer, low binding constants, slow binding kinetics and high flexibility of the polymer,
which results in the destruction of the chiral structure of the cavity after removable of the

template®®1%°.

An alternative way of designing materials with a chiral interface is the generation
of chirality on metallic surfaces'’. Chiral metal surfaces have been studied over the past

decade, and were mainly obtained by one of the following approaches'’. (1) the chiral
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surface can be fabricated on the metal surface by cutting a bulk metal along a low
symmetry plane, resulting in the formation of the metal surface with a high Miller index
and the absence of mirror symmetry’’>*"3. Although the face-centered cubic (fcc)
structure of many transition metals such as Cu, Ni, Pt, etc are achiral, the two enantiomers
of chiral metal surface can be formed by cutting a bulk metal along a low symmetry

plane. For example, the structures of (643) and (643) of Pt and Cu are enantiomeric

pairs'’*

. (1) chiral metal interfaces have been created by the molecular adsorption on
crystalline surfaces'’®'"®. The molecular adsorption approach is categorized into different
ways such as achiral molecules adsorbed on achiral surfaces, chiral molecules adsorbed
on achiral surfaces and chiral molecules adsorbed on chiral surfaces. An achiral molecule
adsorbed on an achiral surface is able to generate a chiral surface because the symmetry
of the adsorption system of adsorbate and substrate is reduced compared to that of an
isolated system. For example, two enantiomers of chiral surfaces have been observed via
the loss of mirror symmetry due to the adsorption of 4-[trans-2-(pyrid-4-yl-vinyl)]benzoic
acid (PVBA) on the substrate (see Figure 1.3 in ref 1. In the case of the adsorption of
chiral molecules on achiral surfaces, chiral surfaces could be successfully designed when
the structure and conformation of chiral molecules are retained after adsorption on achiral
surface. The limitation of the molecular adsorption on the achiral substrate for designing
the chiral surfaces is that the adsorbed chiral molecule can desorb, resulting in weak or no

176

surface chirality”". As stated above, an intrinsically chiral metal surface can be generated

due to the presence of chiral kink sites or a high Miller index on certain surfaces like in
the case of (643) and (643) enantiomorphic structures of Pt, however this approach is

rather tedious and might be difficult to apply for real applications. Therefore, an
imprinting approach is expected to be the alternative method that could be used to
produce an intrinsically chiral metal surface, retaining its enantioselectivity even after

removal of a chiral template.

There are a few studies that reported metal surfaces with a chiral character, based
on the chiral imprinting approach. For instance, the electrodeposition of a copper oxide
film in the presence of chiral tartrate ions produced a chiral surface film on an achiral
gold surface. It has been shown that this material retained the chirality of the molecules
and exhibited enantioselective electrochemical oxidation of tartrate enantiomers, but with
a moderate selectivity'’’. In addition, the entrapment of chiral molecules in Pd, Au, Pt
and Ag has been reported*’®*%.
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Although a few works have attempted to study the chirality at metal surfaces after
removable of chiral template, enantioselective recognition is not pronounced or even
inexistent in some cases'’®*®. One reason for low enantioselectivity might be that the
enantioselective recognition has been studied on flat metal surfaces, which exhibit a
relatively small surface area and therefore a small number of imprinted recognition sites.

Therefore, the enantioselective recognition ability might be improved on porous surfaces.

Mesoporous materials have the pore cavities in the range of 2-50 nm (IUPAC
definition)'®!. They play an important role for a wide range of potential applications, such

182,183 184,185 6 and drug_dellvery187

as catalysis , electronic devices , chemical detection™®
This is due to their outstanding features, such as a high surface area, high stability, well-
defined and tunable pore size as well as a predefined organization'®. Therefore, many
mesoporous materials have been designed, including mesoporous carbon'®®, mesoporous

silica® and mesoporous metals®®.

Mesoporous metals remarkably improve the
accessibility of guest molecules into of the metallic framework. Generally, mesoporous
metals have been successfully prepared by two major approaches: (i) hard template
approach, which is based on using mesoporous silica or carbon as the mesopore-

template™™*

, (i) soft template approach. The soft template approach has been widely used
to prepare mesoporous metals because the structures of the mesoporous cavities are
controlled in a straightforward way by the mesostructure of Lyotropic Liquid Crystals
(LLC), which can be adjusted by the molecular structure of surfactant, concentration and
temperature. An increase in surfactant concentration results in the changing the template
structure from a micellar (L), micellar cubic (l;), hexagonal (H,), bicontinuous cubic (V)),

lamellar (L) to inverse micellar shape (L2)™".

The reduction of metal salts around the LLC mesostructure allows producing the
mesoporous metals. The reduction rate is an important parameter to control the quality of
the mesoporous structure in metals. Typically, mesoporous metals have been successfully
achieved by two methods: electroless deposition and electrodepositon. In the electroless
deposition process, the deposition rate depends on the nature of the reducing agent. The
deposition rate is very high when sodium borohydride is used as reducing agent for
preparation of mesoporous Ni, resulting in the formation of disordered mesoporous
structure. Compared to sodium borohydride, the deposition rate with
dimethylaminoborane is much lower, leading to the formation of an ordered-
mesostructure™®*2, In the case of electrodeposition, the deposition rate strongly depends
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on the chosen potential. At high overpotentials, the deposition rate extremely increases,
resulting in the formation of disordered mesostructures. Attard and coworkers have
successfully prepared highly ordered mesoporous Pt by the electrodeposition approach

using LLC as a porogen'®,

It is very interesting to combine the advantages of mesoporous metal structures
with chiral features. The fabrication of mesoporous chiral metal surfaces has not, to our
knowledge, been demonstrated previously, despite the two-fold advantage of an active
surface area that can be two to three orders of magnitude higher compared to flat
surfaces, and an easy access of the chiral target molecule to the recognition sites. In
addition, the electrodeposition method is very useful to control the structure of
mesoporous metals by choosing the right applied potentials. In this chapter, the designing
of mesoporous chiral metal surfaces based on the imprinting method has been
investigated by electrodeposition of metal around lyotropic liquid crystal (LLC)
mesostructures in the presence of chiral templates.

There are many established techniques for enantioselective recognition analysis
such as high-performance liquid chromatography (HPLC), gas chromatography (GC),
capillary electrophoresis (CE), quartz crystal microbalance and electrochemical methods.
In contemporary analytical techniques such as HPLC and GC with chiral stationary
phase, these approaches have been achieved by the presence of chiral selectors, which
form a complex with the analyte and this leads to the fact that the equilibrium constants
of formation or dissociation of the enantiomers and the chiral selector are different™.
The electrochemical method is an alternative technique, which is an important and
powerful technique for enantioselective recognition studies, especially in the frame of
electrochemical sensor design'®®. For example, chiral penicillamine modified gold
nanoparticles immobilized on gold electrodes exhibit a different electrochemical behavior
for enantioselective recognition of 3,4-dihydroxyphenylalanine (DOPA) when using

cyclic voltammetry*®.

In addition to the different interactions of each enantiomer and the chiral selector,
chiral molecules are optically active species, which have different responses with respect
to left- and right-hand circularly polarized light. One of the optical techniques for chiral
surface characterisation is secondary-harmonic generation (SHG) of chiral thin films on
surfaces. Basically, the intensity of the generated secondary-harmonic light will be
different for left- and right-hand circularly polarized excitation when chiral surfaces are
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exposed to circularly-polarized light™"*®®, This technique can be an alternative way to
confirm the chirality of a thin film on a surface.

In this work, the fabrication of chiral imprinted mesoporous platinum films has
been studied by the electrodeposition of Pt salts in the presence of a LLC phase and chiral
molecules. Due to the introduction of both, mesoporous features and specific chiral
cavities, these novel materials are expected to exhibit not only a dramatic increase in
active surface area due to their mesoporosity, but also might retain the chirality at the
mesoporous surfaces even after template removal. The characterisation of chiral surfaces
and enantioselective recognition was studied by many techniques such as
electrochemistry, high-performance liquid chromatography (HPLC) and secondary-
harmonic generation (SHG). In addition, we discuss the effect of important parameters,
grow around the removable matrix, quantity of chiral molecules, mesoporosity and
electrodeposition time for imprinting the chirality at the mesoporous surface. This work
opens the door for the design of chiral surfaces on mesoporous metals and such
nanostructured materials could lead to the development of novel materials for
applications in areas like chiral synthesis, separation, purification, sensing and drug

development.
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2. EXPERIMENTAL METHODS
2.1 Preparation of chiral imprinted mesoporous platinum electrodes

According to the literature procedures for the preparation of mesoporous platinum
films from a lyotropic liquid crystalline phase'®, mesoporous platinum films were
prepared by an electrochemical reduction of platinum salts dissolved in a liquid
crystalline phase at -0.1 V (Ag/AgCl(sat. KCI) as reference electrode) on gold-coated
glass slides (0.25 cm?). Such a mesoporous platinum film is called a non-imprinted
mesoporous platinum film throughout this thesis. Typically, the plating mixtures were a
ternary system composed of 42 wt% of the nonionic surfactant polyoxyethylene (10)
cetyl ether (Brij® 56) (Sigma-Aldrich), 29 wt% of hexachloroplatinic acid (Sigma-
Aldrich) and 29 wt% of milli-Q water.

In the case of chiral imprinted mesoporous platinum films, the liquid crystal
plating mixtures were prepared as a quaternary system composed of 42 wt% of nonionic
surfactant polyoxyethylene (10) cetyl ether (Brij® 56), 29 wt% of chloroplatinic acid, 29
wt% of milli-Q water and the desired amount of L-DOPA or D-DOPA (Sigma-Aldrich).
The electrochemical reduction of platinum salts in the presence of surfactant and DOPA
enantiomer was carried out at -0.1 V on gold-coated glass slides (0.25 cm?). After the
electrodeposition process, the prepared samples were rinsed with a large amount of water
in order to remove the surfactant and the chiral template. In order to ensure that all chiral
molecules were completely removed, all electrodes where checked by differential pulse
voltammetry (DPV) in 50 mM HCI (J.T. Baker) for the electrochemical signal of
eventually remaining DOPA. Only completely DOPA free electrodes were used for the

subsequent experiments.

In order to compare the enantioselective recognition activity of chiral imprinted
mesoporous platinum electrodes and chiral imprinted non-mesoporous platinum
electrodes, a chiral imprinted non-mesoporous platinum film was prepared by
electrodeposition at -0.1 V in an aqueous mixture of 60 mM chloroplatinic acid and L-
DOPA (L-DOPA/Pt = 1/25) without adding surfactant.
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2.2 Characterisation of chiral imprinted mesoporous platinum electrodes

In order to investigate the morphologies and porosities of chiral imprinted
mesoporous platinum films, SEM and TEM experiments were carried out on a Hitachi
TM-1000 tabletop microscope and a JEOL JEM-2010 TEM for SEM and TEM
experiments, respectively. For TEM measurements, chiral imprinted mesoporous
platinum films on Au-coated glass slides were exposed to an aqueous solution of 4 wt%
Kl and 1 wt% I, for 20 min in order to dissolve the underlying Au layer. The Pt film
could then be easily removed from the electrode and floated on the water surface after
slow immersion of the samples into DI water. The freestanding films were then

transferred onto TEM grids.

The active surface area of platinum electrodes can be estimated from cyclic
voltammetry in 0.5 M H,SO4. The electrochemical experiments were performed with a p-
Autolab Type Il using Ag/AgCI (sat. KCI), a Pt mesh and the prepared mesoporous
electrodes as reference, counter and working electrodes, respectively. The cyclic
voltammograms were carried out by scanning the potential between -0.25 V and +1.25 V
in 0.5 M H,S0, at a scan rate of 100 mVs™,

2.3 Enantioselective recognition at chiral imprinted mesoporous platinum

electrodes and characterisation of chiral mesoporous surfaces

In order to investigate the enantioselective recognition at chiral mesoporous
platinum surfaces, two independent chiral recognition studies were carried out. The first
experiment was based on an electrochemical method. It was performed with a p-Autolab
Type 111 using Ag/AgCI (sat. KCI), a Pt mesh and the prepared mesoporous electrodes as
reference, counter and working electrodes, respectively, using differential pulse
voltammetry (DPV). The parameters of the DPV used here were a pulse modulation of
+50 mV in amplitude, a pulse duration of 50 ms and an interval time of 0.1 s.

In addition, the chiral imprinted mesoporous platinum film was characterized by
secondary-harmonic generation. The beam of a Nd:YAG laser (1064 nm, 20 Hz) was
used. Initially polarized out of the plane of incidence (s), the beam was passed through a
combination of two wave plates (half-wave plate and quarter-wave plate) in order to
change the polarization states from linear, elliptical to circular polarized by rotating a

half-wave plate and fixing a quarter-wave plate (see Scheme 8). The p-polarized and s-
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polarized SHG responses were measured as a function of the wave plate angle. In this
experiment, both transmitted and reflected secondary harmonic responses were
investigated. In the case of reflection mode measurements, a chiral imprinted mesoporous
platinum film was deposited on Au-coated glass slide by using the electrodeposition of
liquid crystal plating mixtures as mentioned above. In contrast, in transmission mode
measurements a chiral imprinted mesoporous platinum film was coated on an ITO

electrode, acting as transparent electrode, by using the liquid crystal plating mixture.

Furthermore, the enantioselective adsorption experiments of a racemic mixture of
DL-DOPA on the chiral imprinted mesoporous platinum layers (0.25 cm?) were studied
by monitoring the composition of the supernatant solution by high-performance liquid
chromatography (HPLC). In this experiment, the dry prepared electrodes were immersed
into 100 pM of racemix mixture of DL-DOPA for different periods of time. The
remaining supernatant solution was collected and analyzed by HPLC. The HPLC analysis
was performed on a Merck L-6200A instrument with detection at 230 nm using an UV
detector (Model L-4000A). The HPLC analytical assays were carried out on a 150 mm x
3 mm ID CHIRALPAK ZWIX (+) column (Chiral Technologies Europe). All analytes
were performed at a flow rate of 0.5 mL/min, using a mixture of 50/50 (v/v)
methanol/acetonitrile, 50 mM formic acid and 25 mM diethylamine as mobile phase.
Prior to HPLC analysis of all samples, the remaining supernatant solution was evaporated
to remove aqueous solvent, and redissolved in the mobile phase (a mixture of 50/50 (v/v)
methanol/acetonitrile and 50 mM formic acid as well as 25 mM diethylamine).
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3. RESULTS AND DISCUSSIONS

3.1 The electrodeposition of mesoporous platinum films and the control of the

mesoporous structure by lyotropic liquid crystal templating

Liquid crystals (LCs) exhibit the combined properties of the order of a crystalline
solid and the mobility of a liquid phase. Liquid crystalline materials are important
candidates for the synthesis of nanostructured materials, which have been widely used in
the potential applications such as sensors, displays, drug delivery and optical
instruments?®®?°. Owing to the behavior of LCs like a liquid phase but orientation of
molecules like in a solid phase, there are many shapes of LCs depending on the
orientation of molecules in LCs. Generally, LCs are divided into two types: there are
thermotropic and lyotropic LC phases. Thermotropic LC phases, mostly composed of
non-amphiphilic anisomeric compounds, are sensitive to temperature changes and do not
need solvent to form LCs structures, whereas lyotropic LC phases are based on
amphiphilic compounds which form the LC phase in solution and show a phase transition

controlled by temperature and concentration 2%,

Lyotropic LC phase formation is taking place by the self-assembly of hydrophobic
or hydrophilic parts of surfactant and solvent. The surfactant can form various types of
lyotropic LC phases, depending on temperature and concentration as shown in Scheme 7.
In the case of an aqueous medium, the polar part of the surfactant is dissolved in the
solvent, while the non-polar part of the surfactant is segregated in order to form a micellar
structure when the concentration reaches the critical micelle concentration (L; phase).
Increasing the concentration of surfactant molecules results in the transformation of
lyotropic LC phases from micellar (L;) to hexagonal (Hi). The further increase of
surfactant concentration causes to formation of interwoven networks (Vi). These

networks transform into a lamellar phase (L) at higher concentrations?*#%,

Because lyotropic LC phases can be organized in various structures and easily
transformed form one into another structure, many different mesoporous materials have
been successfully prepared using lyotropic LC phases as mesopore-template to control the
structure of mesoporous silica*®, mesoporous carbon'®® and mesoporous metals'®® for
which mesoporous structures have been observed after removable of the lyotropic LC

phase.
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Scheme 7. Phase diagram of lyotropic liquid crystal structures for the nonionic surfactant
(Brij56): L1 = micellar phase, 1; = micellar cubic phase, H; = hexagonal
phase, V1 = cubic phase, L, = lamellar phase and L, = inverse micellar phase

and S = solid phase. Reproduced from Ref. 2*.

There are many mesoporous metals that have been fabricated by using lyotropic
LC phases such as Pt, Ni, Cu, Pd and Ag. Several reports have focused on the fabrication
of ordered-mesoporous metals. There are two parameters that strongly affect the degree
of order of mesoporous metals: (1) the stability of the lyotropic LC phase in the presence
of metal ions and (2) the reduction of metal salts around the lyotropic LC phase™™. As for
the stability of the lyotropic LC phase, a stabilization of metal ion complexes in lyotropic
LC phases is observed because the aqueous metal complex is formed by the coordination
of metal ions and water molecules, resulting in hydrogen bond formation between
aqueous metal complex and the ethylene glycol group of the surfactant'®?®®. However,
changing the mole ratio of surfactant and metal ions results in the phase transformation of
lyotropic LC phases. Therefore, optimization of the concentration of surfactant and metal

ions is necessary to reach a high degree of order of mesoporous metal™*".

In addition to the stability of lyotropic LC phases in the presence of metal ions,
the reduction rate also plays an important role for the formation of mesoporous order. The
reduction process has been successfully carried out by either electroless or
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electrodeposition approaches **'%. As

for the electroless method, the deposition rate can
be controlled by the nature of the reducing agent. For example, Yamauchi and coworkers
reported that highly ordered mesoporous Ni was obtained by the electroless procedure
when the deposition speed was low, for example when using dimethylaminoborane
(DMAB) as reducing agent, whereas disordered mesoporous Ni was observed at high

deposition rate using sodium borohydride-SBH as reducing agent %

. Because high
deposition rate results in the formation of a high number of nuclei, the rapid growth of
these nuclei leads to disordered mesoporous structures. Similarly, the order of the
structure of mesoporous metal films obtained by the electrodeposition method was
controlled by the deposition rate, related to the electrodeposition potential. Mesoporous
platinum has been first obtained by the electrodepositon method in the presence of a

lyotropic liquid crystal phase'®®

. Attard and coworkers reported not only a high active
surface area of mesoporous platinum, but also a highly ordered structure. Currently, many
mesoporous metallic structures such as from Co, Ni, Pd, Rh, Ru, Ag, Cd, Sn and alloys of

191,2
d9,06

these metals have been widely reporte . However, some metals can be easily

oxidized by air such as Ni, resulting in the collapse of the mesoporous structure®®. In
addition, the properties of magnetic mesoporous metal films obtained by
electrodeposition from lyotropic liquid crystalline phases were studied. Compared to
nonporous polycrystalline films, the magnetic measurements of mesoporous Ni and Co

show higher coercivity (Hc)*”

. It therefore clearly shows that mesoporous metals
obtained by the electrodeposition method from lyotropic liquid crystalline phases have
been attracted much attention and these materials seem to be promising candidates for a

wide range of applications.

There are many mesoporous metals that have been successfully prepared by
several nonionic surfactants. For example, the average pore diameter of mesoporous
platinum obtained by an electrochemical method using C1,EQg was 17.5 A, whereas the
average pore diameter of mesoporous platinum using quaternary mixture of C1;EOg and
n-heptane (C16EQg:n-heptane= 2:1) was 35 A. This result indicates that the mesopore size
directly depends on the chain length of the surfactants or using a hydrophobic additive to
form larger structures of LLC®. In addition, the bigger surfactants such as Ci6EOag
(Brij® 56) and Ci3EO;p (Brij® 76) were used as the template for mesoporous
metals'®*?®. A 2D hexagonal mesoporous platinum film has been successfully prepared
by the electrodeposition method in the presence of C16EO1, (Brij® 56) as lyotropic liquid
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crystal phase?®®?®, It has been also demonstrated that in-plane pore alignment of 2D
hexagonal meoporous structures can be easily controlled by using shear force?®.

As for the electrodeposition process of platinum, it has been proposed that the

electroreduction of platinum cation may involve two steps processes as following:

L [PCI ] + 26 — [PYCI),]* + 2CI
2. [PtCN,]* + 2 — Pt + 2CI

Elliott and coworkers reported that the current potential curve of electroreduction
of platinum cation in the presence of lyotropic LC phase shows two characteristic peaks,
corresponding to the participation of [Pt(Cl)s]* during the electrodeposition process (see
Figure 2b in ref #°). Furthermore, they suggested that the highly ordered well-controlled
porosity of mesoporous Pt can be observed only when the electrodeposition condition
(e.g. the electrodeposition potential and temperatures) are controlled in order to avoid
side reactions and the optimum condition of electrodepositon process should be
controlled in the range of -0.1 to -0.2 V vs SCE at 25°C in order to gain both high surface

area and ordered nanostructure 2%°,

In this work, a nonionic surfactant of polyoxyethylene (10) cetyl ether C16EO1o 0r
(Brij® 56) was used to form a lyotropic liquid crystal phase in aqueous solution. The
chiral imprinted mesoporous platinum films have been successfully made by an
electrodeposition method in the simultaneous presence of a lyotropic liquid crystal phase
and chiral molecules, which serve as a template to generate the mesopores, and as a
template to create a chiral cavity in the walls of the mesopores, respectively. The final
mesopores of mesoporous platinum are aligned in a hexagonal lattice!®*?%. The
electrochemical reduction of metal salt occurs around the lyotropic crystal phase and the
chiral molecules, resulting in the formation of mesoporous channels and chiral cavities at
their inner surface after the removal of these templates as shown in Scheme 8 for

preparation process.
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Scheme 8. Illustration of the fabrication process of chiral imprinted mesoporous platinum

films on gold-coated glass electrodes.

In this work, C16EO19 and DOPA enantiomers have been chosen as lyotropic
liquid crystalline template and chiral template, respectively (Figures 36a and 36b). DOPA
enantiomers were used as chiral templates because L-DOPA plays for example a key role
in  pharmaceutics and neurochemistry®!. The two enantiomers of 34-
dihydroxyphenylalanine (DOPA) are chiral drugs and exhibit different pharmacological
and pharmacokinetic activities. L-DOPA is efficient for the treatment of Parkinson

3. RESULTS AND DISCUSSIONS | 112



Chapter 3

disease, because the correct chiral enantiomer structure binds with enzymes and receptors
consisting of amino acids and other chiral biomolecules, while D-DOPA is not only
inactive but also strongly toxic, leading to agranulocytosis®*?. In addition, DOPA and
other catechol compounds have also been employed as reactants to modify not only
inorganic but also biological materials®***°. Therefore, the transfer of the chiral features
from a DOPA enantiomer to the internal pore walls of mesoporous platinum via
imprinting is an interesting choice for this first proof-of-principle study. An additional
reason for using DOPA molecules as chiral templates is that its electroactivity is
compatible with the potential window where platinum is subject to neither oxidation nor
hydrogen adsorption or evolution. Therefore when it is used as a probe molecule after the
imprinting, its reaction on the platinum electrode can be easily monitored without altering
the metal structure. It is important to note that the mixture of surfactant and DOPA
contains also PtClg> as platinum precursor which can undergo a chemical redox reaction
with DOPA molecules before the electrodeposition process. This is confirmed by the
color of PtCls® turning to brown after adding DOPA (Figure 35). Due to the strong

oxidizing character of the platinum salt**°

, the two hydroxyl groups that are located on the
aromatic ring of DOPA will be transformed into their quinoic form (Figure 36¢). In
addition, DOPA molecules are also pH-sensitive (Figure 37), and the electrodeposition is
carried out in a mixture which has a pH=2, therefore the fully protonated form of quinoic

DOPA is expected to act as the chiral template of this imprinted material.
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Figure 35. Optical photograph of 60 mM H,PtClg (right) before adding L-DOPA and
(left) after adding L-DOPA.

Figure 36. Illustration of structures of (a) CiEO; (Brij®56) (b) 3,4-L-
dihydroxyphenylalanine (L-DOPA) and (c), oxidized form of L-DOPA

(quinoic form).
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Figure 37. The effect of pH on DOPA structure

3.2 Surface area measurements of platinum electrodes obtained by cyclic
voltammetry (CV)

To calculate the active surface area of platinum and gold electrodes, cyclic
voltammetry was carried out in 0.5 M H,SO, at a scan rate of 100 mV/s in the potential
window from -2.5 to +1.25 V. In the case of gold coated-glass slide electrodes, the oxide
formation region and oxide reduction appear at +0.6 and +0.5 V vs Ag/AgCl,
respectively, as shown in Figure 38. Oxygen evolution from water oxidation was
observed at a potential above +1.1 V. However, after the electrodeposition of mesoporous
platinum on the gold electrode, the cyclic voltammogram was completely changed as
shown in Figure 39. The different amplitudes of redox currents of deposited mesoporous
platinum and of gold were clearly observed, confirming that the deposit of polycrystalline
Pt covered the gold electrode. The voltammogram of mesoporous platinum exhibited the
characteristic features of polycrystalline platinum, composed of the oxidation and
reduction of Pt and PtO,, respectively. In addition, on the mesoporous platinum electrode
two cathodic (Ha) and anodic peaks (Hg) are clearly visible while these features don’t
exist on a gold electrode. This behavior is explained by the fact that hydrogen
chemisorption takes place on mesoporous Pt, whereas hydrogen cannot chemisorb on
gold®’. However, at high cathodic potential the hydrogen evolution occurred on both

mesoporous Pt and gold.
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Figure 38. Cyclic Voltammograms of bare gold-coated glass electrode recorded in 0.5 M
H,SO,at 100 mV/s between -0.25to +1.25 V.

Figure 39. Cyclic Voltammograms of (a) bare gold-coated glass electrode (before
mesoporous Pt film deposition) and (b) mesoporous platinum electrode
deposited on a gold-coated glass electrode with an injected charge density
of 2 C/cm? recorded in 0.5 M H,SO, at 100 mV/s between -0.25 to +1.25 V.

The active surface area of polycrystalline Pt can be calculated from the hydrogen
chemisorption peaks in the potential range of -0.2 to +0.1 V vs Ag/AgCl as reference
electrode. The hydrogen sorption region is divided into hydrogen adsorption charge (Ha)
and hydrogen desorption charge (Hq) regions after subtraction of the capacitive current.
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Because the peak areas of hydrogen adsorption/desorption charge regions directly relate
to a monolayer coverage of hydrogen on the Pt surface, the amount of hydrogen adsorbed
in the monolayer (n,) can be calculated (n,=Qm/F, where F is the Faraday constant and Qn,
represents the charge of the hydrogen adsorption monolayer formation). Subsequently,
the real surface area of Pt electrodes can be investigated by the following equation?®.

s O
" oed

Where S, is the real surface area of electrode, e is an electron charge (1.602 x10™
C) and dy, is the surface metal atom density. In the case of polycrystalline Pt, the d,, value
equals to 1.3 x 10" cm™. Therefore, using cyclic voltammetry (CV) in sulfuric acid is

very useful to investigate the real surface area of a platinum electrode.

In order to compare the real surface area of chiral imprinted mesoporous platinum
electrodes and a polished flat platinum electrode, the cyclic voltammograms of both
electrodes are superposed in Figure 40. The real active surface area is calculated from the
charge associated with the hydrogen adsorption (H,, see inset)?'°. Compared to a polished
flat platinum electrode, the chiral imprinted mesoporous platinum films show a strong
increase in surface area. The roughness factor is an important parameter for the efficiency
of the electrode”. The calculated surface area is used to estimate a roughness factor,
which is defined as the ratio between the active surface area and the geometric surface
area of an electrode. Compared to polished flat platinum, the roughness of chiral
imprinted mesoporous Pt is increased by a factor of 80. This result suggests that a
mesoporous network has been successfully generated.

3. RESULTS AND DISCUSSIONS | 117



Chapter 3

Figure 40. Cyclic Voltammograms of (a) a polished flat platinum electrode and (b) a
chiral imprinted mesoporous platinum film deposited on a gold coated glass
electrode with a charge density of 2 C/cm? recording in 0.5 M H,SO,at 100
mV/s between -0.25 to +1.25 V.

3.3 The morphologies of chiral imprinted mesoporous platinum films

The thickness of chiral mesoporous platinum films obtained at different injected
charge densities was observed by SEM images of cross sections of the films as shown in
Figure 41. SEM images of all resulting films show that the thickness of chiral imprinted
mesoporous platinum films is very uniform over the entire area and the surfaces are very
rough. As expected, the thickness of metal films strongly depends on the injected charge
density during the electrodeposition process. The thickness of metal films increases
linearly with the injected charge density (Figure 42).
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Figure 41. Scanning electron microscopy images of typical cross sections of metal films
obtained at different injected charge densities of (a) 2, (b) 4, (c) 8 and (d) 12
Clecm?, respectively.

Figure 42. The layer thickness as a function of the injected charge densities for chiral
imprinted mesoporous platinum films deposited on gold-coated glass slides.

3. RESULTS AND DISCUSSIONS | 119



Chapter 3

Because the bright area inside the crystalline structure in TEM images is
representative of porous cavities®, it reveals that the chiral mesoporous Pt film is
composed of mesoporous cavities inside the polycrystalline Pt with pores of 5 nm in
diameter as shown in Figure 43. It is noted that TEM images of mesoporous structures
cannot be observed on the metal film with a high thickness. In this case, the
electrodeposition of chiral mesoporous platinum film has been performed using an
injected charge density of 0.6 C/cm?. It should be mentioned that the ordered mesoporous
structure is easily damaged during the TEM measurement when the samples are exposed

to electron beams over 10 min due to the growth of Pt crystals®®*.

Figure 43. Transmission electron microscope image of a planar chiral mesoporous Pt
film obtained by electrodepostion at -0.1 V and with an injected charge
density of 0.6 C/cm? (imprinted by L-DOPA, L-DOPA/Pt = 1/25).

3.4 Enantioselective recognition study of DOPA enantiomers on chiral imprinted

mesoporous platinum electrodes by cyclic voltammetry (CV)

Enantioselective recognition plays an important role in several potential
applications?®, including the development of chiral separation process, chiral sensing and
asymmetric catalysis. Enantioselective electrochemical reactions can be performed in
chiral solvents, chiral supporting electrolytes or on the chiral surface of electrodes??. In

this part, we report that enantioselective properties have been observed by the
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electrochemical reaction on the chiral surface of imprinted mesoporous platinum
electrode. The transfer of chiral features from a DOPA enantiomer to the internal pore
walls of mesoporous platinum is obtained by the electrodepositon of Pt in the presence of

a lyotropic crystalline phase and chiral molecules.

In order to demonstrate the enantioselective properties of such chiral imprinted
mesoporous platinum films, the first experiment was performed by cyclic voltammetry.
As stated above, several electrochemical processes, including hydrogen sorption and
oxidation of platinum, were observed during the electrochemical measurement (Figure
39). To avoid interference of these effects with the enantioselective recognition, the
electrochemical activity of the probe molecule should be located in a potential range
where no such faradaic processes occur (typically in the range between 0.2 and 0.7 V). It
is important to indicate that DOPA undergoes an electrooxidation in a potential window
between 0.2 and 0.8 V. It is therefore reasonable to state that the electrochemical behavior
of DOPA is compatible with the potential window where the side reactions on platinum
electrodes are excluded. Therefore, the electro-reaction of chiral probe molecules on

platinum electrodes could be easily observed without changing of the metal structure.

From cyclic voltammetry, as expected the electrochemical behavior of L-DOPA
and D-DOPA on non-imprinted flat platinum electrodes is identical within the limits of
experimental error bars as shown in Figure 44. The electrooxidation and reduction of
DOPA appears with Ep.= 0.439 V and Eya = 0.589 V (AE,= 0.150 V) in 50 mM HCI as
supporting electrolyte, respectively. The mechanism reaction of this electro-reaction is
illustrated in Figure 45, corresponding to a 2-electron-2proton oxidation and reduction of
DOPA and the quinoic form of DOPA®?, It is important to note that the electrochemical
behavior of DOPA strongly depends on the pH of the solution, because its structure is
sensitive to the pH of the electrolyte. For example, at neutral pH two reaction steps can be
observed as shown in Figure 46, leading to side reactions. Under such conditions, the
quinoic form of the DOPA molecules are deprotonated due to insufficient acidity in
solution, leading to further cyclization to produce cyclodopa, which simultaneously
undergoes an electrooxidation to form dopachrome as side reaction??*. In addition, DOPA
is very unstable in basic solutions because it is easily oxidized in air. To avoid such a
behavior, the electrochemical study of DOPA molecules should be carried out in acid

solutions (see Figure 45 for the mechanism in acidic media).
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Figure 44. Cyclic voltammograms recorded in 4 mM of (a) L-DOPA and (b) D-DOPA
using 50 mM HCI as supporting electrolyte at a scan rate of 10 mVs™ on non-

imprinted flat platinum electrodes (J=1/Sy, | and Sy are current and geometric
surface area, respectively).

o) COOH
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o
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Figure 45. The mechanism of DOPA electro-oxidation/reduction in acidic media
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Figure 46. The mechanism of DOPA electro-oxidation/reduction in neutral media,
Reproduced from Ref. %,
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The oxidation and reduction peaks of DOPA on non-imprinted mesoporous
platinum appear at anodic and cathodic potentials of 0.559 V and 0.499 V (Figure 47, (a)
and (b)), respectively, whereas this behavior cannot be observed in supporting electrolyte
without adding DOPA molecules as chiral probes (Figure 47, (c)). Compared to non-
imprinted flat platinum electrodes, AE, is decreased by 90 mV, which indicates easier
oxidation and reduction of the molecules at a mesoporous surface. This behavior might be
explained by the fast kinetics of electrons transfer at mesoporous platinum electrodes

with respect to a flat electrode?®.

The enantioselective properties of non-imprinted mesoporous platinum have also
been studied in order to exclude parasitic effects. Again there is no discrimination
between L-DOPA and D-DOPA. These observations on both non-imprinted flat platinum
and non-imprinted mesoporous platinum clearly confirm that two the enantiomers of

DOPA cannot be distinguished on non-imprinted electrodes.

Figure 47. Cyclic voltammograms recorded in 4 mM of (a) L-DOPA (b) D-DOPA using
50 mM HCI as supporting electrolyte and (c) pure 50 mM HCI at a scan rate
of 10 mVs™ with the non-imprinted mesoporous platinum electrodes obtained
by injecting a charge density of 2 C/cm? (J=1/Sy, 1 and Sy are current and

geometric surface area, respectively).
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In contrast to non-imprinted electrodes, the chiral imprinted mesoporous platinum
exhibits slight differences in current densities for L-DOPA and D-DOPA. For
mesoporous platinum that was imprinted by L-DOPA it was found that this kind of
electrode was more active for oxidation/reduction of L-DOPA compared to that of D-
DOPA as shown in Figure 48. The voltammogram of the electrode recording in
supporting electrolyte shows only capacitive current without faradaic current. Scanning
the potential of the electrode in pure supporting electrolyte confirms that no DOPA is left
inside the mesoporous structure before using it for the recognition study. Therefore, the
currents are solely due to the faradaic process involving the reaction of the chiral probe at
the metal surface.

Figure 48. Cyclic voltammograms recorded in 4 mM of (a) L-DOPA (b) D-DOPA using
50 mM HCI as supporting electrolyte and (c) 50 mM HCI at scan rate of 10
mVs™ on the chiral mesoporous platinum electrodes imprinted with L-DOPA
using a L-DOPA/ PtCl® ratio of 1/25 and injecting a charge density of 2
Clem? (J=1/Sg, | and S, are current and geometric surface area, respectively).

Although promising results were observed for the chiral imprinted mesoporous
platinum compared to the non-imprinted one, only a small difference was detectable by
cyclic voltammetry (CV) because the signal is dominated by the large capacitive current.
In order to observe more clearly the faradaic process (the current generated by the redox

reaction of the chiral probes at the electrode surface), differential pulse voltammetry
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(DPV) was perform instead of CV because with this technique non-faradaic currents are
largely removed.

3.5 Enantioselective recognition study of DOPA enantiomers on chiral imprinted
mesoporous platinum electrodes by Differential Pulse Voltammetry (DPV)

As already stated, many electrochemical processes, including hydrogen sorption
and oxidation of platinum, can be observed during the electrochemical measurement. To
avoid interference of these reactions with the enantioselective recognition, the differential
pulse voltammetry (DPV) of the chiral probes was performed in a potential range from
0.2 to 0.7 VV where no such interference appears. The electrooxidation behavior of the two
DOPA enantiomers on non-imprinted flat platinum electrodes is identical and this result
is similar to what has been observed by cyclic voltammetry (Figure 49). In order to
characterize the activity of mesoporous platinum, the voltammograms of non-imprinted
flat platinum and non-imprinted mesoporous platinum were compared (Figure 50). The
current density of DOPA electrooxidation on non-imprinted mesoporous platinum is
dramatically increased compared to a non-imprinted flat platinum electrode. In addition,
it clearly shows again that the electrooxidation potential of L-DOPA on non-imprinted
mesoporous platinum electrodes is significantly lower than that on non-imprinted flat
platinum due to fast electron transfer kinetics at mesoporous surfaces compared to flat
surfaces?®. In addition, the electrooxidation of the two enantiomers is also
undistinguishable on non-imprinted mesoporus platinum in the limit of experimental error
(Figure 51). From these observations, it is concluded that, as expected, non-imprinted
platinum cannot distinguish the stereospecific behavior of two enantiomers of DOPA

molecules.
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Figure 49. Differential pulse voltammograms recorded in 4 mM of (a) L-DOPA and (b)
D- DOPA using 50 mM HCI as supporting electrolyte on non-imprinted flat

platinum electrodes.

Figure 50. Differential pulse voltammograms recorded in 4 mM DOPA using 50 mM
HCI as supporting electrolyte on (a) non-imprinted mesoporous Pt obtained
by injecting a charge density of 2 C/cm and (b) non-imprinted flat Pt (J=1/S, |

and Sy are current and geometric surface area, respectively).
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Figure 51. Differential pulse voltammograms recorded in 4 mM of (a) L-DOPA and (b)
D-DOPA using 50 mM HCI as supporting electrolyte on non-imprinted
mesoporous platinum electrodes obtained by injecting a charge density of 2
Clem?(J=1/S,, I and S, are current and real surface area, respectively).

After the electrodeposition process, the electrochemical behavior of chiral
imprinted mesoporous platinum was observed by DPV in 50 mM HCI as supporting
electrolyte in the potential range of +0.2 to +0.6 V before removal of both surfactant and
chiral templates as illustrated in Figure 52. It shows that the electrooxidation current of
the DOPA molecules left inside the porous Pt appears at a potential around +0.55 V. This
feature completely disappears after removal of all templates by washing in a large amount
of water for 24 hours (Figure 53). This indicates that all DOPA molecules as chiral

template were completely removed during the washing process.
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Figure 52. Differential pulse voltammogram recorded in 50 mM HCI of a chiral
mesoporous platinum electrode imprinted with L-DOPA using a L-DOPA/
PtCle® ratio of 1/25 and the injected charge density of 2 C/cm? before
removable of the chiral template (J=I/S;, | and S, are current and real surface
area, respectively).

Figure 53. Differential pulse voltammogram recorded in 50 mM HCI of the chiral
mesoporous platinum electrodes imprinted with L-DOPA using a L-DOPA/
PtCle> ratio of 1/25 and an injected charge density of 2 C/cm?after removable
of chiral template (a) the electrode 1 (E1, used for L-DOPA recognition) and
(b) the electrode 2 (E2, used for D-DOPA recognition) (J=I/S, I and S, are

current and real surface area, respectively).
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Figure 54. Differential pulse voltammogram recorded in 4 mM of (a) L-DOPA and (b)
D-DOPA using 50 mM HCI as supporting electrolyte with a chiral
mesoporous platinum electrode imprinted with D-DOPA using a D-DOPA/
PtCle> ratio of 1/25 and injecting a charge density of 2 C/lcm?(J=1/S,, I and S;

are current and real surface area, respectively).

The surface area is an important factor, which strongly influences the current
intensity. In order to compare different samples we therefore normalized the current by
the real active surface area (current density, J). Thus, the enantioselective properties of all
electrodes were compared at the level of normalized current density. In order to observe
the enantioselective properties, two types of chiral imprinted mesoporous platinum
electrodes were studied by DPV. The first one is the chiral mesoporous electrode
imprinted with D-DOPA using a D-DOPA/ PtCls” ratio of 1/25 and the second one is the
electrode imprinted with L-DOPA. In the first case, it is very clear that the chiral
imprinted mesoporous platinum shows significant differences in the electrooxidation
current densities for L-DOPA and D-DOPA. For the chiral mesoporous platinum
electrodes imprinted by D-DOPA, the electrooxidation signal of D-DOPA is much more
pronounced compared to the one of L-DOPA (Figure 54).

A control experiment was performed in order to verify that no artifacts, such as a
change in active surface area, leads to the difference in the enantioselective recognition of

the two enantiomers. The electrodes were oxidized and reduced in sulfuric acid by cyclic
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voltammetry in the potential window from -0.25 to +1.25V (Figure 55). As mentioned
above, the surface starts to become oxidized to form platinum oxide at potentials more
positive than +0.6 V and the reduction of the formed platinum oxide was observed in the
backscan. Therefore, the platinum atoms at the surface of the mesopore walls, that
initially encode the chiral information, will change position and reorganize after
oxidation/backreduction. This should erase the chiral surface imprints. In order to
examine this hypothesis, the enantioselective recognition on all oxidized electrodes was
reinvestigated by the electrooxidation of L-DOPA and D-DOPA enantiomers as shown in
Figure 56. In this experiment, no enantioselective recognition of the two enantiomers was
observed, confirming that the electrooxidation/backreduction of the chiral imprinted
mesoporous platinum electrode destroyed the chirality of the metal surface. The hydrogen
sorption on these electrodes was also obtained from these cyclic voltammograms, thus
allowing calculation of real surface areas and renormalization of the current densities,
facilitating the comparison of all electrodes with each other. It is reasonable to conclude
that the significant difference in the current densities of L-DOPA and D-DOPA before the
oxidation of the different electrodes originates from the chiral “footprint” rather than any
artifacts.

Figure 55. Cyclic voltammogram recorded in 0.5 M H,SO,4 with the chiral imprinted
mesoporous platinum electrodes imprinted with D-DOPA using a D-DOPA/
PtCle® ratio of 1/25 and an injected charge density of 2 C/cm? (a) the
electrodel (E1, using for L-DOPA recognition) and (b) the electrode2 (E2,
using for D-DOPA recognition).
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Figure 56. Differential pulse voltammogram recorded in 4 mM of (a) L-DOPA and (b)
D-DOPA using 50 mM HCI as supporting electrolyte with chiral mesoporous
platinum electrodes initially imprinted with D-DOPA using a D-DOPA/ PtCls*
ratio of 1/25 and an injected charge density of 2 C/cm? but measured after
destroying on purpose the chiral information by scanning in the potential
between -0.25V and +1.25 V in 0.5 M H,SO,4 (J=I/S;, | and S; are current and
real surface area, respectively).

In a second control experiment, the chiral mesoporous platinum electrodes
imprinted by L-DOPA were also examined with respect to their activities for
electrooxidation of the two DOPA enantiomers by DPV. In this case, the electrodes are
much more active for the oxidation of L-DOPA compared to D-DOPA (Figure 57).
Subsequently, these electrodes were also oxidized by cyclic voltammetry as stated above
and the enantioselective recognition was reinvestigated electrodes after one
oxidation/reduction cycle (Figure 58). As in the previous case of D-DOPA imprinted
electrodes, no enantioselective recognition of the two enantiomers could be observed
after erasing the chiral information. These observations again confirm that the difference
in activity of the two enantiomers can be attributed to the chiral “footprints” that have
been generated due to an encoding of chiral information in the mesopore walls during the

imprinting process.
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Figure 57. Differential pulse voltammogram recorded in 4 mM of (a) L-DOPA and (b)
D-DOPA using 50 mM HCI as supporting electrolyte with chiral mesoporous
platinum electrodes imprinted with L-DOPA using a L-DOPA/ PtCls” ratio of
1/25 and an injected charge density of 2 C/lcm?(J=1/S,, | and S, are current and

real surface area, respectively).

Figure 58. Differential pulse voltammogram recorded in 4 mM of (a) L-DOPA and (b)
D-DOPA using 50 mM HCI as supporting electrolyte with chiral
mesoporous platinum electrodes initially imprinted with L-DOPA using a L-
DOPA/ PtClg> ratio of 1/25 and an injected charge density of 2 C/cm?, but
measured after destroying on purpose the chiral information by scanning the
potential between -0.25 V and +1.25 V in 0.5 M H,SO,4 (J=I/S,, | and S; are

current and real surface area, respectively).
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We carried out several experiments with varying amounts of L-DOPA in the
electroplating mixture in order to investigate the effect of the content of chiral template
on the enantioselectivity. The amount of imprinted recognition sites, related to the
amount of chiral template during imprinting step, should influence the enantioselective
recognition properties. The relationship between the enantioselectivity and the content of
chiral template is shown in Figure 59. The enantioselectivity was calculated by the ratio
of electrooxidation current densities of L-DOPA and D-DOPA (J-gopa/Jp-dopa). It Clearly
demonstrates that the enantioselectivity significantly increases with the content of chiral
template. As shown in Figure 59, the Ji_dopa/Jp-dopa ratio increase from 1.2 to 2 for chiral
imprinted mesoporous platinum obtained with L-DOPA/PtCls®> molar ratios from 1/50 to
1/17. However, when the chiral template content is increased further (DOPA/PtCl*
molar ratios of 1/12), the efficiency of enantioselective recognition starts to decrease. The
reason for this decrease might be a destabilization of the lyotropic liquid crystal phase of
the surfactant when adding too much DOPA. This is in agreement with the observed
destabilization of the platinum film. Indeed the final metal layer obtained by using high
ratios of L-DOPA/surfactant is much more fragile and tends to detach from the electrode
surface, whereas the metal layer obtained by using a moderate ratio of L-
DOPA/surfactant was mechanically very stable even when the electrodes were oxidized

in sulfuric acid several times.

Figure 59. The effect of the chiral template content on the enantioselectivity. The
different chiral mesoporous platinum electrodes were obtained by imprinting
with various amounts of L-DOPA.
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In order to estimate the impact of mesoporosity on the efficiency of
enantioselectivity, the enantioselective recognition was also tested with imprinted non-
mesoporous platinum electrodes (Figure 60). Chiral imprinted non-mesoporous platinum,
was prepared by electrodeposition at a potential of -0.1 V in a solution containing 60 mM
hexachloroplatinic acid and L-DOPA as chiral template (L-DOPA/ PtClg* molar ratios of
1/25) without addition of surfactant. Interestingly, only a slight difference in the
electrooxidation signal of the two enantiomers was observed on such electrodes. This
implies that almost no chiral cavities seem to be generated in the absence of surfactant.
Thus mesoporosity is an important feature enhancing the efficiency of enantioselective
recognition properties. In addition, we also found that the mechanical stability of chiral
imprinted compact platinum films is very low. The final metal layer are easily destroyed
during oxidation by cyclic voltammetry in sulfuric acid, whereas the metal films of chiral
mesoporous platinum obtained from the lyotropic liquid crystalline phase are stable, even
when the electrode is oxidized and reduced several times. It should be noted that values
of real surface area could not be calculated on chiral imprinted non-mesoporous platinum
due to detachment of the platinum film during the CV measurements. To compare the
enantioselectivity on such chiral electrodes, the normalized current density of the
electrooxidation of DOPA was obtained using the geometric surface area.

The exact reason for the significant enantioselectivity of chiral imprinted
mesoporous platinum remains to be discussed. One of our assumptions is that the chiral
cavities at the mesopore walls might be generated due to the interaction between the
DOPA molecules and the lyotropic liquid crystalline surfactant, which entraps DOPA at
the surface of the pillars of the lyotropic liquid crystal phase. The chiral templates seem
to be maintained in this position during the electroreduction of the platinum salt around
the assembly of DOPA and lyotropic liquid crystalline surfactants, resulting in the
transfer of a chiral “footprint” into mesoporous platinum walls. In contrast, in the system
without surfactant only a few chiral recognition sites are imprinted into the outermost
surface of the platinum layer. As a result, a significant discrimination between the two
enantiomers of L- and D-DOPA is observed with the chiral mesoporous structure,
whereas the compact platinum deposit shows only very modest selectivity. In order to
study in more detail this assumption molecular dynamics simulations might be an

alternative way to gain additional information about these interactions.
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Figure 60. Differential pulse voltammogram recorded in 4 mM of (a) L-DOPA and (b)
D-DOPA using 50 mM HCI as supporting electrolyte with chiral non-
mesoporous platinum electrodes imprinted with L-DOPA using a L-DOPA/
PtCl¢® ratio of 1/25 and an injected charge density of 2 C/cm?®(J=1/S,, | and

Sy are current and real surface area, respectively).

3.6 The enantioselectivity at chiral imprinted mesoporous platinum surfaces with
respect to the relevant literature

There are many relevant literature studies that have reported the generation of

chirality at metal surfaces. Chiral metal surfaces can be obtained in many different

ways'" like through the helicity of metal nanowires®*®

227-229

, the adsorption of chiral molecules
at metal surfaces , the entrapment of chiral molecules inside the metal structure”
and the formation of intrinsic metal interfaces with a high Miller index by cutting a bulk
metal crystal along a low symmetry plane'™*?®, Chiral metal surfaces obtained by
adsorption of chiral molecules is a popular method because it is simple to retain the
chirality of chiral probes after their adsorption on metal surfaces. However, this approach
often suffers from the desorption of the chiral molecule due to its water-solubility. Two
alternative ways are the entrapment of chiral molecules within the metal and the design of
intrinsic chiral metal surfaces by cutting metal crystals. The first approach can retain the
chirality at metal surfaces because the chiral molecules are embedded between the
aggregated metal nano-domains °. However, an intrinsic chiral metal surface could not

be generated because after extraction of the entrapped chiral molecules no more chiral
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features remain. For example, Pachon and coworker reported the entrapment of alkaloid
within Pd that was supposed to lead to the stereoselective hydrogenation of isophorone
and acetophenone but after extraction of the dopant no enantiomeric excess (e.e) could be

observed in the products*’®.

The second approach is based on the fact that a chiral surface can be generated by
a well chosen cutting of a metal crystal. Typically, the bulk structure of transition metals
such as Cu, Pt and Ni is face centered cubic (fcc) with a high symmetry. Therefore, such
metal structures are not considered to show enantiomorphism. However, by the cutting in
the right way a bulk metal plan of high symmetry, a chiral metal structure with high
Miller index can be produced due to a lack of symmetry. For example the structures of

(643) and (643) faces of Pt are enantiomoph as shown in Figure 61'*. The chiral

surfaces are due to flat (fcc) terraces separated by monoatomic steps.

Figure 61. Intrinsically chiral surfaces on metals. Reproduced from ref. !,

On such surfaces, Attard studied the enantioselective behavior of chiral probes by
an electrochemical method'”. In terms of voltammetric profiles, the electrooxidation
behavior of D-glucose and L-glucose was different at the chiral metal surface Pt(643). It
was also demonstrated that the behavior of D-glucose on (R)-Pt(643) and L-glucose on
(S)-Pt(643) were equivalent. This clearly shows that the existence of intrinsic surface
chirality results in the enantioselectivity with respect to the reactivity of various sugar
molecules on such interfaces. Furthermore, a small difference in adsorption energy
between two enantiomers on chiral metal surfaces has been reported ’®"323023! pFor

example, Attard and coworkers reported that the activation energies for glucose electro-
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oxidation on R-Pt(643) and S-Pt(643) differed by about 1-2 kd/mol*”. In addition,
Gellman and coworkers also studied the different desorption energies between two
enantiomers on chiral single crystal surfaces. They found a small difference in desorption
energy of R-3-methyl-cyclohexanone on R-Cu(643) and on S-Cu(643) and they also
observed differences in the orientation of R- and S-2-butanoxy on R-Ag(643), indicating
the enantioselectivity of such surfaces?*.

It is therefore reasonable to suppose that in our case of chiral mesoporous metal
surfaces it is also possible to introduce a chiral feature in the metal structure by the
imprinting approach. The enantioselective properties of such materials might be
explained by the differences in the adsorption enthalpies for the two enantiomers.
Macroscopically this should lead to a difference in partition coefficient between the outer
solution phase and the inside of the porous structure when comparing the two

enantiomers.

Furthermore, we have also undertaken other independent experiments in order to
further confirm the chirality of the resulting chiral mesoporous metal. One alternative

experiment was based on the Secondary Harmonic Generation (SHG) technique.

3.7 The characterisation of chirality at mesoporous metal surfaces by Secondary
Harmonic Generation (SHG)

The fundamentals of Secondary Harmonic Generation (SHG) is based on the fact
that a monochromatic coherent optical wave with energy E is converted into a new single
photon of energy 2E after it interacts with a second-order nonlinear media such as non-
centrosymmetric material, which should have no inversion symmetry within the
crystalline structure®®. Based on the second-order nonlinear polarization, the nonlinear

response at the secondary harmonic frequency is described by the following equation:
Pi(zw) = ZLKX?,-T(Q Ej((x)) Ek((’))
where P; is the nonlinear polarization, x5’ is the electric-dipole allowed second- order

susceptibility tensor, E;(w) the incident light field and the indices ijk are the Cartesian

coordinates®®’.
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In a chiral system, each enantiomer of chiral molecules shows different responses
to left and right-hand circularly polarized light in terms of optical properties with respect
to linear optics as well as nonlinear optical systems. The interaction between a chiral film
and circularly-polarized light produces different intensities of generated second-harmonic
light by left- and right-hand circularly-polarized excitation'®"?**, Therefore, it is possible
to use the secondary harmonic generation to monitor the chirality at surfaces.

In order to observe the chirality at mesoporous metal surfaces, the SHG
experiment was carried out by continuous polarization scans of an incident beam at fixed
incident angle. Scheme 8 shows the different polarization states depending on the rotating
angle of the half-waveplate. In the first step, a starting beam is polarized through the
combination of a rotating half-waveplate (A/2) and fixed quarter-waveplate (A/4) to
produce out of the plane incidence (s). By rotating a half waveplate (A/2), it is possible to
change the polarizations from linear to elliptical and circular polarization. For example,
changing of the rotating angle from 0° to 22.5° results in the transformation of
polarization states from linear to left-hand circular polarization. Subsequently, the further
changing of rotating angle from 22.5° to 67.5° leads to converting the left-hand circular
polarization to right-hand circular polarization. Therefore, the generated secondary
harmonic intensity is recorded versus the rotation angle of half-waveplate (V). In the case
of a chiral surface system, the different intensity at left- and right-hand circular polarized
states is expected to be observed by this technique. As for a SHG experimental setup, the
SHG response was measured either in transmission and reflection mode with two
components: polarized parallel (p) and perpendicular (s) to the plane of incidence as

shown in Scheme 9%%72%,
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Scheme 8. The transformation of polarization states by changing rotating angle (V1) of a
half-waveplate (A/2) and fixing rotating angle (¥,) of a quarter-waveplate
(M4): V, H, LC and RC are linear vertical, linear horizontal, left-hand

circular and right-hand circular, respectively. Reproduced from Ref. '%.

Scheme 9. Illustration of a secondary harmonic generation (SHG) setup, Reproduced

from ref. 17

The first SHG experiment was carried out with a chiral imprinted mesoporous
platinum film deposited on a gold-coated glass slide. Because the platinum film was
deposited on a gold electrode, which is not transparent, the generated secondary harmonic
response was measured in the reflection mode. In this experimental setup, the sample was
fixed at a position of 45° with respect to the incident beam. Unfortunately, the SHG
intensity was not stable as a function of time. It was found that the SHG intensity
measured in the reflection mode exponentially decayed versus time when the sample was
exposed to left- or right-hand circular polarized light as shown in Figure 62. Therefore, it
is not possible to monitor the changes in SHG intensity as a function of the rotating angle
of the waveplate.
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Figure 62. The SHG intensity as a function of time using left-circular polarized (LC, V1=
22.5°) and right-circular polarized (RC, ¥ ; = 67.5°) excitations on chiral
imprinted mesoporous Pt deposited on a gold coated glass slide (a) imprinted
with L-DOPA (b) imprinted with D-DOPA using a DOPA/ PtCls® molar ratio
of 1/17.

In order to avoid the SHG intensity decay during the measurement, the experiment
should be performed by using the transmission mode monitoring the transmitted SHG
response. The chiral mesoporous Pt films were deposited on ITO instead of gold-coated
glass slides because the incident laser beam could not go through the chiral imprinted
mesoporous platinum film deposited on gold electrodes. In this case, the chiral imprinted
mesoporous platinum was deposited on ITO by the same procedure as stated in the
experimental section. It is noted that the conductivity of ITO is much lower than that of
gold electrodes. To increase the conductivity of ITO, the ITO was coated by the
evaporating a very thin gold layer (ITO-Au) before using it for electrodeposition of the Pt
film. After the electrodeposition process, lyotropic liquid crystalline surfactant and chiral
template were carefully removed by washing in DI water for 24 hours and the electrodes
were dried at room temperature. As for the SHG experiment, the sample holder was
rotated at different angles between -80 and +80° in order to observe the optimum sample
position using a fixed input beam initially with in-plane (p) or out-of-plane (s) incidence.
The in-plane transmitted SHG intensity (p) was monitored as a function of the sample
rotating angle as shown in Figure 63. The notation of p-p represents the in-plane
incidence (p) and monitoring the in-plane transmitted SHG response (p), and s-p
corresponds to the out-of-plane incidence (s)/in-plane of transmitted SHG response (p).
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This result shows that a sample rotation angle of approximately 56° corresponds the

maximum SHG intensity.

Figure 63. The SHG response as a function of the sample rotation angle of chiral
imprinted mesoporous Pt deposited on ITO-Au, obtained in the transmission
mode. The solid line represents the intensity monitoring by using a fixed
angle of the in-plane polarized incident beam (p) and analyzing the p-
polarized component (p) of the SHG signal (p-p). The dotted line shows the
intensity using a fixed angle of out-of-plane polarized incident beam (s) and
analyzing the p-polarized component (p) of the SHG signal (s-p).

In order to observe the SHG response at different polarization states, the sample
was fixed at 56° with respect to the incident beam. The polarization patterns of the SHG
intensity obtained by the transmitted response of p- and s-polarized second harmonic
components are shown in Figure 64 and 66. The SHG intensity was monitored by
changing the rotating angle of the half-waveplate (\1). As mentioned above, the SHG
intensity was not stable during the reflection mode measurement, but in this case the
signal remained stable as shown by the symmetric feature of the polarization patterns of
the SHG intensity in a range from 0 to 90° and the pattern between 90 and 180°,
confirming that the stability of the SHG response has been achieved by measuring in

transmission mode.
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In the case of non-imprinted mesoporous platinum the SHG intensities of the p-
polarized component using left-hand circular excitation (¥;=22.5°) and right-hand
circular excitation (W1=67.5°) varied by approximately 0.02 (arb. units). Similarly, the
SHG intensities of the s-polarized component using left-hand circular excitation
(¥1=22.5°) and right-hand circular excitation (¥1=67.5°) were insignificantly different.
This result shows no chirality at the surface of non-imprinted mesoporous platinum films.

Figure 64. The SHG response as a function of the rotation angle of the half-waveplate
(Y1) for a non-imprinted mesoporous Pt film deposited on ITO-Au obtained
in the transmission mode. The solid line represents the transmitted SHG
intensity of the p-polarized component (W-p). The dashed line shows the
transmitted SHG intensity of the s-polarized component (\¥-s).

For chiral imprinted mesoporous platinum, we observed the SHG intensities of
the s-polarized component for left-hand circular excitation (¥1=22.5°) and right-hand
circular excitation (¥1=67.5°). There was a slight difference in the SHG intensities
between left- and right-hand circular excitations. Although, a difference in the SHG
intensity for both excitations was observed, this behavior was not very pronounced. As it
is well known, there are other possibilities to observe a change in intensity between left
and right-hand circular polarized excitations, such as in the nonhomogeneous or
anisotropic media in which the properties depend on the orientation of sample.
Particularly, the anisotropic response for metals is strongly influenced due to details of

their structure®*2%,
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Figure 65. The SHG response as a function of the rotating angle of the half waveplate
(¥,) for a chiral imprinted mesoporous Pt film deposited on ITO-Au
(imprinted by D-DOPA, D-DOPA/Pt=1/25) obtained in the transmission
mode. The dashed line shows the transmitted SHG intensity of the s-polarized

component (\P-s).

In addition, a control experiment was performed in order to make sure that the
different SHG intensities obtained with left- and right-hand circular excitation don’t come
from other artifacts but originate from the chirality of the surfaces. The SHG response
was measured with L-DOPA molecules on ITO-Au, prepared by drying of L-DOPA
solution on ITO-Au. Because this electrode was prepared with real chiral molecules, a
chiral response could be measured. In this experiment, different SHG intensities with left-
hand circular excitation (¥1=22.5°) and right-hand circular excitation (¥1=67.5°) when
the sample was fixed at 56° with respect to incident beam were clearly observed (Figures
66a and 66b), especially when monitoring the s-polarized component as shown in Figure
66b. As stated above, anisotropy strongly influences SHG signals. To investigate this
effect, the SHG intensity was measured by rotating the sample holder from 56 to 236°.
The SHG response of the s-polarized component obtained at a sample angle of 236° is
shown in Figure 66¢c. It clearly reveals the different signals for left-hand circular
excitation (¥;=22.5°) and right-hand circular excitation (¥1=67.5°). In contrast to the

fixed sample at 56°, the opposite trend after rotating the sample for 180° was observed. In

3. RESULTS AND DISCUSSIONS | 143



Chapter 3

other words, the SHG intensity of right-hand circular excitation was lower than that of
left-hand circular excitation in the case of the fixing sample holder at 236°, whereas the
response of right circular polarization was higher than that of left one for fixing sample
holder at 56°. This behavior can be explained by the fact that in anisotropic medium the
properties become directionally dependent, resulting in the change in the SHG pattern
when the sample is rotated by 180°. In contrast, in the isotropic medium composing of
only chirality at surface do not affect such pattern change. This result clearly

demonstrates that anisotropic response is sufficiently strong to be detected in this system.

Figure 66. The SHG response as a function of the rotation angle of the half-waveplate
(¥,) for the L-dopa dried on ITO-Au obtained in the transmission mode: (a)
the SHG intensity of the p-polarized component when the sample was fixed at
56°, (b) s-polarized component when the sample was fixed at 56°and (c) s-
polarized component when the sample was fixed at 236°.
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Because an anisotropic response strongly affects the SHG intensity in our
experiment, this effect should be eliminated to verify the chirality of a mesoporous
platinum surface. As it is well known, an anisotropic response can be reduced by rotation
of the sample, whereas the chirality signal should be unaffected®’. Therefore, it is not
sufficient to perform the SHG experiment with a statically oriented sample angle, but
more data from SHG experiments in which the anisotropic effect is eliminated are needed
to confirm the chiral character of these metal surfaces.

3.8 Enantioselective adsorption of DOPA enantiomers on chiral imprinted

mesoporous platinum

In order to further verify the chiral properties of the mesoporous metal surfaces,
other independent experiments were performed based on the enantioselective adsorption
of chiral probes on the chiral imprinted mesoporous platinum. The selective adsorption
experiments were carried out by exposing the chiral mesoporous platinum films to
racemic mixtures of L-DOPA and D-DOPA and subsequently monitoring by HPLC the
composition of the supernatant solution. The supernatant solution was collected at
different times and analyzed by HPLC equipped with a capillary column with a chiral
stationary phase. Because a UV detector was used in this study, the wavelength of
maximum absorbance (Amax) Of DOPA molecules was investigated by UV/vis
spectroscopy. As shown in Figure 67, the UV/vis absorption spectrum was continuously
scanned in a range from 200 to 800 nm. It shows two strong absorption peaks at around
230 and 285 nm, related to the n-x" transition of the benzene ring and the L,-Ly, transition,
respectively?®. Typically, in the benzene molecule the first peak is strong, whereas the
second band is not significant due to the weak symmetry-forbidden transition. However,
in substituted benzene the symmetry is broken and the symmetry-forbidden transitions
(La-Lp transition) is allowed, resulting in an enhancement of the second peak. In the case
of DOPA (two hydroxyl and one aliphatic substituents on the benzene ring), the first peak
is more pronounced with respect to the second one, thus the wavelength of maximum
absorption (Amax) Of the first peak (230 nm) was used for monitoring all samples by
HPLC.

3. RESULTS AND DISCUSSIONS | 145



Chapter 3

Figure 67. The absorption spectrum of a racemic mixture of L-DOPA and D-DOPA in a
mixture of 50/50 (v/v) methanol/acetonitrile, 50 mM formic acid and 25 mM

diethylamine.

For the HPLC measurement the separation of the constituents of the supernatant
solution was first carried out at 22°C using a mixture of 50/50 (v/v) methanol/acetonitrile,
50 mM formic acid and 25 mM diethylamine as mobile phase. The chromatogram of L-
DOPA and D-DOPA separation is shown in Figure 68a. It shows that parts of the L-
DOPA and D-DOPA peaks are overlapping. In order to quantify the peak separation, the
resolution factor (Rs) is calculated by the following equation:

_118(t,, )
: (Wb1+Wb2)

where tr, and tgi are the retention times of components 2 and 1, respectively. Wy, and
W, represent the peak widths determined at half peak height for components 1 and 2,
respectively *°. Typically, the value of Rs should be at least 1.5. However, in our case the
separation ability of the two enantiomers is characterized by a Rs of 0.8.

Enantioselective separation ability at different temperatures by chromatography
can be explained by thermodynamic aspects. The Gibbs-Helmholz equation is applied to
explain the effect of temperature on enantioselective separation.

] AAH? N AAS®
RT R

Ino =
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o is the enantiomer separation factor. AAH® and AAS® are the enthalpy and entropy
differences between the two enantiomers when they interact with the stationary phase. T
and R are the absolute temperature and the universal gas constant, respectively *°. In fact,
at low temperature the separation is enthalpy controlled. The enantiomer separation
decreases with temperature until the enantiomer separation is suppressed when the first
term and second term of this equation are equal (In a = 0). This temperature is called the
isoenantioselective temperature where Tio = AAHYAAS’.  Above Tiy, the
enantioselective separation is dominated by the entropy control and the reverse order of

elution is observed 2%,

Almost all enantiomer separations are better at lower temperature. Therefore we
also investigated the enantiomer separation by HPLC at 2°C. As shown in the
chromatogram of Figure 68b, at lower temperature the separation of D-DOPA and L-
DOPA is better compared to their separation at 22°C. Furthermore, an improved
resolution factor (Rs) of approximately 1.5 was also observed. Therefore, this condition
was used to monitor the ratio between D-DOPA and L-DOPA in the supernatant solution

after being in contact with the platinum films.

Figure 68. HPLC chromatograms of 100 uM D-DOPA/L-DOPA separation monitored by
a UV detector at 230 nm and using a CHIRALPAK ZWIX (+) chiral column
with a mixture of 50/50 (v/v) methanol/acetonitrile, 50 mM formic acid and
25 mM diethylamine as mobile phase at (a) 22° and (b) 2°.
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In this work, the enantioselective adsorption was characterised by the
enantiomeric separation factor (ap,), derived from the quotient of the ratios of D-DOPA
to L-DOPA concentrations in the solution, after and before being in contact with the

platinum films. The (ap,.) is described by the following equation.

) ([D —DOPA]/[L- DOPA])before
on = (ID-DOPA]/[L-DOPA])

[D-DOPA]before @and [L-DOPA]wesore are the concentration of D- and L-DOPA
enantiomers in solution, respectively, before being in contact with the platinum films. [D-
DOPA]aier and [L-DOPA Jatier represent their concentration terms after exposing with such
films. Table 17 shows the D/L DOPA separation factors (ap, ) for a certain time (1, 3 and
5 hours) at various temperatures and thicknesses of the platinum films. The control
experiment was performed at 22°C on a non-imprinted mesporous platinum film obtained
by injecting a charge density of 4C/cm® (NIM-Pt 4C/cm?). As expected, the apy of this
film was close to one within the experimental error after an adsorption time of 1 hour
(Entry 1). At longer adsorption times, the ap,. remained steady with a value of 0.98+0.05
after 5 hours. This result indicates that there is, as expected, no enantioselective
adsorption on such materials. The chiral mesoporous platinum film obtained with L-
DOPA as chiral template (CIM-Pt-L 4C/cm?) shows insignificant enantioselectivity for
an adsorption time of 1 hour at 22°C, but the enantioselectivity is more pronounced for
longer exposure times (1.29 +0.05 after five hours). It is important to note that this
characteristic adsorption time is much longer compared to the duration of the
electrochemical experiments. This behavior is explained by the fact that dry platinum
films were used for the enantioselective adsorption experiments, while the
electrochemical experiments were carried out with already wet electrodes. Therefore, the
diffusion of DOPA into the mesoporous channels needs more time in the case of an
initially dry electrode, because the wetting of mesopores can be more or less time
consuming, depending on the hydrophilicity of the matrix.

The a py. was compared for platinum films with different thicknesses. By
increasing the thickness of the platinum film, which is proportional to the injected charge
density, the enantioselective adsorption doesn’t change very much at room temperature
(22°C) (Entries 2 and 3). The ap, values of the chiral platinum films obtained for

injected charge densities of 4 and 8 C/cm? was 1.29+0.05 and 1.32+0.05 at the exposure
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time of 5 hours, respectively. As stated above, the enantiomeric separation is strongly
depended on temperature. From a thermodynamic point of view, almost all enantiomers
shows higher separation when the temperature is reduced®?. In order to optimize the
enantioselectivity of the meosporous surfaces, the adsorption has been also studied at
lower temperature. The enantioselective separation factor (opy) was significantly
increased at low temperature, as expected, the ap,. of chiral mesoporous platinum
imprinted by L-DOPA with an injected charge density of 8 C/cm? at 22 and 2 °C was
0.96+£0.05 and 1.18+0.05 for the exposure time of 1 hour, respectively. The value at
longer adsorption time was 1.32+0.05 and 1.52+0.05 at 22 and 2 °C, respectively (Entries
3 and 4). This result indicates that L-DOPA is preferentially adsorbed in the metal matrix,
imprinted by L-DOPA as chiral template, leaving an excess of D-DOPA in the
supernatant phase.

The opposite tendency was observed when the chiral mesoporous platinum
imprinted by D-DOPA was exposed to the racemic mixture of D-DOPA/L-DOPA. The
apy. becomes smaller than 1, suggesting that the adsorption of D-DOPA is favored on
these materials (Entries 5 and 6). This enantioselectivity was more pronounced for thicker
films. The observed differences are in agreement with an energetic stabilization of the

preferred adsorption state in such chiral materials *">%%,
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Table 17. Enantioselective adsorption of a racemic DOPA solution on chiral mesoporous

platinum films (CIM-Pt) under different conditions.

Entry Temp. Time o
(°C) (h)
1 NIM-Pt 4C/cm?® 22 1 0.99+0.05
5 0.98+0.05
2 CIM-Pt-L 4C/cm?© 22 1 1.02+0.05
5 1.29+0.05
3 CIM-Pt-L 8C/cm?¢ 22 1 0.96+0.05
5 1.32+0.05
4 CIM-Pt-L 8C/cm?¢ 2 1 1.18+0.05
3 1.52+0.05
5 CIM-Pt-D 4C/cm?® 2 1 0.98+0.05
5 0.93+0.05
6 CIM-Pt-D 8C/cm?' 2 1 0.91+0.05
3 0.85+0.05

®The D/L DOPA separation factor (aps) was calculated as the quotient of the ratios of D-DOPA to L-
DOPA concentrations in the solution, after and before being in contact with the platinum films for a certain

time (1, 3 and 5 hours).

®Non-imprinted mesoporous platinum using a deposition charge density of 4 C/cm?.

“Chiral imprinted mesoporous platinum obtained using L-DOPA (L-DOPA/ PtCl¢> = 1/17) as template,

and a deposition charge density of 4 C/cm?.

dChiral imprinted mesoporous platinum obtained using L-DOPA (L-DOPA/ PtCls® = 1/17) as template, and

a deposition charge density of 8 C/cm?.

®Chiral imprinted mesoporous platinum obtained using D-DOPA (D-DOPA/ PtClg*

and a deposition charge density of 4 C/cm?.

fChiral imprinted mesoporous platinum obtained using D-DOPA (D-DOPA/ PtClg*

and a deposition charge density of 8 C/cm?.

= 1/17) as template,

= 1/17) as template,
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Chapter 3

4. CONCLUSION

In conclusion, this chapter demonstrates that chiral imprinted mesoporous
platinum has been successfully obtained by the electrodeposition of platinum in the
simultaneous presence of surfactant, forming a lyotropic crystal phase, and a chiral
template molecule. The results suggest that due to interactions between the surfactant and
the chiral template, it was possible to generate chiral “footprints” on the walls of the
mesopores. The generated material exhibits not only a dramatic increase in active surface
area due to the mesoporosity, but also a significant discrimination between two
enantiomers of a chiral probe, confirmed by both electrochemical and enantioselective
adsorption experiments. In addition, the chiral properties of the mesoporous metal matrix
strongly increase with the amount of chiral template used in the electrodeposition step,
and with the thickness of the film, which can be controlled by the charge injected during
the deposition.

Although the chirality of the metal surfaces measured by SHG experiments still
needs further confirmation the results from the electrochemical and selective adsorption
measurements strongly support the presence of chirality in the bulk of the mesoporous
metal layer. Interestingly, the mesoporous feature amplifies the chirality of the metal
phase. This behavior might be explained by a chirality transfer from the molecular
species to the inner walls of the mesopores, maintaining at the same time a very good
accessibility of the chiral cavities by the chiral probes, compared to nonporous metal
phase. This work illustrates the first example of a chiral imprinted metal that retains its
chirality even after removal of the template, and thus is very complementary to the class
of molecular imprinted polymers. Our findings could lead to the development of new
materials, which are of potential interest for applications in areas such as chiral synthesis,

sensors, separation, purification and drug development.
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4 CONCLUSIONS AND PERSPECTIVES

This thesis presented several aspects concerning the elaboration, characterisation
and application of various porous materials. Three main points were studied, namely the
synthesis of the hierarchical micro/mesoporous zeolite and their applications for
petrochemical processes as demonstrated in Chapter 1, the theoretical study of the
reaction mechanism at microporous zeolite for Chapter 2 and the design of mesoporous
metals with intrinsic chirality in Chapter 3.

Chapter 1: Synthesis of the hierarchical micro/mesoporous zeolite and its
applications in petrochemical industry as catalyst for hydrocarbon

transformations

In the first part of the thesis, we demonstrated the fabrication and application of
the hierarchical micro/mesoprorous zeolite. The motivation of this work is based on the
disadvantages of conventional microporous zeolite. Although usual zeolites have been
widely used in petrochemical industry, they often suffer from the disadvantages of
microporous features such as the restriction of diffusion of molecules in the matrix.
Therefore, an introduction of mesoporous cavities into a part of the microporous crystal is
one of alternative ways to overcome such problems. In this work, we reported that the
hierarchical micro/mesoporous zeolites, combining microporous and mesoporous
features, have been successfully prepared using carbon-silica (C/SiO;) composites,
derived from a pyrolysis of hydrocarbon gas on silica gel. The C/SiO, composites act as a
bifunctional material in which carbon residues and SiO, act as mesoporous template and a
silica source for the zeolite synthesis, respectively. The mesoporosity of zeolite is clearly
obtained when carbon residues are incorporated during zeolite synthesis and it can be
easily controlled by varying the carbon content in the C/SiO, composites. Increasing the
carbon content in such composites results in a significant increase in surface area and
total pore volume, which reflects a rise of the mesopore volume whereas the micropore
volume of the sample is not significantly altered. These observations are promising and

confirm the existence of hierarchical zeolite combining microporous and mesoporous
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features obtained by using carbon templates derived from a pyrolysis of hydrocarbon gas
on silica gel. Their catalytic performance for different reactions, including n-butene
isomerization, and catalytic cracking of hexane, methylpentane and n-hexadecane, were
also investigated. It clearly demonstrated that the catalytic efficiency of the reactions
with respect to large molecules such as n-butene isomerization and catalytic cracking of
n-hexadecane, could be improved by the mesoporosity, whereas the performances of
catalytic cracking of C6 molecules could not be enhanced by the mesoporous material. In
addition, the catalytic activities of bifunctional zeolites, which are obtained by the
incorporation of active metallic sites (Pt) into H* type zeolite, are investigated on both,
the conventional and the hierarchical micro/mesoporous zeolite. It is found that the
hierarchical micro/mesoporous Pt/HZSM-5 not only improved the degree of metal
nanoparticle dispersion into secondary zeolite voids, but importantly also enhanced the
catalytic reaction of n-hexadecane hydrocracking. Our findings confirm that the
hierarchical zeolite with a bimodal porous system of microporous and mesoporous
cavities can be generated by using carbon residues as mesopore-templates derived from
pyrolysis of hydrocarbon gases and these catalysts show promising results, especially
when the reaction involves large molecules in the catalytic processes. We strongly believe
that this synthesis method of the hierarchical microporous/mesoporous zeolites can be
used to produce any types of hierarchical zeolite, which might be useful for many

potential reactions in petrochemical industry.

Chapter 2: A Quantum chemical analysis of structures and reaction mechanisms of

1-butene skeletal isomerization over ferrierite zeolite

Based on previous reports in the literature, the skeletal isomerization of 1-butene
over zeolite is one of the most interesting topics in both the academic and industrial
context. However, the mechanism of this reaction and the existence of intermediates are
still debated. In this chapter the complete mechanism of skeletal isomerization of 1-
butene over ferrierite zeolite was theoretically studied by means of quantum calculation
methods. The reaction mechanisms are proposed to occur via a monomolecular reaction,
involving the transformation of adsorbed 1-butene through 2-butoxide, isobutoxide, and
tert-butyl cation intermediates. Two different mechanisms are found depending on the
size of the framework model. In the case of a large model (37T cluster) including the
effect of the zeolite framework, the monomolecular reaction mechanism proceeds through
four transition state structures, namely, the protonation of 1-butene TS1(I1), the cyclic
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transition state TS2(1V), the conversion of isobutoxide to tert-butyl cation by the 1,2
hydride shift transition state (V1) and the deprotonation of tert-butyl cation (VIII), with
the corresponding intermediates, 2-butoxide, isobutoxide and tert-butyl carbenium ion. In
contrast, the mechanism in a small model (5T) excluding the framework effect is leading
to three transition state structures and two alkoxide species. The difference in mechanism
for the 5T model compared to 37T is that the isobutoxide (V) intermediate can be directly
decomposed to form the isobutene adsorption complex, whereas this is prohibited in the
case of 37T. Moreover, different rate-determining steps were observed in the 5T and 37T
model. The rate-determining step for the 37T model is found to be the decomposition of
the surface isobutoxide intermediate through a highly unstable primary isobutyl
carbenium ion transition state via the intramolecular 1,2-hydride shift of the tert-butyl
cation as reactive intermediate, whereas the rate-determining step for the 5T model is the
branching step in which 2-butoxide transforms into isobutoxide. In addition, these
observations demonstrated that using medium-pore size ferrierite zeolite (H-FER),
presented by the 37T model, suggests the tert-butyl carbenium cation as a true
intermediate, whereas this species cannot be found when the effects of the zeolite
framework were neglected. Our findings support the idea that the shape selectivity due to
the *“nano-confinement” effect of the zeolite framework strongly affects not only the
adsorption, the stability of reaction intermediates and transition states, but also the
mechanisms of the reaction. We also made evident here that the choice of methods,
models used and model constrains must be carefully considered in order to get correct

results.
Chapter I11: Enantioselective recognition at metallic mesoporous surfaces

Apart from porous zeolite, we also investigated the generation of chiral
mesoporous metal and its enantioselective recognition properties by a molecular
imprinting (MI) approach. Ml method is a major approach for generating materials with
enantioselective properties, however, this technique has been restricted so far mostly to
soft matrices such as polymers, leading to molecularly imprinted polymers (MIPs). They
often suffers from some disadvantages, such as difficult template removal, slow binding
kinetics and high flexibility of the polymer, which results in destruction of the chiral
structure of the cavity after removal of the template. Introduction of chiral features at
metal surfaces has been reported in many literature reports. However, so far no study
achieved the design of chiral metallic surfaces by molecular imprinting in which the
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chiral footprint could be retained even after removal of the chiral template. The reason
might be the low surface area of flat metallic surfaces. This has motivated us to design a
matrix bearing mesoporous features and chiral cavities at the internal metallic surface. In
this work, chiral imprinted mesoporous platinum has been successfully elaborated by the
electrodeposition of platinum in the simultaneous presence of surfactant, forming a
lyotropic crystal phase, and a chiral template molecule. This material exhibits not only a
dramatic increase in active surface area due to the mesoporosity, but also a significant
discrimination between two enantiomers of a chiral probe, confirmed by both
electrochemical and enantioselective adsorption experiments. This preliminary work
shows very promising results with respect to a chiral imprinted metal that retains its
chirality even after removal of the template, and is therefore very complementary to the
class of molecular imprinted polymers. Our findings could lead to the development of
new materials, which are of potential interest for applications in areas such as chiral
synthesis, sensors, separation, purification and drug development.

In summary, this thesis demonstrated that porous materials are very useful for
various potential applications such as catalysis, separation and chiral technologies. The
design of porous features can be efficiently controlled by the presence of both, hard and
soft templates. The well-organized porous structure results in unique properties of the
materials. The materials, composed of only small porous cavities (microporous
materials), exhibit a shape selectivity for molecules that are comparable with the porous
features. However, microporous materials are not efficient for some applications due to
eventual difficulties to access the active sites. In order to improve these weaknesses of
such materials, the design of materials with larger porous cavities might be an alternative
way. Introducing mesoporous cavities into the materials not only enhances the surface
area due to mesoporosity, but also increases the possibility of molecules to access the
specific sites. Furthermore, in this thesis we also demonstrated that materials bearing
mesoporous features and chiral cavities at the inner pore surface allow the discrimination
between two enantiomers of a chiral probe compared to nonporous materials. Our
findings verified that many types of porous materials can be designed in a controllable
way in order to improve their efficiency, and make them suitable for desired applications
such as petrochemical catalysis, chiral synthesis, sensors, separation and drug

development.
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APPENDIX A

BET theory

In this work, the specific surface area (Sger) Of zeolite catalyst is derived from
Brunauer-Emmett-Teller (BET) theory in which the amount of adsorbed gas on a solid
support is explained by an extension of the Langmuir theory®. The BET plot shows the

linear relationship between _P and P as shown in figure Al and the BET
V(P,—-P) P,

equation is expressed by:

P _ 1  C-tp
V(P,-P) V.C V. CP

where P and Py are the equilibrium and saturated pressure of adsorbates at adsorption
temperature, respectively. V and Vy, are the amount of adsorbed gas and the monolayer
(Eaps—Econo)
adsorbed gas quantities, respectively. C is BET constant (CzT) where Eaps
and Econp are the heat of adsorption at the first layer and the heat of condensation at
multilayer, respectively. R is gas constant. Therefore, the Vi, and C can be obtained by
the slope and y-intercept. The specific surface area (Sger) corresponds to Vp and is
obtained by:
_ V.Ns
BET mx22400

where N, s and m are Avogadro’s number, adsorption cross section of the adsorbate
molecules and mass of adsorbent, respectively.
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Figure Al. BET plot in the linear range.

t-plot method

The microporous volume (Vmicro) can be calculated by the t-plot method 2 in
which the volume of adsorbed gas is plotted as a function of statistical layer thickness (t)
at corresponding P/Pg as shown in Figure A2. The micropore volume can be estimated by

the y-intercept of this graphically curve. The micropore volume (Vmicro) IS derived by:

Y/

micro

=VinD

where Vi is the volume at the y-intercept obtained by the plotting of the adsorbed

gas quantity and layer thickness at corresponding P/Py and D is density conversion factor.

Figure A2. The t-plot curve of selected microporous zeolite sample.
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Barret-Jovner—Halenda (BJH) model

In this study, the mesoporous size distribution is explained by BJH theory. The
BJH model is based on the assumption that pores are in the cylindrical shape and the pore
radius is the summation of the Kelvin radius and the thickness of adsorbed layer on the
pore wall®. The pore diameter of BJH model is described by the following equation. The
first term represents Kelvin radius due to capillary condensation and the second term is

the multilayer thickness.

2W
d=—""0 4ot

RTIn[Poj
p

where P and Py are the actual and saturated vapor pressure. R is the gas constant, V| is the
molar volume, vy is the surface tension, T is temperature, d is the pore radius and t is the

layer thickness.
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APPENDIX

The experimental setup for the catalytic study of 1-butene isomerization

Figure B1. The setup diagram of a fixed-bed tubular reactor for catalytic study of 1-

butene isomerization.
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APPENDIX ‘

The GC condition for the product separation and the example chromatogram of 1-

butene isomerization

As for 1-butene isomerization, the products were analyzed by an online Agilent
6890N gas chromatograph) equipped with a Flame lonization Detector (FID) and a
capillary column (GS-GasPro, 60 m x 0.32 mm ID). The product separation was carried
out by use of the He flow rate of 3.3 cm®min as carrier gas and oven temperature
program (condition: 80 °C for 0.5 min, 175 °C for 2 min with heating rate of 25 °C/min
and 250°C for 15 min with heating rate of 25 °C/min). The example chromatogram of

product separation is shown in Figure C1.
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Figure C1. The example chromatogram from gas chromatography technique (GC) of the
isomerization of 2 v/v% of 1-butene in Ar in the total flow of 10 cm®min
over the hierarchical micro/mesoporous HZSM-5 (Si/Al = 29) obtained by
use of the C/SiO, composite at 240 °C at 120 min.
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The peak at retention time of the 5.5 minute is assigned to be propene. The peak
around the 6 minute belonged to butane isomers and the peaks in the range of 8.8 to 10.4
minutes are butene isomers. It is clearly shown that each isomer of butenes can be clearly
separated by this GC condition. From this chromatogram, it also shows peaks of
2-butenes, even we used the 1-butene as reactant. Because 1-butene can be easily
converted to be 2-butene over Bransted zeolite via double bond migration® and 1-butene
and 2-butene can be simultaneously reacted via the same mechanism to convert to
isobutene®, the summation of peaks of 1-butene and 2-butene (cis- and trans) are assigned

as reactant for calculating of conversion of butenes and product selectivity.
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APPENDIX

The experimental setup for the catalytic study of n-hexane and 3-methylpentane
cracking

Figure D1. The setup diagram of a fixed-bed tubular reactor for the catalytic study of
n-hexane and 3-methylpentane cracking.
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APPENDIX E

The GC condition for the product separation and the example chromatogram of n-

hexane cracking

As for the n-hexane cracking, the products were analyzed by an online Agilent
6890N gas chromatograph) equipped with a Flame lonization Detector (FID) and a
capillary column (GS-GasPro, 60 m x 0.32 mm ID). The product separation was carried
out by use of the He flow rate of 3.3 cm®min as carrier gas and oven temperature
program (condition: 80 °C for 0.5 min, 175 °C for 2 min with heating rate of 25 °C/min
and 250°C for 15 min with heating rate of 25 °C/min). The example chromatogram of

product separation is shown in figure E1.

Figure E1. The example chromatogram from gas chromatography technique (GC) of
the n-hexane cracking over the commercial HZSM-5 (Si/Al = 26) obtained by
use of the C/SiO, composite at 500 °C.
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APPENDIX F

The Antoine equation for the calculation of vapor pressure of reactant feed

The concentrations of vapor pressure of reactant feed of n-hexane and
3-methylpentane in carrier gas are calculated by the Antoine equation, which described
the relationship between vapor pressure and temperature as the following equation.

B
C+T

logP =A—

where P is the vapor pressure, T is temperature and A, B and C are Antoine coefficients
that are specific values for each compound. In the case of n-hexane and 3-methypentane,
A B and C are shown in Table C1.

Table F1. The Antoine coefficients of n-hexane and 3-methylpentane®.

Compound T (K) A B C
n-hexane 286.18-342.69  4.00266 1171.53 -48.784
3-methylpentane  288.44-337.23  3.97377 1152.368 -46.021
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APPENDIX G

The GC condition for the product separation and the example chromatogram of

the n-hexadecane cracking and hydrocracking

As for the n-hexadecane cracking and hydrocracking, the products are analyzed
by an online Agilent 7820A gas chromatograph) equipped with a Flame lonization
Detector (FID) and a capillary column (DB-1, 100 m x 0.25 mm ID x 0.50 ym film
thickness). The product separation was carried out by use of the He flow rate of 1.2
cm®min as carrier gas and oven temperature program (condition: 80 °C for 1 min and
320 °C for 20 min with heating rate of 10 °C/min). The example chromatogram of the

product separation is shown in figure G1.

S Cq-Cq

6000
5000

4000

3000 ? CS-C 7
2000—:
1000_- } ’ ‘ ' l ‘1116 1 n-hexadecane
6 ll\ o | U_m.u 5 I T ——
é 1|0 1|5 2‘0 2|5 3‘0 3‘5 4|0 min

Figure G1. The example chromatogram from gas chromatography technique (GC) of
the n-hexadecane hydrocracking over the hierarchical micro/mesoporous
Pt/HZSM-5 (Si/Al = 29) obtained by use of the C/SiO, composite at 600 °C
for 6 hours.
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APPENDIX H

The ONIOM approach

The ONIOM, which stands for “Our-own-N-layered-Integrated molecular Orbital
and molecular Mechanics”, is a multi-layered hybrid approach, which combines between
the desired high accuracy and suitable computing resources’.

The fundamental of the ONIOM approach is based on an extrapolation
assumption. This method can be used to perform in large system by defining two or three
layers within structure, which are treated at different levels of calculation, as known in
ONIOM2 and ONIOM3. A molecular system can be divided into onion shell-like layer as
shown in figure H1. For ONIOM2 scheme, the real system or whole system contains both
model system and outer layer, that are treated by low level method, whereas the high
layer, which is called the model system, belongs to the part of interesting system that is
treated by high level of accuracy. Therefore, the link atoms (normally hydrogen is used)
are used to saturate open valencies of the dangling bond, which is cut due to separation
each layer.

An extrapolation assumption scheme is shown in Figure H2. As for the two-layer
approach as example, Eoniom, real Fefers to the target energy of real system at a high level,
which can be approximated by the division of system into two layers: model system at
low level (E;) and high level of accuracy (E;) and real system at low level (E3) as shown
in the following equation’.

Eoniom, reat = E4(high, real) = Es(low, real) + Ex(high, model) - E;(low, model)
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For the three-layer ONIOM approach, the target energy of entire system at high

level can be extrapolated by the following equation .
Eoniom, real = Eg(high, real)
= Es(low, real) + Es(medium, I-model) + E4(high, S-model) —
Es(low, I-model) — Ez(medium, S-model)

Where I-model and S-model denote to intermediate model and small model, respectively.
High, medium and low refer to the high, medium and low levels of calculation,

respectively.

Figure H1. The ONIOM approach scheme: (a) the two-layers ONIOM approach
(ONIOM?2) and (b) the three-layers ONIOM approach (ONIOM3)®*°.
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Figure H2. Illustration of the OINIOM extrapolation assumption for (a) the two-layers
ONIOM approach (ONIOM2) and (b) the three-layers ONIOM approach
(ONIOM3)®*®,
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Resumé

RESUME

Dans le présent travail, I'élaboration, la caractérisation et les applications de
différents matériaux poreux ont été étudiés. Les matériaux poreux sont divisés en trois
catégories en fonction de la taille de la cavité poreuse, a savoir des matériaux
microporeux (diamétre des pores <2 nm), des matériaux mesoporeux (2 nm < diamétre
des pores <50 nm) et des matériaux macroporeux (diamétre des pores > 50 nm). Le
travail de thése est organisé en trois grandes parties: la synthese de zéolithes
hiérarchiques micro/mésoporeux et leur application potentielle pour I'industrie
pétrochimique comme c’est démontré dans le chapitre 1, I'étude théorique des
mécanismes de réaction sur zéolithe microporeuse pour le chapitre 2 et la conception des
métaux mesoporeux possédant une chiralité intrinseque a leur surface intérieure, décrit au

chapitre 3.

Dans la premiere partie de la thése, les zéolithes hiérarchiques, composées
d'éléments microporeux et mésoporeux, ont été préparées en utilisant des composites
carbone-silice (C/SiOy) issus d'une pyrolyse de gaz d’hydrocarbures sur gel de silice. Les
composites C/SiO, agissent comme un matériau bifonctionnel dans lequel le carbone et le
SiO, agissent comme template mésoporeuse et comme source de silice pour la synthese
de la zéolithe, respectivement. Une mésoporosité de la zéolithe est clairement obtenu
lorsque des résidus de carbone sont incorporées en cours de synthese de zéolithe et elle
peut étre facilement réglée en faisant varier la teneur en carbone dans les composites de
C/SiO,. L'augmentation de la teneur en carbone dans les composites se traduit par une
augmentation significative de la surface et le volume total des pores, ce qui reflete une
augmentation du volume mésoporeux alors que le volume des micropores de I'échantillon
n'est pas significativement modifiée. Ces observations démontrent que non seulement la
présence d'une grande surface et d’une porosité, mais aussi une meilleure efficacité de ces
matériaux pour de nombreux procédés pétrochimiques, tels que l'isomérisation de n-
buténe, le craquage catalytique de n-hexadécane et I'hydrocraquage. Leur performance
catalytique pour des réactions différentes, y compris I’isomérisation de n-butene, et le
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craquage catalytiqgue d'hexane, methylpentane et n-hexadécane, ont également été
étudiées. Il était clairement démontré que I'efficacité catalytique des réactions a I'égard de
grosses molécules telles que I'isomérisation de n-buténe et le craquage catalytique du n-
hexadécane, peut étre améliorée par la mésoporosité, alors que les performances de
craquage catalytique de molécules C6 ne pouvaient étre améliorées par ce matériau
mésoporeux. De plus, les activités catalytiques des zéolithes bifonctionnels, qui sont
obtenus par I'incorporation de sites actifs métalliques (Pt) dans une zéolithe de type H",
sont étudiés a la fois pour la zéolithe classique et la zéolithe hiérarchique micro/
mésoporeux. On constate que la zéolithe hiérarchique micro/mésoporeux Pt/HZSM-5 non
seulement améliore le degré de dispersion de nanoparticules métalliques dans les canaux
de la zéolithe secondaire, mais surtout aussi améliore la réaction catalytique
d'hydrocraquage du n-hexadécane. Nos résultats confirment que la zéolithe hiérarchique
avec un systeme poreux bimodal de cavités microporeux et mésoporeux peut étre générée
a l'aide de résidus de carbone comme template mésoporeux issus de la pyrolyse de gaz
d'hydrocarbures et ces catalyseurs montrent des résultats prometteurs, en particulier
lorsque la réaction implique de grosses molécules dans les procédés catalytiques. On peut
envisager de généraliser cette nouvelle méthode de synthese a d'autres types de zéolithes,
pour creer des zéolithes hiérarchiques micro/mésoporeux pour des applications
catalytiques, en particulier dans l'industrie pétrochimique.

En plus de I'étude des aspects pratiques de la catalyse, une approche théorique a
été utilisé pour étudier les mécanismes de réaction potentiels tels que I'isomérisation
sélective du 1-buténe en isobuténe, qui est I'un des sujets les plus intéressants a la fois
dans le contexte académique et industriel, parce que l'isobuténe est un intermédiaire utile
conduisant a de nombreux composés, comme des additifs dans I'essence, par exemple
I’éthyl tert-butyl éther (ETBE ), le polyisobutyléene (PIB ) et des méthacrylates.
Cependant, le mécanisme de cette réaction et I'existence d'intermédiaires sont encore sujet
de discussion. Il existe de nombreux mécanismes proposés dans la littérature, y compris
les mécanismes monomoléculaires, pseudomoléculaires et I’oligomérisation-craquage.
Cependant, la voie monomoléculaire est la voie la plus importante lorsque la réaction a
lieu sur zéolithe de type FER. Par conséquent, dans ce chapitre, le mécanisme
monomoléculaire compléte d'isomérisation du squelette de buténe-1 sur ferrierite zéolithe
est étudiée au moyen de méthodes de calcul quantique basé sur I'approche ONIOM. Deux

mécanismes différents sont trouvés en fonction de la taille du modele. Dans le cas d'un
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grand modéle (37T cluster), y compris I'effet du squelette de la zéolithe, le mécanisme de
réaction monomoléculaire passe par quatre structures de I'état de transition, a savoir, la
protonation de butene-1 TS1 (Il), I’état de transition cyclique TS2 ( 1V ), la conversion de
I'isobutoxyde en cation de tert-butyle via I’état de transition de décalage de hydrure 1,2
(V1) et la déprotonation du cation tertiobutyle ( VIII ), avec les produits intermédiaires
correspondants, 2- butoxyde de potassium, isobutylate et I’ion carbénium de tert-butyle.
En revanche, le mécanisme dans un petit modeéle (5T) sans effet de squelette donne trois
structures d'état de transition et deux espéces d'alcoolates. La différence de mécanisme
entre le modele de 5T et 37T est que I' intermédiaire isobutoxyde (V) peut étre
décomposé directement pour former le complexe d'adsorption d'isobutene , alors que cela
est interdit dans le cas de 37T. L'étape limitant de vitesse est la conversion de
I'isobutoxyde en isobutene, dans lequel la réaction doit passer par I'état de transition
primaire de cations isobutyle. L'étape limitant pour le modele 37T se trouve étre la
décomposition de I' isobutoxyde de surface intermediaire a travers d’un état de transition
primaire  hautement instable. En outre, ces observations ont démontré que pour
I'utilisation de ferrierite zéolithe (H -FER) avec des pores de taille moyenne, présenté par
le modele 37T, le cation tert-butyle est le véritable intermédiaire, alors que cette espece
ne peut étre trouvée lorsque les effets de la squelette de la zéolithe ont été négligés. Ce
travail démontre clairement que la sélectivité de forme due a un effet de «nano-
confinement» de la squelette de la zéolithe affecte fortement I'adsorption, la stabilité des
espéces d'alcoxydes et carbocation, ainsi que le mécanisme d' isomérisation de buténe-1.

Outre la forme des matériaux non-conducteurs tels que la zéolithe nanoporeux, la
génération de métaux mésoporeux chiraux et ses propriétés de reconnaissance
énantiosélectifs ont été étudiés. L’empreinte moléculaire (MI) est une approche
importante pour générer des matériaux avec des propriétés énantiosélectives, cependant,
cette technique a été limité jusqu'ici principalement a des matrices souples tels que les
polymeéres, conduisant a des polymeres a empreintes moléculaires (MIP). Cette technique
souffre souvent de quelques inconvénients, comme un enlévement difficile du template,
une cinétique de fixation lente et une grande flexibilité du polymere, ce qui entraine la
destruction de la structure chirale de la cavité aprés le retrait du template. La génération
de fonctionnalités chiraux sur des surfaces métalliques a été signalés dans de nombreux
rapports de la littérature. Toutefois, jusqu'a présent, aucune étude a pu démontrer la

conception des surfaces métalliques chiraux par empreinte moléculaire pour lesquelles
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I'empreinte chiral peut étre conservée méme apres le retrait du template chiral. Dans ce
travail, du platine mésoporeux imprimé de facon chiral a été obtenue par la réduction
électrochimique de sels de platine, en présence simultanée d'une phase de cristal liquide
lyotrope et de molécules template chiraux. Les matériaux obtenus présentent non
seulement une augmentation spectaculaire de la surface active en raison de leur
mésoporosité, mais aussi une discrimination significative entre les deux énantiomeéres
d'une sonde chiral, confirmée par les voie électrochimique et par des expériences
d'adsorption énantiosélectifs. Le platine poreux conserve son caractéere chiral, méme apres
le retrait du template chiral. Ce travail préliminaire montre des résultats trés prometteurs
en ce qui concerne la synthese d’un métal imprimé avec un motif chiral, qui en plus
conserve sa chiralité méme apres le retrait du template. L’approche est donc tres
complémentaire a celle des polymeres a empreintes moléculaires. Nos résultats pourraient
mener au développement de nouveaux matériaux, qui présentent un intérét potentiel pour
des applications dans des domaines tels que la synthése chirale, les capteurs, la
séparation, la purification et le développement de médicaments.

Par conséquent, ce travail démontre que plusieurs types de matériaux poreux,
allant de composé non conducteur jusqu’aux matériaux conducteurs ont été fabriqués par
des méthodes contrblables. La conception des éléments poreux peut étre géré de maniere
efficace par la présence de templates appropriés soit mous soit durs. La structure poreuses
bien organisées résulte en des propriétés uniques des matériaux. Par exemple, les
matériaux microporeux, composé seulement de petites cavités poreuses présentent une
sélectivité de forme parce que la dimension de leurs cavités est comparable a la
dimension moléculaire. Toutefois, des matériaux microporeux ne sont pas efficaces pour
certaines applications en raison d'éventuelles difficultés pour accéder aux sites actifs.
Afin d'améliorer les faiblesses de ces matériaux, la conception de matériaux avec de plus
grandes cavités poreuses pourrait étre une alternative. Introduire des cavités mésoporeux
dans les matériaux améliore non seulement la surface en raison de la mésoporosité, mais
augmente également la possibilité pour les molécules d'accéder a des sites spécifiques.
Nos résultats ont confirmé que de nombreux types de matériaux poreux peuvent étre
congus d'une maniére contr6lable afin d'améliorer leur efficacité et de les rendre aptes
pour les applications souhaitées. Ces matériaux poreux sont trés utiles pour diverses

applications potentielles allant de la catalyse aux technologies de séparation chirale. En
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outre, nous avons également intégré des calculs théoriques ensemble avec les aspects

expérimentaux, afin d'étudier et mieux comprendre au niveau moléculaire ces sytemes.

Mots clés: Zéolithes micro- et mesoporeux, isomérisation, catalyseurs, nano-
confinement, métaux mesoporeux chiraux, cristaux liquide lyotrope,

electrodéposition, électroanalyse, calcul quantique.
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