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Cellulose, a major constituent of biomass, is a promising source of sustainable energy.
A key step in the conversion of cellulose to a platform chemical is glucose isomerization to
fructose. Sn-Beta zeolite catalyzes this reaction with high yield. The effect of methanol as a
reaction medium on glucose transformations catalyzed by Sn-Beta has not been quantified.
Here, density functional calculations are employed to elaborate on the effect of methanol
medium, specifically to determine how reaction pathways and energy barriers are affected
by methoxylation of Sn or Si groups at the active sites in Sn-Beta. Calculations suggest
that the presence of the neighboring silanol group is necessary for glucose isomerization.
If the silanol group is altered by methoxylation glucose epimerization is promoted and will
likely occur. These results provide additional understanding of the active site of Sn-Beta

for glucose transformations and are insightful for novel catalyst design and development.
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CHAPTER 1

INTRODUCTION

As non-renewable resources are being quickly depleted, the need to vary fuel supplies
has increased. Biomass is a source of organic carbon, and in turn, provides a possibility for
producing a sustainable source of energy, biofuel [26]. Data collected by the International
Energy Agency (IEA) in 2012 show that 10% of the world’s total primary energy supply
is from biofuels and waste, and by 2030, it is predicted that 20% of transportation fuel
and 25% of chemicals in the U.S. will be obtained from biomass, signifying a shift to a
carbohydrate-based economy [1, 24]. The development and discovery of new technologies
will facilitate the shift towards energy produced through biomass, thereby providing carbon
neutral sources of energy.

Biomass is composed primarily of cellulose and hemicellulose. These two constituents
make up 60-90 wt% of biomass [24]. Lignin is the primary component of the rest of
biomass. Hemicellulose is a polymer of five sugars: xylose, arabinose, galactose, glucose,
and mannose. The most abundant of these sugars is xylose, which is the monomer of xylan.
Unlike hemicellulose, cellulose is a polymer of only one sugar, glucose. The chemical

structures of xylan and cellulose are show in Figure 1.1.
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Glucose

Figure 1.1

Chemical structures of xylan and cellulose

Cellulosic material can be transformed into biofuel. A simple schematic for conversion
of cellulose to a biofuel is illustrated below in Figure 1.2.

As can be seen from Figure 1.2, hydrolysis of cellulose produces glucose monomers,
and dehydration of glucose leads to the formation of platform chemicals, such as 2, 5-
hydroxymethylfurfural (HMF). From HMF other chemicals, monomers, and in the sense
of achieving a sustainable source of energy, fuels such as dimethylfuran (DMF), a liquid
biofuel, can be produced. DMF can be formed through the dehydrogenation of HMF. The
conversion of cellulose to a biofuel is hindered by the dehydration of glucose to a platform
chemical; however, if glucose is first isomerized to fructose, with dehydration of fructose
occurring after, higher yields of the platform chemical can be achieved [24].

Glucose isomerization to fructose is catalyzed in industry through the enzyme D-
glucose/xylose isomerase (glucose isomerase, GI) [6]. The use of glucose isomerase is
mostly in the production of high fructose corn syrup, which is used to replace the use of
sucrose as a sweetener. Because of this, the enzyme has a hold over one of the largest
markets in the food industry [6]. Although isomerization catalyzed with GI offers high

selectivity and no side product formation, process conditions such as temperature and pH
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Hydrolysis Dehydration

Cellulose Glucose ally
(hydroxymethylfurfural)
Isomerization I I Dehydration
Fructose

Figure 1.2

Monomers

Biofuels
Chemicals

Conversion of cellulose into a platform chemical

must be regulated [6]. In addition, impurities that inhibit the enzyme must be removed from
the reaction feed, and the enzyme itself must be replaced because of decrease in activity,
resulting in higher operating costs [31].

Moliner et al. [31] proposed Sn-Beta zeolite as a suitable heterogeneous catalyst for
glucose isomerization based on evidence provided by Corma et al. [13] that Sn-Beta pro-
ficiently catalyzes Meerwein-Ponndorf-Verley reactions (reduction of aldehydes and ke-
tones) and Oppenauer oxididation of alcohols (together, MPVO reactions). Corma et al.
[14] also showed that Sn-Beta zeolite was an efficient catalyst for Baeyer-Villiger oxidation
reactions. Indeed, Moliner et al. [31] observed Sn-Beta catalyzing glucose isomerization
to fructose with high selectivity and yield in aqueous reaction medium, as well as demon-
strated the viability of using the zeolite in highly acidic environments and over a range of
temperatures. The ability to use Sn-Beta zeolite in acidic enviornments opens the possibil-

ity of “one-pot” synthesis of the platform chemical HMF [33].
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According to Newsam et al [32], beta zeolite is a high-silica, large pore crystalline
material. Using various characterization tools—electron microscopy, electron and powder
X-ray diffraction, and computer-assisted modelling—the beta framework was determined
to be a three-dimensional framework, which is a hybrid of two distinct structures, con-
sisting of twelve rings [32]. Figure 1.3 is an illustration of an extended unit cell of the
beta zeolite framework, depicted molecularly. Purple and red spheres are Si and O atoms,

respectively.

Figure 1.3

Molecular structure of beta zeolite framework

Newsam et al. [32] concluded that beta zeolite has nine distinct tetrahedral sites (T-
sites), which are the positions of Si atoms that can be replaced by metal centers, such as Sn

(forming Sn-Beta). The incorporation of these metal centers greatly increases the Lewis

4
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acidity of the zeolite and allows the zeolite to coordinate and react with carbonyl groups

[35]. Furthermore, beta zeolite is also a hydrophobic zeolite, allowing for a nearly water-

free environment for catalysis to take place [16], and the pore size is approximately 0.8 nm,

large enough for a glucose molecule to diffuse [31].

The active site for glucose transformations has been difficult to discern by past studies.

Boronat et al. [7] proposed framework Sn sites has two forms: closed, a fully coordinated

Sn site (Sn-(0-Si)3), and open, a partially hydrolyzed Sn site ((-Si-O)3SnOH), as shown

in Figure 1.4. Because the Sn site is partially hydrolyzed, the resultant is the formation

of an adjacent silanol (SiOH) group. Evidence from computational examinations of the

Sn site suggests that the open Sn site is more reactive and is the active site for glucose

isomerization [7, 3].

Closed Site

Figure 1.4

Open Site

Framework Sn sites in Sn-Beta zeolite in closed and open forms
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H-C-OH
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CHOH CH,OH
Fructose Mannose
Figure 1.5

Scheme illustrating how reaction medium affects glucose transformation

Bermejo-Deval et al. [4] have shown experimentally that Sn-Beta predominantly iso-
merizes glucose in aqueous solution, while glucose predominantly epimerizes to man-
nose in methanol reaction medium. This scheme is seen in Figure 1.5. They posited that
methanol could coordinate with the open Sn site, which could affect the binding of glu-
cose to the site [4]. Several studies have provided evidence that methanol can interact with
Sn sites, though the mechanistic role of the effect of methanol has not been explored or
quantified [30, 38, 17].

While studies regarding glucose transformations with Sn-Beta focused on the role of
the open Sn site, Rai et al. [34] employed density functional calculations to determine the

role of the neighboring silanol group to the Sn site on reaction pathways. Their calculations
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show that isomerization prevails when glucose binds to the Sn site that involves the silanol
group, whereas epimerization prevails if glucose binds that does not include the silanol
group. From their results, Rai et al. [34] speculated that in methanol medium, it was
possible that silanol groups could be methoxylated, thereby promoting the binding mode
that led to a pathway in which epimerization would more likely occur.

The goal of the present work is to study the effect that methanol could have on the
environment of the active site of Sn-Beta. Specifically, the speculation of Rai et al. [34] is
considered, and reaction pathways and energy barriers are calculated for glucose transfor-
mations when either the Sn or Si site is methoxylated. To determine these consequences,

density functional theory calculations are employed.
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CHAPTER 2

COMPUTATIONAL DETAILS

Density functional theory (DFT) calculations were used to determine reaction pathways
and energetics. Two theorems by Hohenberg and Kohn [23] and a method approach by

Kohn and Sham [27] provide the foundation for modern density functional theory.

2.1 First Hohenberg-Kohn Theorem

The first Hohenberg-Kohn theorem states that the external potential, v(r), influencing
a system of particles is uniquely (to within a constant) determined by the ground state
particle density n(r). From this theorem, it follows that any property of a system can be
described in terms of the particle density n(r) [23]. The following proof by contradiction
by Hohenberg and Kohn [23] is shown for this first theorem.

The electronic density in the ground state, ¥ , is denoted as

n(r) = (¥, ¢*(r)y(r)¥) 2.1)

It can be seen that n(r) is a functional (function of a function) of an external potential
v(r) acting on the system. It is assumed that another potential, v/(r), with ground state,

U’ results in the same density n(r). Unless v'(r) - v(r) = constant, then the two ground
8
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states, ¥ and W', are not equal because they satisfy different Schrodinger equations. If the
Hamiltonian and ground-state energies associated with W are H and F, and the for U’ are

H' and E’, then

E =V, HV) < (U, HV) = (U,(H+V' —V)D) (2.2)

and
E<E+ / () — v(r)]n(r)dr 2.3)
When the unprimed and primed quantities are exchanged,
E<E+/@m—ummmm 2.4)

When Equation (2.3) and Equation (2.4) are added, the following equation results,

which is a contradiction.

E+E <E+E (2.5)

2.2 Second Hohenberg-Kohn Theorem
The second theorem defines a functional for energy E[n] in terms of the electronic den-

sity, which is valid for any external potential. The minimal value of the energy functional
9
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is the ground state energy, and the corresponding density is the ground state density of the
system. It follows from this theorem that if the energy functional is known, the ground
state energy and particle density of the system can be determined. The following proof is
given for this theorem [23].

F[n(r)], which is a universal functional, effective for any external potential and any

given number of particles, is defined as in Equation (2.6).

Fla(r)] = (9, (T + U)W) 2.6)

For a given v(r), the energy functional, F,[n] is defined as
E,[n] = / v(r)n(r)d(r) + Fln] 2.7)

From here, it seen that for the correct density, F,[n] is equivalent to the ground state
energy.

For a system of N particles, the energy functional of W’ is defined as

U] = (W, V) + (W, (T + U)V') (2.8)

If W/ is the electronic density in the ground state associated with a different external

potential, v(r), then by Equation (2.8) and Equation (2.6),

10
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e [U] = / (@) ni(r)d(r) + Flni], > ,[¥] = / v()n(r)d(r) + Fln]  (2.9)

2.3 Kohn-Sham Method
Kohn and Sham [27] provided a method for utilizing the theorems by Hohenberg and
Kohn [23]. From Hohenberg and Kohn [23], the ground state energy of interacting particles

influenced by a potential v(r) can be written as

E:/mmmm+;//ﬁf?ﬁwmﬂ+Gm (2.10)

where n(r) is the density and G[n] is a universal functional of the density. Kohn and Sham

[27] proposed that

G[n] = T.[n] + E.[n] (2.11)

where T[n] is the kinetic energy of a system of non-interacting particles with density n(r).
They defined E,.[n] as the exchange and correlation energy of an interacting system with
density n(r).

If the exchange-correlation energy for the system is exact, then the solution for the
system is an exact solution. Therefore, choosing an exchange-correlation functional and

basis sets with high-level approximations appropriate for the system is important.

11
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2.4 Exchange Correlation Functional

The functional used for these calculations is the hybrid functional M06-2X, which is
based on meta-GGA (generalized gradient approximation) approximations. This functional
was developed by Zhao and Truhlar [41, 29] and provides dependable thermochemistry and

represents the van der Waals interactions present in the system.

2.5 Basis Set

Basis sets are mathematical functions that are used to describe molecular orbitals [15].
Two types of basis sets are used for these calculations: Pople [22, 21, 20] and LANZDP
[37, 9].

Pople [22, 21, 20] type basis sets are split-valence basis sets; core orbitals are repre-
sented by a single basis function, but valence orbitals are split into inner and outer parts.
For example, the basis set 6-31G [22] is used to describe hydrogen atoms that are added
to the zeolite cluster to satisfy valency, where the zeolite cluster was cut out from the
larger zeolite framework. The first number (6) denotes the amount of Gaussian orbitals
that make up the core. Two numbers after the hyphen signify a split-valence double-zeta
basis set, which means the valence orbitals are described by two basis functions each. For
example, for these hydrogen atoms, each valence shell is described by inner and outer func-
tions, which are sums of three and one Gaussian functions, respectively [22]. The basis set
6-31+G** [22, 21, 20] is used to describe carbon, oxygen, and the rest of the hydrogen

IRl

atoms. The “+” represents diffuse functions, which allows for flexibility for weakly bound

12
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electrons to localize from the remaining electron density. The “*” represents polarization,
which adds an extra set of functions to the basis set [15].

The LANZDP basis set is used to describe Sn and Si in the system [37, 9]. Incorporated
into this basis set are effective core potentials (ECPs). ECPs replace combined effects of
core electrons and Coloumb potentials from the atomic core with a single pseudopotential

[15].

2.6 Present Density Functional Theory Calculations

All calculations were done using the software Gaussian 09, Revision C1 [18]. The
ultrafine integration grid was used in all calculations. Frequency calculations were used
to verify geometry minima and transition states. Geometry minima are represented by
an absence of imaginary frequencies, while transition states are characterized by a single
imaginary frequency. Intrinsic reaction coordinate calculations were run to certify that the
transition states connect reactants to products. Electronic energies (kcal/mol) for methoxy-
lation of sites reaction are in reference to the sum of the hydrolyzed cluster and a methanol
molecule at infinite separation. Electronic energies calculated for glucose transformations
are in reference to the sum of the methoxylated cluster (either at Sn or Si site) and a cyclic
glucose molecule at infinite separation.

The zeolite cluster used in these calculations are based on Rai et al. [34], who con-
structed the creation of their cluster model on the work of Boronat et al. [7]. This cluster
is built around the T9 site in beta zeolite and is constructed to uphold the structural and

chemical properties of the catalyst. To create the methoxylated cluster, a methoxy group

13
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(-OCHj3) replaced the hydroxyl group at either the Sn or Si site, and this structure was op-
timized. In Figure 2.1, the first cluster (a) is the one constructed by Rai et al. [34], the
second cluster (b) is the methoxylated cluster at the silanol site, and the third cluster (c)
is the model that is methoxylated at the stannol site. White, red, blue, teal, and purple
spheres represent hydrogen, oxygen, carbon, tin, and silicon atoms, respectively. For this
optimization and for all proceeding optimizations, the hydrogens added to satisfy valence

on the cluster model were kept frozen, while all other atoms were allowed to relax.

Figure 2.1

Cluster model representations of Sn-Beta zeolite

14
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For the present study, three reactions were considered: (1) methoxylation of Sn or Si

sites, (2) isomerization of glucose, and (3) epimerization of glucose. Glucose isomeriza-

tion and epimerization reactions were considered with two binding modes: (1) monoden-

tate and (2) bidentate. Rai et al. [34] defined the monodentate mode as the binding mode

wherein the carbonyl group of the glucose hydrogen bonds to the silanol group. This mode

allows for the silanol group to directly participate in the transition state of the reaction. The

bidentate mode does not have the carbonyl group forming a hydrogen bond with the silanol

group, thereby forcing silanol to remain a spectator in the reaction [34]. These schemes are

illustrated in Figure 2.2. The silanol group is highlighted blue, and the carbonyl group is

highlighted red. In the monodentate mode, it is seen that glucose binds so that the carbonyl

group can form a hydrogen bond with the silanol group, but in the bidentate mode, the

glucose molecule binds so that the silanol group does not participate in the reaction.

Monodentate Binding Mode

Figure 2.2

15

Bidentate Binding Mode

Glucose binding modes
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Methoxylation of Sn or Si sites and isomerization and epimerization of glucose in the

two binding modes will be discuss in the following chapters.

16

www.manharaa.com




CHAPTER 3

METHOXYLATION OF SITES IN SN-BETA ZEOLITE

Methoxylation of sites in silicates and zeolites has been observed in previous studies
[30, 17, 39, 38]. Sn and Ti atoms have larger radii in Si, so in siliceous frameworks, they
can change the number of atoms they coordinate to from 4 to 5 or 6 [8]. Using diffuse
reflectance ultraviolet-visible (DRUV) spectroscopy, Mal et al. [30] have observed the co-
ordination of methanol to framework Sn sites in tin silicates. The coordination of methanol
with framework Ti centers in titanium zeolites has been observed using X-ray absorption
by Davis et al. [17] and in situ UV Raman studies by Wang et al. [38]. Additionally, Wang
et al. [39] have observed the methoxylation of sites in zeolite when studying the conversion
of methanol to dimethyl ether. These studies provide evidence that methanol can coordi-
nate with Sn or Si sites in Sn-Beta zeolite in the form of methoxylation, but the pathway
and energetics of this reaction have not been determined.

For this work, the methoxylation pathway at sites in Sn-Beta is considered to occur
through a proton transfer step; methanol is deprotonated at O, and this proton forms a bond
to the —OH site of the open Sn site or the silanol site. The result of this reaction is the

formation of the methoxylated site and a water molecule.

17
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3.1 Methoxylation of Sn Site

Methoxylation of the open Sn site can be seen in Figure 3.1. As can be seen in the left
column (reactant of the reaction), the methanol molecule is introduced near the Sn site,
and this electronic energy is calculated at -14.2 kcal/mol. In the transition state (middle
column), the proton of methanol is localized between the oxygen atoms of the hydroxyl
and of the methoxy group. The energy of this structure is 1.0 kcal/mol, and the activation
energy is calculated at 15.2 kcal/mol. The product of methoxylation (right column) has a

calculated energy of -24.6 kcal/mol.

Figure 3.1

Methoxylation of Sn site in Sn-Beta zeolite
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All proceeding figures regarding reaction pathways are depicted in the same way as
Figure 3.1. The top row depicts atomic structures, and the bottom row illustrates the reac-
tion mechanism scheme. Left, middle, and right columns show the reactant, transition, and
product of each reaction step, respectively. Numbers denote electronic structure energies

in kcal/mol, while numbers in parentheses denote activation energy.

3.2 Methoxylation of Si Site

Methoxylation of the Si site is shown in Figure 3.2. The reactant, with methanol intro-
duced near the Si site, has a calculated electronic energy of -13.2 kcal/mol. The transition
state, which has the proton of methanol localized between the —OH of silanol and the
methoxy group, has an energy of 21.8 kcal/mol. The activation energy of methoxylation
at the Si site is determined to be 34.9 kcal/mol. The product, which is the zeolite clus-
ter methoxylated at the Si site and the resultant water molecule, has an energy of -12.1

kcal/mol.
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21.8 (34.9)

Figure 3.2

Methoxylation of Si site in Sn-Beta zeolite
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3.3 Summary

As previously stated, Rai et al. [34] initially conjectured that methoxylation at the
silanol site would occur in Sn-Beta zeolite, promoting glucose transformations in the biden-
tate mode. However, when calculating the reaction energy barrier through DFT calcula-
tions, it is determined that methoxylation at the Sn site is more favorable; the activation
energy of methoxylation at the Sn site is calculated as 15.2 kcal/mol, whereas it is 34.9
kcal/mol at the Si site. In addition to the lower energy barrier for methoxylation at the Sn
site, the methoxylated cluster at the Sn site is more stable by approximately 12 kcal/mol
(comparison of product structures).

Although the results from these calculations are in opposition to the postulation of
Rai et al. [34], these calculations suggest that methoxylation can occur at both sites, and
reaction pathways are explored for both Si and Sn substituted sites to determine the effect
of methoxylated sites on glucose transformations. The following sections focus on these

calculations.
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CHAPTER 4

GLUCOSE ISOMERIZATION WITH METHOXYLATED SITES

After glucose opens to from its cyclic structure, isomerization with Sn-Beta occurs in
three steps: (1) proton transfer from the glucose molecule and binding to the active site, (2)
intramolecular hydride transfer, (3) proton transfer back to sugar molecule. The resulting
sugar molecule, fructose, then forms a ringed structure. This mechanism is analogous to
isomerization catalyzed by metalloenzymes, as shown by Bermejo-Deval et al. [3]. The
hydride transfer mechanism is an intramolecular hydrogen shift from C2 to C1 of glucose,
and this mechanism has been previously studied [3, 2, 10, 11, 35, 36, 19, 12, 28].

The isomerization reaction scheme is depicted in Figure 4.1, in which X-OH is the
active site of the catalyst and the Fischer projection of glucose is shown. The left column
depicts the initial proton transfer. Here, the oxygen bonded to C2 (02) is deprotonated.
This proton forms a bond to the hydroxyl of the active site, while O2 forms a bond to the
active site itself. The middle column shows the hydride transfer from C2 to C1 of glucose.
The right column illustrates the complete fructose molecule being formed through a second

proton transfer, as the proton bonded to the hydroxyl of the active site is transferred.
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Figure 4.1

Isomerization scheme

These three steps are the focus of the current study, as glucose ring opening and ring
closing of the transformed sugar molecule have been studied, and it has been shown that
these are not the rate-limiting steps of the whole reaction [4, 40, 28]. As aforementioned,
isomerization is considered in two binding modes: monodentate, in which the neighboring
silanol group will participate in the reaction, resulting in the hydride transfer and proton
transfer back to the sugar molecule to occur in one concerted step, and bidentate, in which

the silanol group is a spectator and is not involved in the reaction.

4.1 Isomerization with Sn-Methoxylated Cluster
4.1.1 Monodentate Binding Mode

For the initial proton transfer, the oxygen on the C2 of glucose (02) is deprotonated,
and this proton forms a bond with the oxygen of the methoxy group. This deprotonation
leads to bond formation between O2 and the active Sn site. This scheme is shown in Fig-
ure 4.2. The reactant energy, which is also considered as the initial binding energy because
these calculations concern the open glucose molecule, is 6.9 kcal/mol. The transition state

energy of the initial proton transfer is calculated as 15.4 kcal/mol, and it can be seen that
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the proton from O2 is localized between this oxygen and the oxygen of the methoxy group.
The activation energy of the initial proton transfer in the monodentate mode is calculated
as 8.5 kcal/mol. The product structure is the glucose molecule, as well as methanol, being

bonded to the Sn site. The calculated energy of the product structure is -2.5 kcal/mol.

Figure 4.2

Initial proton transfer for glucose transformations in the monodentate mode with
methoxylated Sn site
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In the monodentate mode, the hydride shift mechanism from C2 to C1 of glucose and
the proton transfer to form the complete fructose molecule occur at the same time. There-
fore, in the transition state, the hydrogen on C2 shifts to C1, as the silanol and methoxy
group deprotonate. The calculated energy for the transition state structure is 23.7 kcal/mol,
and the activation energy for this step is 26.2 kcal/mol. The proton from the silanol group
forms a bond with O1, satisfying valency and forming a complete fructose molecule, while
the proton attached to the methoxy group reforms the neighboring silanol group. Figure 4.3

illustrates this step.

Figure 4.3

Hydride transfer for glucose isomerization in the monodentate mode with methoxylated
Sn site
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4.1.2 Bidentate Binding Mode

As can be seen in Figure 4.4, the initial proton transfer occurs the same way as in the
monodentate mode, with deprotonation of O2 that results in glucose coordination with
Sn, as well as the formation of a methanol molecule. The notable difference is that the
carbonyl group (C1=01) is situated so that it will not be able to participate in the reaction.
The initial binding energy (reactant) is calculated at 4.3 kcal/mol. The transition state
structure has an electronic energy of 9.6 kcal/mol. The product structure is calculated at
-10.8 kcal/mol. The activation energy of the initial proton transfer step in the bidentate

mode is 5.3 kcal/mol.

Figure 4.4

Initial proton transfer for glucose transformations in the bidentate mode with
methoxylated Sn site
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Because the carbonyl group cannot form a hydrogen bond with the silanol group, only
the intramolecular hydride transfer from C2 to C1 occurs, which is illustrated in Figure 4.5.
The transition state shows H2 shifting to C1, as well as glucose coordinating with Ol
instead of O2. The activation energy for the hydride transfer is 32.7 kcal/mol. The product
structure, which is O1 bonded to Sn, H2 now bonded with C1, and the carbonyl group

formed with C2 and O2, has an energy of 2.9 kcal/mol.

Figure 4.5

Hydride transfer for glucose transformations in the bidentate mode with methoxylated Sn
site
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After the hydride transfer takes place, the complete fructose molecule must be formed,
and, as is illustrated in Figure 4.6, this occurs through methanol being deprotonated. In the
transition state, the proton from methanol is localized between O1 and the methoxy group.
The product is the reformed Sn-methoxylated zeolite and fructose sugar molecule. The
product structure has an energy of -3.4 kcal/mol, and the activation energy from the proton

transfer back step is calculated as 7.4 kcal/mol.

Figure 4.6

Proton transfer to form complete fructose molecule in the bidentate mode with
methoxylated Sn site
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4.1.3 Summary

A table summarizing activation energies for each step of isomerization in both the
monodentate and bidentate mode when the Sn site is methoxylated in the Sn-Beta zeolite
cluster is shown in Table 4.1.

Rai et al. [34] calculated the activation energy of hydride transfer is lower in the mon-
odentate mode than in the bidentate mode, suggesting that the participation of the adjacent
silanol group is beneficial for the isomerization reaction. The notable difference between
the results obtained from Rai et al. and the present ones is the initial proton transfer energy
trends. Rai et al. [34] reported that the monodentate mode had a lower activation energy,
as well as a lower binding energy and more stable product structure after the intial pro-
ton transfer when stannanol and silanol groups are present. Current calculations suggest
although methoxylation at the Sn site promotes the bidentate binding mode, the presence
and, more importantly, the involvement of the adjacent silanol group pushes the reaction

toward 1somerization.

Table 4.1

Activation Energies (kcal/mol) for Glucose Isomerization with Methoxylated Sn Site

Mechanism'? IPT HT PTB
MD 85 262 -
BD 53 327 74

'MD: monodentate binding mode; BD: bidentate binding mode; IPT: initial proton transfer; HT: hydride
transfer; PTB: proton transfer back.
2All proceeding tables with these abbreviations will refer to these meanings.
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4.2 Isomerization with Si-Methoxylated Cluster
4.2.1 Monodentate Binding Mode

The initial proton transfer in the monodentate mode with a Si-methoxylated cluster is
shown in Figure 4.7. The configuration of the reactant has an electronic energy of -12.5
kcal/mol. In the transition state structure, the proton deprotonated from O2 is localized
between O2 and the hydroxyl of stannanol. The product of the initial proton transfer, which
as an energy of -17.1 kcal/mol, illustrates glucose and a water molecule bonded to the Sn

site. The activation energy for the initial proton transfer is calculated at 13.0 kcal/mol.

Figure 4.7

Initial proton transfer for glucose transformations in the monodentate mode with
methoxylated Si site
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When exploring the reaction pathway for glucose isomerization in the monodentate
mode, it can be seen from Figure 4.8 that isomerization does not occur. The methoxy
group attached to the silica atom does not provide the same cooperativity as the hydroxyl
group, which enables the formation of a fructose molecule. Although the C2-to-C1 hydride
transfer does occur, which can be seen in the product structure, there is no proton transfer

from the methoxy group to O1 of the sugar molecule.

Figure 4.8

Hydride transfer for glucose isomerization in the monodentate mode with methoxylated Si
site
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4.2.2 Bidentate Binding Mode

The initial proton transfer in the bidentate mode when the silanol group is methoxylated
is shown in Figure 4.9. The initial binding energy is calculated at -26.6 kcal/mol, and from
this reactant configuration, it can be seen that glucose is introduced so that the carbonyl
group will not interact with the methoxylated silanol group. The product of this proton

transfer has an energy of -33.8 kcal/mol, and the energy barrier for this step is 7.0 kcal/mol.

Figure 4.9

Initial proton transfer for glucose transformations in the bidentate mode with
methoxylated Si site
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Unlike in the monodentate mode, isomerization can occur in the bidentate mode with
the Si-methoxylated cluster. Figure 4.10 depicts the intramolecular hydride transfer step,
and Figure 4.11 illustrates the formation of fructose through a proton transfer. In Fig-
ure 4.10, H2 shifts to the C1 location, while the glucose molecule changes its coordination
to the Sn atom from O2 to O1, as C2 and O2 become a carbonyl group. The activation
energy for this step is 28.4 kcal/mol. The activation energy for the proton transfer step is
calculated at 7.1 kcal/mol, and it can be seen in Figure 4.11 that a proton from the water
molecule formed in the initial proton transfer step localizes between O1 and —OH. The

open Sn site reforms while the glucose molecule is completely isomerized.

H1\C1/RZ\C{3

~s of .02 OH

Figure 4.10

Hydride transfer for isomerization in the bidentate mode with methoxylated Si site
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Figure 4.11

Proton transfer to form complete fructose molecule in the bidentate mode with
methoxylated Si site
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4.2.3 Summary

Glucose isomerization does not occur in the monodentate mode when the Si site is
methoxylated. Although the intramolecular hydride transfer does take place, the methoxy
group on the adjacent silanol does not provide a proton to complete the concerted proton
transfer step to form the fructose molecule. In the bidentate mode, however, because the
neighboring methoxylated silanol group is not involved in the reaction, a fructose molecule

can form in two consequential steps: C2-to-C1 hydride transfer and a proton transfer.
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CHAPTER 5

GLUCOSE EPIMERIZATION WITH METHOXYLATED SITES

As previously mentioned, the three steps focused on in this present work for isomer-
ization catalyzed by Sn-Beta zeolite are: (1) proton transfer from the sugar molecule and
binding to the active site, (2) intramolecular hydride transfer, (3) proton transfer back to
sugar molecule. Epimerization occurs through a similar mechanism, except for an in-
tramolecular hydride transfer, the Bilik mechanism occurs [4]. For the Bilik mechanism,
a C2-C3 bond cleavage occurs simultaneously with C1-C3 bond formation. Figure 5.1 il-

lustrates these three steps, where X-OH is the active site and glucose is represented in its

Fischer projection.
H o] H. o H o H o H_ O H_ O
et et u >c? ‘\ " ot ot P ot
! ! . K | H
H-C2-0-H  X-OH H-C2-0—X-0-H | { H-C2-0—X-0-H H-C2-0—X-0O-H | H-C2-0—X-0-H H-O-C2-H  X-O-H|
Ho-CaH  ~—7 HO-C3H s |
- - HO=C3-H HO-C3-H HO-C3—H HO-C3-H
_ -
H==0H H==OH H——OH H——OH H——OH H——OH
H=on H=oH H——0H H——OH H——OH H——OH
CHzOH CHzOH CH,0H CH,0H CH,OH CH,OH
Figure 5.1

Epimerization scheme

36

www.manharaa.com




The left column shows the initial proton transfer and glucose binding to the active site.
The middle column is the Bilik mechanism, where the bond between C3 and C2 is broken,
while a bond between C3 and C1 is formed. The right column illustrates the second proton
transfer, where the deprotonated mannose molecule is formed.

Again, these three steps are considered with either Sn or Si sites methoxylated and
in either monodentate or bidentate glucose binding modes. The initial proton transfer
steps are the same for epimerization as they are for isomerization. Therefore, for the
Sn-methoxylated cluster, the configurations and energetics in the monodentate mode and
bidentate for the initial proton transfer is shown in Figure 4.2 and Figure 4.4, respectively;
for the Si-methoxylated cluster, the configurations and energetics in the monodentate and
bidentate mode for the initial proton transfer step is illustrated in Figure 4.7 and Figure 4.9,
respectively. The following sections, then, will only discuss the Bilik mechanism in each

mode, and additionally, the proton transfer back step in the bidentate mode.

5.1 Epimerization with Sn-Methoxylated Site
5.1.1 Monodentate Binding Mode

The reactant, transition state, and product structures of the Bilik mechanism are shown
in Figure 5.2. Because glucose binds in the monodentate mode, the C3-C2 bond scission
and C3-C1 bond formation and the proton transfer to form the mannose molecule occur
in one combined step. The reactant, which has an energy of -2.5 kcal/mol, has the car-
bonyl group of glucose able to form a hydrogen bond between the adjacent silanol group.

The product configuration illustrates the deprotonated form of mannose, as well as a re-
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formed silanol group, which occurred through the Bilik mechanism, as well as two proton
transfers—one from the —-OHCHj; group and one from the SiOH group. The activation

energy for this step is calculated as 30.4 kcal/mol.

Figure 5.2

Bilik mechanism for glucose epimerization in the monodentate mode with methoxylated
Sn site
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5.1.2 Bidentate Binding Mode

When mannose is formed through the bidentate mode (Figure 5.3), after the first proton
transfer, initially, only the bond cleavage and formation occurs. It can also be seen that the
sugar molecule coordinates to Sn through O1, not O2 as is shown in the reactant config-
uration. The activation energy for the Bilik mechanism in the bidentate mode using the

Sn-methoxylated cluster is 20.3 kcal/mol.

Figure 5.3

Bilik mechanism for epimerization in the bidentate mode with methoxylated Sn site
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The proton transfer step for the bidentate mode is shown in Figure 5.4, occurring at
a calculated activation energy of 17.6 kcal/mol. The open form of mannose is formed as
the proton from methanol protonates the sugar molecule at the O1 position, reforming the

methoxylated Sn site.

Figure 5.4

Proton transfer to form complete mannose molecule in the bidentate mode with
methoxylated Sn site
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5.1.3 Summary

Table 5.1

Activation Energies (kcal/mol) for Glucose Epimerization with Methoxylated Sn Site

Mechanism IPT Bilik PTB
MD 8.5 304 -
BD 53 203 176

Table 5.1 records the activation energies for epimerization when the Sn site is methoxy-
lated in each binding mode. It is concluded that epimerization is more energetically favor-
able in the bidentate mode, when the silanol group does not participate. This conclusion is

the same as those Rai et al. [34] have reported.

5.2 Epimerization with Si-Methoxylated Site
5.2.1 Monodentate Binding Mode

As was observed with isomerization in the monodentate mode with the Si site methoxy-
lated, epimerization, too, does not occur. In Figure 5.5, it can be seen that the bond cleavage
and formation needed for the Bilik mechanism does not occur, nor does the proton transfer

to form a mannose molecule.
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Bilik mechanism for epimerization in the monodentate mode with methoxylated Si site
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5.2.2 Bidentate Binding Mode

Figure 5.6

Bilik mechanism for epimerization in the bidentate mode with methoxylated Si site

The Bilik mechanism in the bidentate binding mode with a methoxylated Si site is
shown in Figure 5.6. Again, because this reaction occurs in the bidentate mode, the silanol
group (in this case, the methoxylated silanol group) does not participate in the reaction.
The reactant configuration shows glucose binded to the Sn site, which provides stability
for the Bilik mechanism to occur. The product structure shows C3-C2 scission and C3-C1
bond formation have occurred, and coordination to the Sn site has switched from O2 to O1.

The energy barrier for this step is calculated as 21.2 kcal/mol.
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After the C3-C2 bond cleavage and C3-C1 bond formation occur, a proton is transferred
to complete the glucose transformation and restoration of the partially hydrolyzed Sn site.

This step is shown in Figure 5.7. The activation energy for this step is 19.0 kcal/mol.

-20.7 (19.0)

Figure 5.7

Proton transfer to form complete mannose molecule in the bidentate mode with
methoxylated Si site
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5.2.3 Summary

Glucose epimerization does not occur in the monodentate mode when the Si site is
methoxylated. Because the Si site is methoxylated, a proton does not exist to create a hydro-
gen bond, which would provide valence stability and completely form the sugar molecule.
When glucose binds in the bidentate mode, however, epimerization occurs through the

Bilik mechanism with stability provided by the framework Sn atom.
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CHAPTER 6

RESULTS AND DISCUSSION

Table 6.1 details the activation energy for the methoxylation reactions at the Sn and Si
site, and it can be seen that methoxylation at the Sn Site is energetically more favorable

than at the Si site. This result is in difference to what was originally speculated [34].

Table 6.1

Activation Energies (kcal/mol) for Methoxylation at Sn and Si Site

Site  Activation Energy
Sn 15.2
Si 34.9

Table 6.2 shows activation energies for each step in glucose transformations in each
binding mode when the Sn site is methoxylated. Table 6.3 shows activation energies for

each step in glucose transformations in each binding mode when the Si site is methoxylated.
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Table 6.2

Activation Energies (kcal/mol) for Glucose Transformations with Methoxylated Sn Site

HT Bilik
Mechanism IPT HT PTB Bilik PTB
MD 8.5 262 - 30.4 -

BD 53 327 74 203 17.6

Table 6.3

Activation Energies (kcal/mol) for Glucose Transformations with Methoxylated Si Site

HT Bilik
Mechanism IPT HT PTB  Bilik PTB
MD 130 511 — 622 -
BD 70 284 7.1 212 19.0
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It can be seen from these tables that the rate-limiting step for isomerization is the hy-
dride transfer step and for epimerization is the Bilik mechanism, which is in agreement
with observations from previous studies [4, 40, 28].

Focusing on when the Sn site is methoxylated, the calculated results have a similar
trend to what is reported by Rai et al. [34]. Isomerization is favorable when the neigh-
boring silanol group participates directly in the hydride transfer; however, epimerization is
favorable when the silanol group is a spectator and does not participate in the rate-limiting
step.

When considering glucose transformations with a Si-methoxylated site, it is calculated
that isomerization and epimerization do not occur in the monodentate mode; therefore,
reactions only occur in the bidentate mode. The calculated energies for transformations
in the monodentate mode shown in Table 6.3 can be disregarded because complete fruc-
tose or mannose molecules do not form. The epimerization pathway is more energetically
favorable, with an energy barrier of 21.2 kcal/mol, approximately 7 kcal/mol lower than
the isomerization pathway. Additionally, the activation energy of epimerization is compa-
rable to the result reported experimentally (approximately 16.7 kcal/mol) with Sn-Beta in
methanol reaction medium [4]. These findings suggest that the absence of the neighboring
silanol site because of methoxylation from the presence of methanol solvent has a direct
effect on the type of glucose transformation that occurs by promoting the bidentate mode,
which leads to epimerization.

While this work was in progress, Bermejo-Deval et al. [5] explored glucose transfor-

mations with sodium-exchanged silanol groups to definitively determine the active site for
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these transformations. Khouw and Davis [25] had used this technique of exchanging Na™
onto silanol groups on open Ti sites in TS-1. By doing so, they concluded that open Ti sites
were the active sites for alkane oxidation, observing that alkane oxidation was obstructed
when silanol was exchanged [25]. Bermejo-Deval et al. [5] have shown that epimerization
by the Bilik mechanism is observed when Na-exchanged Sn-Beta is used in either aque-
ous or methanol reaction medium. Glucose epimerization by the Bilik mechanism was not
observed in methanol with Sn-Beta. Through *C-NMR experiments, it was indicated that
the formation of mannose in methanol with Sn-Beta was likely via 1, 2 intramolecular hy-
dride shift of fructose products. They concluded that the open Sn site with a neighboring
silanol group is the active site for glucose isomerization, whereas the open Sn site with
sodium-exchanged silanol group is the active site for glucose epimerization [5]. Further-
more, these findings indicate that the choice of solvent does not directly affect the type of
glucose transformation that occurs, posing a disparity between their previous study [4, 5].
The current work comes to the same conclusions set by Bermejo-Deval et al. [S] and
provides additional evidence for the active sites of glucose isomerization and epimeriza-
tion by Sn-Beta zeolite. By altering the silanol site, either through sodium exchange or
methoxylation, epimerization is promoted. The absence of the adjacent silanol group does
not provide a proton that can transfer concertedly with the hydride transfer or Bilik mech-

anism, which is needed for glucose transformations to occur in the monodentate mode.
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CHAPTER 7

CONCLUSIONS

In this study density functional theory calculations are employed to determine reac-
tion pathways and energy barriers for glucose transformations with Sn-Beta zeolite when
considering the effect of methanol medium through the methoxylation of either Sn or Si
sites. It has been shown that methoxylation of the Sn site is more likely to occur ener-
getically, which differs from previous speculation [34]. Nevertheless, calculations show
that when the Sn site is methoxylated, results do not differ from what has been previously
reported [34]; glucose isomerization is promoted when glucose binds in the monodentate
mode, wherein the neighboring silanol group to the open Sn site participates in the reac-
tion, but epimerization is promoted when glucose binds in the bidentate mode, preventing
the silanol group from participating in the reaction. When the Si site is methoxylated,
glucose transformations do not occur in the monodentate mode, as the methoxylation of
the silanol group creates an absence of a proton that can hydrogen bond to the carbonyl
group of glucose, leading to the inability for a fructose or mannose molecule to form. The
bidentate mode, then, is promoted when the silanol site is methoxylated, and epimerization

prevails with a lower activation energy.
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The results of this study suggest that the presence and cooperativity of the adjacent
silanol group to the open Sn site in Sn-Beta zeolite is necessary for glucose isomerization
to occur. Alteration of the adjacent silanol group leads to glucose epimerization. These
calculations provide additional evidence to bolster what is observed in experiment for the
active sites of glucose isomerization and glucose epimerization [5]. These insights on

the active sites of Sn-Beta zeolite on glucose transformations are useful for future catalyst

development and design.
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