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CHAPTER I

INTRODUCTION

1.1 Background

In the process of biodiesel production a large quantity of glycerol is produced
as a by—product, the biodiesel derived glycerol tends to be feedstock for the
production 1,2—propanediol by hydrogenolysis. 1,2—propanediol is used to produce
propanal and propanone using acid catalysts. Propanal (or propionaldehyde) is used as
important chemical reactant in preparation of final products such as paints, rubbers,
pesticides and plastic. Propanal compound is produced by petroleum—derived
processes such as the propylene oxide isomerization [1], acrolein hydrogenation [2]
and ethylene hydroformylation [3]. Propanone (or acetone) is used as important
solvent to prepare drugs, fibers and plastics. Propanone compound is produced by
petroleum—derived processes such as the propylene oxide isomerization [1], direct
extractions from vegetation [4-5] and propane oxidation and other alkanes with a
resemble structure [6]. Due to solid acids such as zeolites catalysts have been used for
dehydration of alcohols i.e. ethanol and methanol [7-10]. They can be used for
dehydration of 1,2—propanediol to produce propanal and propanone.

1.2 Zeolites

Zeolites are microporous crystalline aluminosilicate materials with well-
defined structures and balancing cations are generally of alkali and alkaline earth
metals. Over 190 different types of synthetic and natural zeolites [11] have been
found. Structures of zeolites consist of SiO4 and AlO, tetrahedral which are linked to

one another by means of exchange of electrons of the oxygen as shown in Figure 1.1.



(a) (b)

Figure 1.1 Geometries for (a) SiO4 tetrahedral and (b) AlO4/SiO, tetrahedral sharing

0Xygen Vertex.

As Al sites in zeolite framework have negative charge and neutralized by
charge equivalence framework cations, aluminium atoms in zeolite framework known

as silica and aluminium ratio are indicator of acidity.

1.2.1 Acidity of zeolites

Acidic of Brgnsted acid sites [12, 13] zeolites were studied using various
techniques [14-17]. Lewis and Brgnsted acid sites in H-ZSM-5 catalysts studied by
means of #’Al double double—quantum magic-angle spinning (DQ-MAS) NMR
and *H [18] spectroscopic methods. Bransted acid sites in H-MOR catalysts were
investigated by means of Solid—State MAS NMR spectroscopy [19]. Acid sites in H-
TON catalyst were studied by deployment of Bellamy-Hallam-William (BHW) plots
[20].

The replacement of the Si by Al requires additional positive charge such as
proton (H") in order to balance the negative charge of the framework. Proton in
zeolites is able to release onto any species that can receive proton. The acidity is
caused by the proton in zeolites. The term acidity of zeolites mostly describe by

Brensted and Lewis acid as shown in Figure 1.2
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Figure 1.2 Representation of (a) Lewis acid and (b) Brensted acid in zeolites [21].

1.2.2 ZSM-5 zeolite

ZSM-5 (Zeolite Socony Mobil Number five or MFI topology) is a medium
pore, a high-silica zeolite which was discovered by Mobil Oil Company in 1972. It is
constructed by 5- and 10-membered rings building units. One is straight channels
with dimensions of 5.3 A x 5.6 A in diameter and the other channel is sinusoidal with
3.4 Ax 4.8 A in diameter. The ZSM-5 consists of 12 crystallography nonequivalent
tetrahedral positive charge sites (T1— T12) [21]. T1, T2, T3 and T12 are shown in
Figure 1.3. Chatterjee and co—worker have chosen T12 site as a possible location of
Al substitutions [22, 23].



Figure 1.3 The Structure of ZSM-5 zeolite and tetrahedral (T) positions.

1.2.3 MOR zeolite

MOR (Mordenite) zeolite is large—pore, a silica—rich zeolite which is
composed of two channels. One is main channel consists of 12—-membered ring with
dimensions of 6.7 A x 7.0 A in diameter and the other channel is side pocket consists
of 8-membered ring with 3.4 Ax 4.8 A in diameter vertical to the main channel. It
consists of four crystallographic nonequivalent tetrahedral positive charge sites (T1—
T4) as shown in Figure 1.4. Yuan and co-worker have studied the replacement of Al
in MOR and proposed that the T2 position in the MOR favors replacement by Al
atoms [24].
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Figure 1.4 The structure of MOR zeolite and tetrahedral (T) positions.

1.2.4 TON zeolite

TON (Theta-1) is uni—dimensional medium pore, high-silica zeolite which
consists of 10-membered ring with dimensions of 4.5 A x 5.5 A in diameter. [25].
TON zeolite consists of 10-membered ring and four crystallography nonequivalent
tetrahedral positive charge sites (T1-T4) as shown in Figure 1.5. Miroslaw and co-
worker have studied the replacement of Al and thermal stability in TON and proposed

that the T3 position in the TON favors replacement by Al atoms [26].
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Figure 1.5 The structure of TON zeolite and tetrahedral (T) positions.

1.3 Dehydration of 1,2—propanediol

Dehydration of 1,2—propanediol as known as reaction that can be achieved
over acid catalysts via elimination has been proposed in Figure 1.6. For conversion of
1,2—propanediol to propanone, protonation of two hydroxyl groups and rearrangement
is able to produce three reactive carbenium intermediates which consist of four
reaction steps and conversion of 1,2-propanediol to propanal, protonation of
two hydroxyl groups and rearrangement is able to produce two reactive carbenium

intermediates consist of three reaction steps [27].



OHOH 0]
Hz  + At dh_cH, === zH + Mo + He—tcn,

Acid catalyst 1,2-propanediol Zeolite catalyst Propanone

OH OH ﬁ
HzZ  + Hzé_éH_CH3 === ZH + H,0 + H,C—CH,—CH

Acid catalyst 1,2-propanediol Zeolite catalyst Propanal

Figure 1.6  Dehydration of 1,2—propanediol to propanone and propanal over

zeolite catalysts [27].

Dehydration of 1,2—propanediol can be made over solid acid catalysts [28, 29].
1,2—propanediol is able to propanone and propanal on solid acid catalysts. Despite
dehydration of 1,2—propanediol to propanal and propanone over zeolite catalysts
including H-ZSM-5, H-MOR and H-TON catalysts were

studied by experiments. No obvious mechanism of these reactions has been reported.
1.4 Objectives

To rationalize and more understanding on the experiments of conversion
reaction of ethanol to ethylene, the aim of this work is therefore study of the reaction
mechanisms of dehydration of 1,2—propanediol to propanone and propanal over H-
ZSM-5, H-MOR and H-TON catalysts wusing theoretical calculations.
Thermodynamic properties, reactions energies, rate and equilibrium constants of
dehydration of 1,2—propanediol to propanone and propanal over the H-ZSM-5, H—
MOR and H-TON catalysts have been determined using quantum chemical

calculations with the ONIOM approach.



CHAPTER Il

THEORIES

Theories are used in computational chemistry for description of the structures
and interaction between molecules. There are two theories namely quantum
mechanics (QM) and molecular mechanics (MM). QM methods, semi—empirical and
density functional theory (DFT) methods and their hybrid method have been used in

calculations of this work.

2.1 Quantum mechanics method

Quantum mechanics method (QM) is the mathematical description of the
behavior of electrons in molecules and can predict properties of molecule or an
individual atom. In practice, the QM equations have been resolved accurately for one
electron system. A assembly of methods has been developed for approximation for
multiple electron systems. The postulate of basic principle of QM is the presence

function of coordinate so—called wave function - that comprises all probable data

about a system [30]. Formulation of QM has been devised by Heisenberg
and Schrodinger which are two equivalent formulations applied to computational

chemistry.

2.2 Semi—empirical method

Semi—empirical method is simplified forms of Hartree—-Fock method with
empirical corrections to improve performance. The parameters of semi—-empirical
computation are derived from experimental data. The most commonly used methods
are PM3, MNDO and AM1. The parameterization for PM3, MNDO and AML1 is
achieved such that the calculated energies are expressed as heats of formations instead of

total energies [31].



2.3 Ab initio method

Ab initio methods are the integral associated with Schrédinger equation. A
Hartree—Fock (HF) calculation is the most common type of ab initio calculation,
which the primary estimate is the central field calculation. This gives the average
effect of the repulsion, but not the explicit repulsion interaction. This is a variational
calculation, meaning that the approximate energies calculated are all equal to or

greater than the exact energy [32].
2.4 Density functional theory (DFT) method

Density functional theory (DFT) methods are created by theorem of
Hohenburg and Kohn. The energy of a molecule is determined from the electron
density instead of a wave function. The electron density is expressed as a linear
combination of basis functions similar in mathematical form to HF orbitals. DFT

methods are used to search for functional relating the electron density with energy.
2.4.1 Kohn-Sham energy
In the Kohn—-Sham (KS) formulation of DFT, the energy of system consists of

the similar Coulomb part, nuclear and core. The energy of the system, E is written as

below:

E = ECom 4 Ener 4 B L B[] (2.1)

where E®°™ js the energy of repulsion between the electrons, E™ is the energy
of repulsion between the nuclei for a given nuclear configuration, E“* is the energy

of nucleus with single electron, E,.[p] is in terms of function of the electron density,

matrix p(r). The functional E,. have the form:

Exe = | p(N)zyc[p(r)Kdr (2.2)
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where &,.[p(r)] is the term of exchange—correlation energy per electron in a
homogeneous electron gas of constant density. The Kohn—-Sham orbitals y; are used

to determine the electron density matrix p(r), for a system by N electrons is written

as below:
P =2yl (23)

2.4.2 Kohn-Sham equations

The Kohn-Sham equations consider the Kohn-Sham wave functions. For a

system of N—electrons is written as the following appearance:

{—%vf -3 2 ) Vi (n)}%(n) —ent) @4)

where ¢, is the Kohn-Sham orbital energy, V,. is correlation exchange potential

which is exchange—correlation energy derivative functional. The correlation exchange

potential is V,. written as below:

Viclpl= —afxg Lp] (2.5)

v

V,. can be calculated when known E,. [31].

2.4.3 DFT exchange and correlations

For encouragement developing approximate functions in DFT, the functional

of E,. is the exchange—correlation energy as the sum of E, is an exchange—energy

functional and E. is a correlation—energy functional as below:
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Exc =Ex +Ec (2.6)

E, is determined by the equal method which is used for the exchange energy in

Hartree—Fock, but the Kohn—Sham orbitals are replacing the Hartree—Fock orbitals.

The replacement of the Kohn-Sham orbitals in the Hartree—Fock orbitals, for a

closed—shell molecule is written as:

1 n n
E, == 2 2 (0 WO @/ nlor o ) @7)
i=1 j=1
Where 6/ is the spatial part of each spin—orbital in position x,Y;,z, :9].'“ in position

X,,Y,,Z, and r, is the distance between points x,y,,z, X,,Y,,Z, and E. is

determined by the difference between E, and E,.; E. =E,. —E,

2.4.4 Hybrid functions

A hybrid functional is combinations of the formula (2.7) for E, with

gradient—corrected E, and E. formulae in equation (2.8).

B = EX +EC (2.8)
The term GGA stands for generalized—gradient approximation. The hybrid functional

proposed by Becke is written as:

(2.9)

ES(?A — E)C(;GA +CX E;xact + EgGA

where Eg* and EZ®* are definite GGA functional which contains six and three

parameters, c, is a parameter and E;®* is E, of Hartree—-Fock definition as given
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by (2.7). The common hybrid functional is B3LYP (Beck3LYP) which is determined
by:

EEP —(1-a,-a, )EL™ +a,E?™ +a,EP® + (1-a )E"™ +a, ES" (2.10)

where a, =0.20, a, =0.72, and a, =0.81, E-" is LYP correlation functional, E>*

is Becke 88 exchange functional, E/*" is function of the Vosko-Wilk—Nusair and

E-"™"is the kind accurate pure LSDA (local-spin—density approximation).

2.5 Basis sets

Basis set is a set of mathematical functions for description of the orbitals in a
system, which is expanded by means of linear combination of atomic orbitals
(LCAO). The LCAO consists of two types of basis function which usually used in the
electronic structure scheming, Slater type orbitals (STO) and Gaussian type orbitals
(GTO).

2.5.1 Slater—type orbital (STO)
Slater—type orbital (STO) has the function form:

3

£570(r) = [%j exp(~2r) (2.11)

where & is the Slater orbital exponent. For fitting atomic orbitals the STOs are

interesting but for more two atoms STOs are complications in estimating the required
integrals. To solve these problems, Gaussian type orbitals (GTO) are usually
substituted by STO.
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2.5.2 Gaussian type orbitals (GTO)

Gaussian type orbitals (GTO) have the function form:

f970(r) = [27“) exp(—ar?) (2.12)

where « is GTO exponent. The first derivative of GTO when r be likely zero is

void, on the other hand the non void value succeeded by some STO.
2.5.3 Minimal basis sets

Basis set allocates a set of basis functions to every atom in a molecule to
approximate its orbitals. Minimal basis sets contain the minimum number of basis set
which are used for each atom. Minimal basis sets use atomic type orbitals of which

size and fixed.
2.5.4 Split the valence basis sets

The split valence basis sets are orbitals of which every valence are splited into
two parts, an inner—shell and outer—shell. Split valence basis sets have two or more
sizes of basis function for each valence orbital.

2.5.5 Polarization basis sets

Polarization basis sets are method to carry on the more atomic orbital
functions in the calculation to improve the outcome. The Polarization basis sets are to
adding p functions on hydrogen and d functions on heavy atoms which permit the

replacement of the electron density from the nuclear site.
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2.5.6 Diffuse functions

Diffuse functions are function using a large size of s— and p-type functions.
These functions are significant for system of which electrons are far away from
nucleus. The 6-31+G(d) is the 6-31G(d) basis set which diffuse function are added to

heavy atoms in computed molecule.

2.6 The ONIOM method

ONIOM (our own n-layered integrated molecular orbital and molecular
mechanic) method is one of the most popular hybrid method to treat on molecular
systems. ONIOM method is a simple linear extrapolation procedure which allows the
ONIOM method to be extended to two-layer and three—layer ONIOM. Hybrid
QM/QM method such as ONIOM (QM1:QM2) is a method which QM1 and QM2 are
used as high and low levels of theory. The ONIOM method works by approximating
the energy of the Real System (R) as a combination of the energies computed by less

expensive methods.

2.7 Transition state theory and rate constant

Transition state theory (TST) provides an approach to explain the temperature
and concentration dependence of the rate law. TST is defined as the maximum value
on the minimum energy path (MEP) of the potential energy surface which is
connection between reactant and product. In chemistry, TST is a conception of
chemical reactions involving rearrangement of species as transition state (TS). TS is
the configuration which divides the reactant and product parts of surface as shown in
Figure 2.1.
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TS

Energy

Reactant

Product

v

Reaction coordinate

Figure 2.1 Schematic illustration of reaction path.
2.7.1 Rate constant and Boltzman distribution

TST assumes equilibrium energy distribution among all possible quantum
states along the reaction coordinates. The probability of finding a molecule in a given

—AE [kgT

quantum state is proportional to Boltzman distribution, e . Rate constant can be

determined using Eyring equation as written:

k — lI:BT-EeAIG IRT (213)

A'G is the Gibbs free energy difference between the TS and reactant, T is absolute
temperature and k; is Boltzmann’s constant. ¢’ is concentration factor. The

equilibrium constant for a reaction can be computed from the free energy change

between the reactant and product.

K, =e %R (2.14)

eq

The Gibbs free energy (G) is defined as a thermodynamic equation, G =H —TS.
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2.7.2 Rate constant with tunneling corrections

Tunneling corrections can be computed using the Wigner method [33]. The
Wigner method is a simple, zeroth—order tunneling approximation and only depends
on the curvature at transition state. Reaction rate coefficients can be obtained using
the following equation.

kK = K|: kBT :l[ QTS :|eA*E/RT (215)

QCompIex

where tunneling factor, x =1+ (1/24)(hv,c/k,T)*, kg is Boltzman constant, T is
absolute temperature, Qs and Q... are the partition functions of transition state

and complex, respectively, h is Plank constant, ¢ is speed of light and v; is imaginary

frequency of transition state.
2.7.3 Partition functions

For determination of the thermal contributions to the enthalpies and entropies
of a molecule, its partition function, ¢ must be first determined at a particular
temperature and g is a measure of the number of accessible to the molecule i.e.
translational, rotational, vibrational and electronic states.

As the translational (T), rotational (R), vibrational (V) and electronic (E) modes of the
system can be separated, the energy of each level (E;,) can therefore be separated into

T, R, V and E contributions as
E=E  +Ef+E’+Ef (2.16)

While the translational modes are independent from the rest, the separations of
other modes are based on an approximation, in particular the Bohn—Oppenheimer
approximation for electronic and vibrational motion and the rigid rotor

approximation. Within these approximations, the total molecular partition function



17

can be factorized into contributions as translational (Qans), Vibrational (Qans),

rotational (qrot) and electronic (qeict) partition functions:

q = qtrans qvib q rot qelect (2 17)

2.7.3.1 Translation partition function

For bimolecular reactions, the translational partition functions may be

simplified as the relative translational partition in per unit volume as:

Uirans = 7\5' (218)
B 1/2
where AR h(%j (2.19),

h is Planck’s constants, m is the mass of the molecule and V is the available volume to
it. For a gas phase system, this is the molar volume at the specific temperature and

pressure.
2.7.3.2 Rotational partition function

The rotational partition functions of linear and non linear molecules are

different terms. For linear molecules

kgT
=8 2.20
qut | CB ( )

and for non linear

1 kBT 3/2( p jl/Z
=—| = —_— 2.21
o 0'( hc ) ABC (221)
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2.7.3.3 Vibrational partition function

The vibrational partition functions are computed quantum mechanically within
the harmonic approximation framework. The harmonic oscillator partition function is

given by:

1
Chrans = H—l_ i (2.22)

i
where V, is the vibrational frequency in cm™ for mode i. The product is over all

vibrational modes.
2.7.3.4 Electronic partition function

As an adiabatic potential energy surface for the electronic partition function
is assumed, the electronic degeneracies along the MEP are assumed as same as at the
transition state. The electronic partition function can therefore be written as

Uelect = @e1 * @1 BXP(=FA1)) + . (2.23)

where As, is the energy of the j™ electronic level relative to the ground state and @q

is the corresponding degeneracy.
2.8 Molecular vibrational frequencies

The total molecular energy E is approximate to be the sum of translation,
rotational, vibrational, and electronic energies. As the harmonic oscillator for system
is assumed, the vibrational energy of an N-atom molecule is the sum of 3N-6 and
3N-5 normal mode vibrational energies for a non-linear and a linear molecule,

respectively [34]:
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3N-6 1

E,, ~ Z (v, +E)hvk (2.24)
k=1

where v, is the harmonic vibrational frequency for the k™ normal mode and v, iseach

vibrational quantum number which is independent of the value of the order vibrational
quantum numbers.

The harmonic vibrational frequencies of a molecule are (i) solving the
electronic Schrodinger equation (|1\|eI+VNN)We|:Ul//e| to find the equilibrium

geometry of the molecule, (ii) computing the set of second derivatives

(02U /0X,0X ;), of the molecular electronic energy U with respect to the 3N nuclear
i j/e

Cartesian coordinates of a system with origin at the center of mass, (iii) the mass—

weighted force—constant matrix elements is formed as:

2
Fiis : 12 i (2.25)
(m;m;)~°( 6X;0X .

where i and j each run from 1 to 3N and m; is the mass of the atom corresponding to
coordinate X; and (iv) solving the following set of 3N linear equations in 3N

unknowns
3N
Z(Fij—@jﬂ,k)ljk =0 i=12,..,3N (2.26)
j=1

where o is the Kronecker delta. 4, and the I, ’s are unknown parameters of which

significance will be seen shortly. As this set of homogeneous equations has a

nontrivial solution, the coefficient determinant must vanish then:

det(F, —5,4,) =0 (2.27)
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Due to this coefficient determinant is of order 3N, its expansion gives a

polynomial of which whose highest power of 4, is A" . The molecular harmonic

vibrational frequencies can be computed from equation:
v, =4"12x (2.28)
2.9 Thermochemistry

In general definition, the enthalpies (A{H®° (298 K)) of reaction at 298 K can

be calculated using the following equation [35].

AH(298K)= > AH_ ,(298K)— > A H_.,(298K) (2.29)

products reactants

The Gibbs free energy (A;G° (298 K)) of reaction can be computed using the

following equation:
A,G'(298K)=A,H (298K)-T(S (M,298 K)—ZS°(X,298K)) (2.30)

where M stands for the molecule and X represents each element which makes up M,

and x will be the number of atoms of X in M.

Atomization energy of the molecule, ZDO(M) is a function of the total

energies of the molecule Z&‘O(M ), the zero—point energy of the molecule (,0 (M))

as shown below:

D Dy(M) =D %6 (X) =&, (M) = &0 (M) (2.31)

atoms
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Finally, A H (298K) and A .G (298K) can be obtained as following

calculations:

1. Calculate A,H (M,0K) for each molecule:

AH (M, 0K) = D xAH'(X,0K) - > Dy(M)

atoms

= > XA H(X,0K) = (D x5(X) = £,(M)) (2.32)

atoms atoms

2. Calculate A H (M, 298K) for each molecule:

A H(M,298K)=AH;(M,0K) + (H,, (298K) - H,, (0K))
— > X(Hy (298K) - Hy (0K)) (2.33)

atoms

3. Calculate A,G (M,298K) for each molecule:

A,G'(M,298K) = A,H'(298K) + 298.15(S"(M,298K) - 3'S"(X,298K)) (2.34)

where (A, H'(X,0K))[31] is heats of formation of the atoms at OK,
H.(298K)-H (0K)is enthalpy corrections of the atomic elements,
H,, (298K)-H,, (0K) is enthalpy correction for the molecule, S;(298K) is entropy

for the atoms and S, (298 K) is entropy for the molecule.



CHAPTER Il

COMPUTATIONAL DETAILS

Due to the two-layered ONIOM(MO:MO) approach [36, 37], ball atoms as
5T (03Si—0-Si0,—(0OH)-AlO,—0-Si0,—0-Si03), 5T (03Si—-0O-SiO,—(OH)-AlIO,—
0-Si0,-0-Si03) and 7T O3Si—(0-Si0;),—(0OH)-AlO,—(0-Si0;),—-0-SiOj3 clusters
on the H-ZSM-5, modeled as 52T (Ha4oSis1(HO)AIOgs), H-MOR modeled 68T
(HeoSis7(HO)AIO15) and H-TON modeled as 56T (HsgSiss(HO)AIOgs) clusters as
shown in Figure 4.1 and all interaction species are treated as high level (B3LYP/6-
31+G(d,p) level of theory [38—40] and the rest of the molecule treated as low level
(AML1 level [41].

3.1. Cluster models for the H-ZSM-5, H-MOR and H-TON

The structures of 52T (H4Sis1(HO)AIOgs), 68T (HeoSisz(HO)AIO05) and
56T (Hs6Siss(HO)AIOgs) clusters respectively modeled for H-ZSM-5, H-MOR and
H-TON zeolites were constructed from the idealized infinite ZSM-5 [42], MOR [43]
and TON [44] crystal lattice structures, respectively. The crystal lattice structures of
ZSM-5, MOR and TON respectively cut as 52T, 68T and 56T were decorated as
following treatment. The dangling bonds of 52T ZSM-5, 68T MOR and 56T TON
clusters were saturated with hydrogen atoms, one silicon atom located at the
crystallographic positions T12, T2 and T3 were substituted by one aluminum atom,
respectively. The complete clusters for H-ZSM-5, H-MOR and H-TON catalysts
were obtained by bonding one proton to oxygen atom which bridges between the
T12-, T2- and T3-aluminum atom of the ZSM-5, MOR and TON clusters,
respectively. The 52T cluster of H-ZSM-5, 68T cluster of H-MOR and 56T cluster
of H-TON catalysts and their clusters modeled as 5T (O3Si—-O-SiO,—(OH)-AlO,-0-
Si0,-0-Si03), 5T (03Si—0-Si0,—(0OH)-AlO,-0-Si0,-0-Si03) and 7T O3Si—(0O-
Si03),—(0OH)-AIO,—(0-Si0;),—0-SiO03 clusters, respectively and definition of high
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and low levels of theory applied in the two-layered ONIOM(B3LYP/6-
31+G(d,p):AM1) approach are shown in Figure 3.1.

Figure 3.1. Ball atoms on the (a) 52T cluster of H-ZSM-5, (b) 68T cluster of H-
MOR and (c) 56T cluster of H-TON catalysts, respectively modeled as 5T (O3Si—-O-
SiO,—(0OH)-AlO,-0-Si0,-0-Si03), 5T (03Si-0-Si0,—(0OH)-AlO,—0-Si0,—0-
Si03) and 7T (O3Si—(0-SiO,),—(0OH)-AlIO,—(0-Si0,),—0-Si03) clusters are
treated as high level and the rest of the molecule treated as low level in the two—
layered ONIOM(B3LYP/6-31+G(d,p):AM1) approach.

3.2 Structure optimization and potential energy surface

The ONIOM(B3LYP/6-31+G(d,p):AM1)-optimized structures of transition—
state for the reaction steps for 1,2—propanediol dehydration to propanal and to
propanone over the H-ZSM-5, H-MOR and H-TON were located using the reaction
coordinate method referred to the synchronous transit-guided quasi—newton (STQN)
calculation [45] using GAUSSIAN 03 program.
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3.3. Thermodynamic properties and formation constants

0

The standard enthalpy AH,, and Gibbs free energy change AG,, of all
studied reactions have been derived from the zero—point vibrational energy (ZPVE)

computed at the ONIOM(B3LYP/6-31+G(d,p):AM1) level of theory. The rate

constants k(T)for conversion reactions of the conversion of ethanol to ethylene

derived from the transition—state theory were computed from activation energy (A*E )
using Eq. (3.1)

K(T) = Kﬁigﬁ—exp(—Ai E/RT) (3.1)

REA

where kg is the Boltzmann’s constant, h is Plank’s constant, T is the absolute
temperature, R is the gas constant, and Q. and Q.. are the partition functions of the
transition state and the reactant of reaction step whose values are composted of
translational, rotational, and vibrational partition functions. The tunneling coefficient
(x) can be computed with the Wigner method [49-51] as « = 1+ (1/24) (hvi/keT)?
where v; is the imaginary frequency that accounts for the vibration motion along the
reaction path. The pre—exponential factor (A) is defined as A = (kgT/h)( Qts/Qrea).
The equilibrium constant K at 298.15 K and 1 atm is computed using a

thermodynamic equation AG® = —RT In K.



CHATER IV

RESULTS AND DISCUSSION

4.1 Optimized structures of zeolite catalysts and involved compounds

The B3LYP/6-31+G(d,p)-optimized structures of reactant and products are
shown in Figure 4.1. As the structures H-ZSM-5, H-MOR and H-TON catalysts
were respectively modeled as 52T, 68T and 56T clusters, the 52T cluster of H-ZSM-
5, 68T cluster of H-MOR and 56T cluster of H-TON structures optimized using
ONIOM(B3LYP/6-31+G(d,p):AM1) method were obtained as shown in Figure 4.2.

(a) (c)

Figure 4.1. The B3LYP/6-31+G(d,p)—optimized structures of reactant (a) 1,2-

propanediol and products (b) propanal and (c) propanone.
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Figure 4.2. The ONIOM(B3LYP/6-31+G(d,p):AM1)—optimized structures of the (a)
52T cluster of H-ZSM-5, (b) 68T cluster of H-MOR and (c) 56T cluster of H-TON

catalysts. Bond distances are in A.
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The H-O bond length of the H-ZSM-5 are 0.971 A for HZ configuration and
0.974 A for ZH configuration of which stretching vibrations are 3792.6 and 3758.9
cm ™, respectively. These two vibration frequencies are closed to experiments [46].
For the H-O bond length of the H-MOR are 0.971 A for HZ configuration and 0.978
A for ZH configuration of which stretching vibrations are 3778.1 and 3690.6 cm™,
respectively. For the H-O bond length of the H-TON are 0.971 A for HZ
configuration and 0.971 A for ZH configuration of which stretching vibrations are
3789.8 and 3789.5 cm™, respectively. As it was found that the H-ZSM-5, the H-
MOR and H-TON their HZ form is more stable than their ZH by 22.78, 23.08 and
0.31 kcal/mol, the reaction for ZH to HZ is energetically preferred reaction.

4.2 Conversion of 1,2—propanediol over the H-ZSM-5

The reaction mechanism of 1,2—propanediol over the H-ZSM-5 was found to
consist of two reaction paths. The first path is the conversion of 1,2—propanediol to
propanone and the second path is conversion to propanal as shown in Figures 4.3 and
4.4, respectively. The first reaction path and ONIOM(B3LYP/6-31+G(d,p):AM1)—
optimized structures of H-ZSM-5 catalyst as HZ and ZH of which acidic proton bond
to oxygen atom bridged between right next two silicon atoms, are shown in Figure
4.3. It shows also the structures of interaction configurations with H-ZSM-5 in
reaction pathway for 1,2—propanediol conversion to propanone. The second reaction
path and the related ONIOM(B3LYP/6-31+G(d,p):AM1)-optimized structures are
shown in Figure 4.4.
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Figure 4.3. The ONIOM(B3LYP/6-31+G(d,p):AM1)—optimized structures of H-
ZSM-5 catalyst and its interaction configurations in reaction pathway for 1,2—

propanediol (PG) conversion to propanone (PNE). Bond distances are in A.
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Figure 4.4. The ONIOM(B3LYP/6-31+G(d,p):AM1)—optimized structures of H-
ZSM-5 catalyst and its interaction configurations in reaction pathway for 1,2—

propanediol (PG) conversion to propanal (PNL). Bond distances are in A.
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Potential energy profiles for 1,2—propanediol conversion to propanone and to
propanal over the H-ZSM-5 catalyst are shown in Figure 4.5(a) and (b), respectively.
The conversion of 1,2—propanediol conversion to propanone is composed of four
reaction steps. The first step, 1,2—propanediol adsorbs onto the H-ZSM-5 by pointing
hydroxyl oxygen of hydroxyl group at the 1-position carbon atom toward the acid
proton of H-ZSM-5 and pointing hydroxyl hydrogen atom of the other hydroxyl
group toward oxygen atom of the H-ZSM-5, shown as INT1 in Figure 4.3. The
second step, the intermediate reactant INT1 affords the intermediate INT2 via
transition state TS1. One water molecule was formed and bound to H-ZSM-5 oxygen
atom. This step is therefore a dehydration step. The hydrogen—bond length, in INT1
(1.90 A) is longer than that in INT2 (1.34 A) by 0.56 A. This means that [H--O]
hydrogen—bond in INT2 is stronger than that in INT1 because of the [H--O] in INT2
is a single hydrogen bonding with positive charge. The third step, the intermediate
reactant INT2 affords the intermediate INT3 via transition state TS2. This step is the
proton transfer process in order to retain the H-ZSM-5 as ZH. The last step is the
desorption process of water and propanone as final product.

The conversion of 1,2—propanediol conversion to propanal comprises three
reaction steps. The first step, 1,2—propanediol adsorbs onto the H-ZSM-5 by pointing
hydroxyl oxygen of hydroxyl group at the 2—position carbon atom toward the acid
proton of H-ZSM-5 and pointing hydroxyl hydrogen atom of the other hydroxyl
group toward oxygen atom of the H-ZSM-5, shown as INT1 in Fig. 4. The second
step (dehydration step), the intermediate reactant INT1 affords the intermediate INT2
via transition state TS1 and one water molecule was formed and bound to H-ZSM-5
oxygen atom. The hydrogen-bond length, in INT1 (1.90 A) is longer than that in
INT2 (1.40 A) by 0.50 A. The last step is the desorption process to afford propanal
product.
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Figure 4.5. Potential energy profiles for (a) 1,2—propanediol (PG) conversion to propanone (PNE) and (b) to (PNL) over the
H-ZSM-5 catalyst.
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The reaction energies, thermodynamic properties, rate constants and
equilibrium constants for conversion reactions of 1,2—propanediol to propanone and
propanal over the H-ZSM-5 catalyst are shown in Table 4.1. The rate determining
step for the propanone pathway is the second step of which rate constant is 1.21x10*2
s~! and for the propanal pathway is the second step of which rate constant is 4.09x10"
12571 The over all equilibrium constants for the propanone and propanal pathways are
1.71x107 and 8.53x10°%, respectively. The overall reaction enthalpies of both

pathways are exothermic process.



Table 4.1 Reaction energies, thermodynamic properties, rate constants and equilibrium constants for conversion reactions

of 1,2—propanediol (PG) to propanone (PNE) and propanal (PNL) over the H-ZSM-5 catalyst.

Catalysts/Reactions ATE P AG?P Ka95” AE*® AH AGyg® Ko

Pathway for Propanone:

PG + HZ— INTI - < -7.03 -7.03 6.12 3.29x10°
INT1 — TSl — INT2 33.65 33.96 1.21x107*2 -9.01 -8.03 -10.38 4.06 x 10’
INT2 — TS2 — INT3 0.04 0.33 3.63 x 10* 0.00 -0.16 0.33 5.70x 107
INT3 — PNE + H,0 +ZH - - - 27.87 28.52 6.34 2.25x10°
Pathway for Propanal:

PG + HZ— INTI - - s -9.51 -9.61 3.94 1.30x 107
INT1 — TSl — INT2 33.57 33.22 4.09 x 107 2.07 3.42 -0.16 1.30 x 10°
INT2 — PNL + H,0 +ZH - - - 27.46 27.86 5.86 5.05x 10

2 Computed at ONIOM(B3LYP/6-31+G(d,p):AM1) level, in kcal mol™.

® Activation energy.

®Inst,

€e
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4.3 Conversion of 1,2—propanediol over the H-MOR

The reaction mechanism of 1,2—propanediol over the H-MOR was also found
to consist of two reaction paths. One is the conversion of 1,2—propanediol to
propanone and the other is conversion to propanal as shown in Figures 4.6 and 4.7,
respectively. The first reaction path and ONIOM(B3LYP/6-31+G(d,p):AM1)-
optimized structures of H-MOR catalyst as HZ and ZH are shown in Figure 4.6. It
shows also the structures of interaction configurations with H-MOR in reaction
pathway for 1,2—propanediol conversion to propanone. The second reaction path and
the related ONIOM(B3LYP/6-31+G(d,p):AM1)—optimized structures are shown in
Figure 4.7.
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Figure 4.6. The ONIOM(B3LYP/6-31+G(d,p):AM1)—optimized structures of H-
MOR catalyst and its interaction configurations in reaction pathway for 1,2-

propanediol (PG) conversion to propanone (PNE). Bond distances are in A,
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Figure 4.7. The ONIOM(B3LYP/6-31+G(d,p):AM1)-optimized structures of H-
MOR catalyst and its interaction configurations in reaction pathway for 1,2-

propanediol (PG) conversion to propanal (PNL). Bond distances are in A.
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Potential energy profiles for 1,2—propanediol conversion to propanone and to
propanal over the H-MOR catalyst are shown in Figures 4.8(a) and (b), respectively.
The conversion of 1,2—propanediol conversion to propanone is also composted of four
reaction steps. The first step, 1,2—propanediol adsorbs onto the H-MOR by pointing
hydroxyl oxygen of hydroxyl group at the 1-position carbon atom toward the acid
proton of H-MOR and pointing hydroxyl hydrogen atom of the other hydroxyl group
toward oxygen atom of the H-MOR, shown as INT1 in Figure 4.6. The second step,
the intermediate reactant INT1 affords the intermediate INT2 via transition state TS1.
One water molecule was formed and bound to H-MOR oxygen atom. This step is
therefore a dehydration step. The hydrogen—bond length, in INT1 (2.04 A) is longer
than that in INT2 (1.51 A) by 0.53 A. This means that [H---O] hydrogen—bond in
INT?2 is stronger than that in INT1 because of the [H---O] in INT2 is a single hydrogen
bonding with positive charge. The third step, the intermediate reactant INT2 affords
the intermediate INT3 via transition state TS2. This step is the proton transfer process
in order to retain the H-MOR as ZH. The last step is the desorption process of water
and propanone as final product.

The conversion of 1,2—propanediol conversion to propanal comprises three
reaction steps. The first step, 1,2—propanediol adsorbs onto the H-MOR by pointing
hydroxyl oxygen of hydroxyl group at the 2—position carbon atom toward the acid
proton of H-MOR and pointing hydroxyl hydrogen atom of the other hydroxyl group
toward oxygen atom of the H-MOR, shown as INT1 in Figure 4.7. The second step,
the intermediate reactant INT1 affords the intermediate INT2 via transition state TS1
and one water molecule was formed and bound to H-MOR oxygen atom. The
hydrogen-bond length, in INT1 (2.00 A) is longer than that in INT2 (1.48 A) by 0.52

A. The last step is the desorption process to afford propanal product.
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Table 4.2 shows that the rate determining steps for the propanone and

. respectively. The over all

propanal pathway are 5.78x107*® and 4.18x107* s
equilibrium constants for the propanone and propanal pathways are 1.70x10™ and
4.10x10°%, respectively. The overall reaction enthalpies of both pathways are

exothermic process.



Table 4.2 Reaction energies, thermodynamic properties, rate constants and equilibrium constants for conversion reactions
of 1,2—propanediol (PG) to propanone (PNE) and propanal (PNL) over the H-MOR catalyst.

Catalysts/Reactions ? AYE P AG?P Kags® AE® AH 65" AGyg® K2gs

Pathway for Propanone:

PG+ HZ— INT1 - - - —8.96 -8.85 3.28 3.93x10°
INT1 — TS1 — INT2 38.05 38.50 5.78 x 107*° —6.47 -5.95 —6.08 2.88 x 10*
INT2 — TS2 — INT3 10.15 8.98 3.22 x 10° 7.04 10.35 8.98 2.60x 107
INT3 — PNE + H,0 +ZH - - - 20.54 21.26 -1.04 5.77 x 10°
Pathway for Propanal:

PG + HZ— INT1 - - - -11.87 -11.90 1.32 1.07 x 10
INT1 — TSI — INT2 35.09 33.20 418 x 107 10.85 11.72 9.04 2.35x 107
INT2 - PNL + H,0 +ZH - - - 21.47 22.16 -0.30 1.66 x 10°

2 Computed at ONIOM(B3LYP/6-31+G(d,p):AM1) level, in kcal mol™.

® Activation energy.

‘Inst,

oy
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4.4 Conversion of 1,2—propanediol over the H-TON

The reaction mechanism of 1,2—propanediol over the H-TON was also found
to consist of two reaction paths. One is the conversion of 1,2—propanediol to
propanone and the other is conversion to propanal as shown in Figure 4.9 and 4.10,
respectively. The first reaction path and ONIOM(B3LYP/6-31+G(d,p):AM1)-
optimized structures of H-TON catalyst as HZ and ZH are shown in Figure 4.9. It
shows also the structures of interaction configurations with H-TON in reaction
pathway for 1,2—propanediol conversion to propanone. The second reaction path and
the related ONIOM(B3LYP/6-31+G(d,p):AM1)—optimized structures are shown in
Figure 4.10.
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Figure 4.9. The ONIOM(B3LYP/6-31+G(d,p):AM1)—optimized structures of H-
TON catalyst and its interaction configurations in reaction pathway for 1,2—

propanediol (PG) conversion to propanone (PNE). Bond distances are in A.
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Figure 4.10. The ONIOM(B3LYP/6-31+G(d,p):AM1)—optimized structures of H-
TON catalyst and its interaction configurations in reaction pathway for 1,2-
propanediol (PG) conversion to propanal (PNL). Bond distances are in A.
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Potential energy profiles for 1,2—propanediol conversion to propanone and to
propanal over the H-TON catalyst are shown in Figure 4.10(a) and (b), respectively.
The conversion of 1,2—propanediol conversion to propanone is composed of five
reaction steps. The first step, 1,2—propanediol adsorbs onto the H-TON by pointing
hydroxyl oxygen of hydroxyl group at the 1-position carbon atom toward the acid
proton of H-TON and pointing hydroxyl hydrogen atom of the other hydroxyl group
toward oxygen atom of the H-TON, shown as INT1 in Figure 4.9. The second step,
the intermediate reactant INT1 affords the intermediate INT2 via transition state TS1.
One water molecule was formed and bound to H-TON oxygen atom. This step is
therefore a dehydration step. The hydrogen—bond length, in INT1 (1.97 A) is longer
than that in INT2 (1.51 A) by 0.46 A. This means that [H---O] hydrogen—bond in
INT?2 is stronger than that in INT1 because of the [H---O] in INT2 is a single hydrogen
bonding with positive charge. The third step, the intermediate reactant INT2 translates
to the intermediate INT3. The fourth step, the hydroxyl proton of intermediate INT3
is transfered to zeolite affording the intermediate INT4. This step is the proton
transfer process in order to retain the H-TON as ZH. The last step is the desorption
process of water and propanone as final product.

The conversion of 1,2—propanediol conversion to propanal comprises three
reaction steps. The first step, 1,2—propanediol adsorbs onto the H-TON by pointing
hydroxyl oxygen of hydroxyl group at the 2—position carbon atom toward the acid
proton of H-TON and pointing hydroxyl hydrogen atom of the other hydroxyl group
toward oxygen atom of the H-TON, shown as INT1 in Figure 4.10. The second step
(dehydration step), the intermediate reactant INT1 affords the intermediate INT2 via
transition state TS1 and one water molecule was formed and bound to H-TON
oxygen atom. The hydrogen-bond length, in INT1 (1.90 A) is longer than that in
INT2 (1.50 A) by 0.40 A. The last step is the desorption process to afford propanal

product.
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Table 4.3 shows that the rate determining steps for the propanone and
propanal pathway are 2.04 x 102* and 5.20 x 107'° s™, respectively. The over all
equilibrium constants for the propanone and propanal pathways are 3.00x10™ and
2.69x10°, respectively. The overall reaction enthalpies of both pathways are

exothermic process.



Table 4.3 Reaction energies, thermodynamic properties, rate constants and equilibrium constants for conversion reactions

of 1,2—propanediol (PG) to propanone (PNE) and propanal (PNL) over the H-TON catalyst.

Catalysts/Reactions ? AYE®P AG?P Kags® AE® AH 65" AGyg® K298

Pathway for Propanone:

PG + HZ— INT1 - - - -22.93 -22.92 -10.02 2.22 x 10
INT1 — TS1 — INT2 50.10 50.02 2.04x 107 6.77 7.70 6.01 3.94x107
INT2 — INT3 - - - -0.20 -1.01 1.32 1.08 x 10
INT3 — INT4 - - - -11.34 -9.85 -15.07 1.11x 10"
INT4 — PNE + H,0 +ZH - - - 16.44 16.53 -3.35 2.87 x 10°
Pathway for Propanal:

PG + HZ— INT1 - - - -8.14 -8.30 5.43 1.04x 10
INT1 — TS1 — INT2 31.27 30.34 5.20 x 107%° -9.26 -8.05 -11.12 1.42 x 10°
INT2 - PNL + H,0 +ZH - - - 14.45 14.92 -7.18 1.82 x 10°

2 Computed at ONIOM(B3LYP/6-31+G(d,p):AM1) level, in kcal mol™.

® Activation energy.

®Inst,

Ly



CHAPTER V

CONCLUSIONS

The reaction mechanisms of 1,2—propanediol over H-ZSM-5, H-MOR and
H-TON catalysts were studied using ONIOM(B3LYP/6-31+G(d,p):AM1) method.
The H-ZSM-5, H-MOR and H-TON structures were modeled as 52T, 68T and 68T
clusters, respectively. It was found that the dehydration reactions of 1,2—propanediol
over the H-ZSM-5, H-MOR and H-TON consist of two pathways. The first pathway
is the conversion of 1,2—propanediol to propanone and the second one is the
conversion to propanal.

The conversion reactions of 1,2—propanediol to propanone and propanal over
the H-ZSM-5 catalyst, the rate determining step for the propanone pathway is the
second step of which rate constant is 1.21x107*? s™ and for the propanal pathway is
the second step of which rate constant is 4.09x10™ s™. The over all equilibrium
constants for the propanone and propanal pathways are 1.71x107 and 8.53x107%,
respectively. The overall reaction enthalpies of both pathways are exothermic process.
For, the conversion reactions of 1,2—propanediol to propanone and propanal over the
H-MOR catalyst, the rate determining step for the propanone and propanal pathways
are 5.78x107° and 4.18x107*? s7, respectively. The over all equilibrium constants for
the propanone and propanal pathways are 1.70x10™* and 4.10x10°®, respectively. The
overall reaction enthalpies of both pathways are exothermic process. For, the
conversion reactions of 1,2—propanediol to propanone and propanal over the H-TON
catalyst, the rate determining step for the propanone and propanal pathways are
2.04x107** 5! and 5.20x107° 57, respectively. The over all equilibrium constants for
the propanone and propanal pathways are 3.00x10™ and 2.69x10°, respectively. The
overall reaction enthalpies of both pathways are exothermic process.

The rate constants for 1,2—propanediol conversion to propanal and 1,2-
propanediol conversion to propanone over all studied zeolites are in decreasing order:
H-TON > H-ZSM-5 > H-MOR and H-ZSM-5 > H-MOR > H-TON, respectively.
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These results corresponds to the experiment [28] which the H-TON and H-
ZSM-5 are the best catalysts for conversion of 1,2—propanediol to propanal and

propanone, respectively.
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