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CHAPTER I 

INTRODUCTION 

1.1 Background and literature review 

 Light olefins such as ethene, propene and butenes were obtained from the 

cracking of n-heptane using various zeolites as catalysts [1]. In a fluid catalytic 

cracking process, ZSM-5 (Zeolite Socony Mobil-5) is widely used as size of additive 

for light olefin production and gasoline improvement [2]. Uniform H-ZSM-5 was 

found to show a selective formation and high deactivation resistance of propene and 

light olefin [3].   

 There are many works on catalytic cracking of olefins with different number 

of carbons on zeolite catalysts [4-7]. The catalytic cracking of 2-methyl-2-butene and         

2-pentene to form ethylene and propylene over proton-exchanged zeolites [4] and          

1–butene to propene over the ZSM–5 catalyst [5] were inspected. The initial reactions 

of catalytic cracking of 1–butene to produce propene and ethene on zeolites             

H–ZSM–5 and H–FAU (Faujasite) were theoretically investigated using the 

ONIOM(B3LYP/6–31G(d,p):B3LYP/3–21G) method [6]. The cracking mechanism 

of 1–hexane over the H–ZSM–5 zeolite was investigated using the 

ONIOM(B3LYP/6–31G(d,p):UFF) method [7]. 

 The possibilities of catalytic cracking of naphtha on zeolites IM–5 [8],     

ZSM–5 [9], MOR (Mordenite) [10] and FER (Ferrierite) [11] were explored. The 

chemical mechanisms of catalytic cracking of alkanes and alkenes over solid acidic 

catalysts as well as zeolites were reviewed [12]. The alkane crackings on zeolites MFI 

and FAU [13] and zeolite H–ZSM–5 [14] were theoretically studied using DFT 

(density functional theory) methods. The rate constants for reactions and activation 

energies of n–hexane cracking over ZSM–5 zeolites with various Si/Al ratios and 

crystal sizes [15]  and the characterization of the used catalysts were studied [16].  

The effect of the crystal size of ZSM–5 zeolite on the catalytic activity and light 

olefins yield in the catalytic cracking of n–hexane were investigated [17]. The effects 

of steaming on the acidity and catalytic performance of H–ZSM–5 and P/H–ZSM–5 

with various Si/Al ratios in the catalytic cracking of heptane were studied [18]. 
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1.2 Zeolite 

 Three-dimensional four-connected framework in zeolite was constructed from 

TO4 tetrahedra which T refers to Si and Al atoms. TO4 tetrahedra are called primary 

building units which is the basic structural building units of a zeolite framework as 

shown in Figure 1.1. 

 

Figure 1.1 The primary building units of (a) TO4 tetrahedron (b) TO4 tetrahedra 

bridging by a common oxygen [19]. 

 

 Such aluminosilicate are amorphous and much interest has been shown in 

recent years in crystalline aluminosilicates having the general formula can be written 

as, Mv(AlO2)x(SiO2)yzH2O, where M  is monopositive cation (e.g. sodium or 

ammonium), v equals x; for divalent cations, v is x/2 and z is number of water 

molecule contained in the channels of zeolite. In the channels, there are the cations 

and adsorbed water molecules.  
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1.2.1 Adsorption of alkanes in zeolite pores 

Zeolite is excellent microporous adsorbent for small medium sizes of gases 

and liquids because of its pore size and very large surface areas. Chain length and 

pore dimension are main parameters for normal alkanes adsorption in zeolite pores. 

The interaction is mainly controlled by dispersive force, which is the van der Waals 

interaction. In proton-exchanged zeolites case, a smaller contribution is a dipole–

dipole-induced interaction with the Brønsted acid site. In zeolite pores, other cations 

also interact with adsorbate. The longer alkanes can absorb with the higher heat of 

adsorption because they are mainly controlled by the van der Waals interaction. In the 

repeated reporting, heat of adsorption linearly increases when chain length increase 

[20, 21]. Alkanes are perfectly absorbed in middle pore sizes when the heat is higher 

in the adsorption proceeding [22].  

 

 1.2.2 Acidity 

 Charge of zeolite comprising Si-O tetrahedral called as silicalite is neutral. 

The unbalance of the metal and the oxygen charge in the primary building unit. 

Replacing one Si
4+

 atom in silicalites by Al
3+

 a formal negative charge. This negative 

charge is then balanced by a proton or metal cation. The framework morphology, type 

of cation has an influence the acid properties of zeolites as well. From a structural 

point of view, the bridging hydroxyl groups, which are protons associated with 

negatively charged framework oxygen’s linked into alumina tetrahedra, are the 

Brønsted acid sites as shown in Figure 1.2. These protons are lost at high temperatures 

as water molecules followed by the formation of Lewis acid sites as shown in    

Figure 1.2 [23]. 
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Figure 1.2 Brønsted and Lewis acid sites in zeolites. 

  

1.3 ZSM-5 zeolite 

ZSM-5, a highly porous material, it has an intersecting two-dimensional pore 

structure. There are two types of ZSM-5 pores which both are constructed by                

10-membered oxygen rings. The first type is straight and elliptical in cross section. 

The second type, pore intersects the straight pores at right angles, in a zig-zag pattern 

and circulating in cross section. They were able to be explained by a shorthand 

notation of [100] 5.1  5.5 Å and [010] 5.4  5.6 Å as displayed in Figure 1.3. The 

unit cell of MFI structure is orthorhombic (a = 20.1, b = 19.7, c = 13.1 Å) with Pnma 

symmetry. The all-silica analogue of zeolite ZSM-5, silicalite-1 is also able to form. 

Balancing the negative charge of the framework with the additional presence of 

positive charge is required by the substitution of an aluminum ion for a silicon ion. 

The additional proton is the reason of causing a high level of acidity in zeolite         

(H-ZSM-5). The acidic catalytical activity of H-ZSM-5 is affected by the Al 

component in the framework. One of the most important molecular sieves catalysis 

materials in the petroleum industry is ZSM-5-type [19]. 
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Figure 1.3 The structure of ZSM-5 zeolite. Lengths of pore channel are in Å. Pore size 

is in unit of T (tetrahedral) [24].  

 

1.4 FER zeolite 

The two dimensional pore structure of FER is shown in Figure 1.4. It 

comprises straight 10-ring channels parallel to the z-axis which is interconnected by 

cages with 8-ring windows in the y-direction. The pore diameter size of 10-ring 

channels is [001]  5.4  4.2 Å. FER structure has the space group Immm and the 

orthorhombic symmetry crystal with a = 19.02, b = 14.30 and c = 7.54 Å) with unit 

cell dimension [25]. 
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Figure 1.4 The structure of FER zeolite. Lengths of pore channel are in Å. Pore size is 

in unit of T (tetrahedral) [24]. 

 

1.5 Objective 

In this study, to rationalize on the experiments of the cracking reactions of          

n–pentane and n–hexane over the H–ZSM–5 and H–FER catalysts, a theoretical 

investigation of reaction mechanisms of the cracking of n–pentane and n–hexane over 

the H–ZSM–5 and H–FER catalysts for productions of 1,2–pentene and 1,2–hexene, 

respectively. The reaction energies, thermodynamic quantities, rate and equilibrium 

constants of the cracking of the n–pentane and n–hexane over the H–ZSM–5 and     

H–FER catalysts have been obtained using the  ONIOM(B3LYP/6–31+G(d,p):AM1) 

method in combination with 52T and 64T cluster models of zeolites, respectively. 



CHAPTER II  

THEORY 

  The electronic wave function of polyatomic molecule depends on several 

parametersthe bond distances, bond angles, and dihedral angles of rotation about 

single bonds. A full theoretical treatment of a polyatomic molecule involves 

calculation of the electronic wave function for a range of each of these parameters. 

The equilibrium bond distances and angles are then found as those values that 

minimize the electronic energy including nuclear repulsion. The four main approaches 

for calculations of electronic properties of molecules, are ab initio, semiempirical and 

the density-functional methods [26].   

 

2.1 Semi-empirical method 

Due to limitations of computation to treat molecular systems with large 

numbers of electrons, ab initio methods are not applied routinely to molecules with 

several atoms. Semiempirical methods are therefore applied to larger systems and 

make electronic structure calculations available. Base on experimental data, 

parameters of atoms optimized to reproduce a number of important chemical 

properties are included in semiempirical methods. In 1985, Dewar developed an 

improved version of MNDO called AM1 (Austin model 1) which overcomes the 

major weaknesses of MNDO without any significant increase in computing time. 

AM1 provides more accurate enthalpies of formation and ionization energies than 

MNDO [27]. 

 

2.2 Hartree-Fock method 

The ab initio methods start with the Hartree–Fock (HF) approximation in that 

the HF equations which are first solved to find spinorbitals that can then be used to 

construct configuration state functions. Nevertheless, they do have limitations, in 

particular the computational difficulty of performing accurate calculations with large 

basis sets on molecules containing many atoms and many electrons [27]. 
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The molecular HF wave function is written as an antisymmetrized product 

called Slater determinant of spin-orbitals, each spin-orbital being a product of a 

spatial orbital and spin function. The HF molecular electronic energy EHF is given by 

the variation theorem. Therefore, the HF energy of a diatomic or polyatomic molecule 

with closed shells is expressed as Equation (2.1) [26]. 

                     (2.1) 

where is one-electron-operator symbol,  is coulomb integrals,  is 

exchange integrals, n/2 is occupied spatial orbitals of n-electron molecule and VNN is 

nuclear repulsion energy. 

 

2.3 Density functional theory (DFT) 

An alternative to the HF methods that is also popular among quantum 

chemists is density functional theory (DFT). The basic idea behind DFT is that the 

energy of an electronic system can be written in terms of the electron probability 

density, . For a system of n electrons, (r) denotes the total electron density at a 

particular point r in space. The electronic energy E is said to be a functional of the 

electron density and is denoted E[], in the sense that for a given function (r), there 

is a single corresponding energy. 

 

 2.3.1 Kohn–Sham orbitals and equations 

The concept of a density functional for the energy was the basis of some early 

but useful approximate models such as the Thomas–Fermi method and the Hartree–

Fock–Slater or X method. Nevertheless, formal proof was given by P. Hohenberg 

and W. Kohn that the ground-state energy and all other ground-state electronic 

properties are uniquely determined by the electron density. In the development of 

DFT came with the derivation of a set of one-electron equations from which the 

electron density could be obtained. Systems in which paired electrons are described 
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by the same spatial one-electron orbitals as in restricted Hartree–Fock theory were 

therefore considered. W. Kohn and L.J. Sham showed that the exact ground-state 

electronic energy E of an n-electron system can be written as Equation (2.2). 

     
 
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1 1
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11

*
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2

1
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

                    (2.2)

 

where the one-electron spatial orbitals i (i=1, 2, ..., n) are the Kohn–Sham orbitals, 

the solutions of the equations given below. The exact ground-state electron density is 

given as Equation (2.3). 





n

i

i rr
1

2
)()(                                           (2.3) 

where the sum is over all the occupied Kohn–Sham (KS) orbitals;  is known once 

these orbitals have been computed.  

 The first term on the right in Equation (2.2) represents the kinetic energy of 

the electrons. The second term represents the electron–nucleus attraction where the 

sum is over all N nuclei with index I and atomic number ZI. The third term represents 

the Coulomb interaction between the total charge distribution at r1 and r2. The last 

term is the exchange–correlation energy of the system, which is also a functional of 

the density and takes into account all non-classical electron–electron interactions. 

Among the four terms, EXC is the one which does not obtain exactly. Although the 

Hohenberg–Kohn theorem tells that E and EXC must be functionals of the electron 

density. The KS orbitals are found by solving the Kohn–Sham equations, which are 

derived by applying the variation principle to the electronic energy E[] with the 

charge density given by Equation (2.3). The KS equations for the one electron orbitals 

i(r1) are in a form as Equation (2.4).  
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where i are the KS orbital energies and the exchange–correlation potential, VXC, is the 

functional derivative of the exchange–correlation energy as  shown in Equation (2.5)  

[27].  

 
 




 XC

XC

E
V                              (2.5)      

 

 2.3.2 Hybrid functional 

 The most popular hybrid functional at present is based on an exchange-energy 

functional developed by Becke in 1993, and modified by Stevens et al. in 1994 by 

introduction of  LYP 1988 correlation-energy functional. This exchange-correlation 

functional, called the Becke3LYP or B3LYP functional is expressed as Equation 

(2.6). 
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where  is the kind of accurate LSDA non-gradient-corrected exchange 

functional, is the KS-orbital-based HF exchange energy functional,  is the 

Beck 88 exchange functional mentioned above,  is the Vosko, Wilk, Nusair 

function (SVWN function), which forms part of the accurate functional for the 

homogeneous electron gas of LDA and the LSDA, and   is the LYP correlation 

functional mentioned above.  and of the last three terms are gradient-corrected. 

The parameters ,  and  are obtained from the best fit of the calculated energy 

to molecular atomization energies [28]. 
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2.4 Basis sets 

The Slater-type orbitals (STOs) is written as Equation (2.7). 

 ),(),,(
1


l

effeff

l lm

Zn

nlm YeNrr


                           (2.7) 

where   n, l, and ml are quantum numbers, Z is  atomic number, N is a normalization 

constant, Ylml is a spherical harmonic,  = r/a0, neff is effective principal quantum 

number and Zeff is effective nuclear charge. 

 A complete basis set consists of STOs with all permitted integral values of n, l, 

and ml and all positive values of the orbital exponents,  (zeta), the parameter that 

occurs in the radial part (e
-r

) of the STO. In practice, only a small number of all 

possible functions are used. The best values of  are determined by fitting STOs to the 

numerically computed atomic wavefunctions. For atomic self-consistent field (SCF) 

calculations, STO basis functions are centred on the atomic nucleus. For diatomic and 

polyatomic species, STOs are centred on each of the atoms. However, for HF-SCF 

calculations on molecules with three or more atoms, the evaluation of the many    

two-electron integrals (abcd) is impractical. Indeed, this ‘two-electron integral 

problem’ was once considered to be one of the greatest problems in quantum 

chemistry [27].  

 

2.4.1 Minimal basis sets 

 The simplest type of basis set is aminimal basis set in which one function is 

used to represent each of the orbitals of elementary valence theory. A minimal basis 

set would include one function each for H and He for the 1s-orbital, five basis 

functions each for Li to Ne for the 1s-, 2s-, and three 2p-orbitals, and nine functions 

each for Na to Ar, and so on. However, a minimal basis set results in wavefunctions 

and energies that are not very close to the Hartree–Fock limits: accurate calculations 

need more extensive basis sets [27]. 

 



12 

 

 2.4.2 Splitvalence basis sets  

 A split-valence (SV) basis set is a compromise between the inadequacy of a 

minimal basis set and the computational demands of double-zeta (DZ) and triple-zeta 

(TZ) basis sets. Each valence atomic orbital is represented by two basis functions 

while each inner-shell atomic orbital is represented by a single basis function. In 3-

21G basis set, one contracted Gaussian composed of three primitives is used to 

represent each inner-shell atomic orbital. Each valence-shell orbital is represented by 

two functions, one a contracted Gaussian of two primitives and one a single (and 

usually diffuse) primitive. The primitives are first optimized in an SCF calculation on 

atoms, and the contracted sets are then used in molecular calculations [27]. 

 

 2.4.3 Polarized basis sets 

 The 6-31G* basis set starts with the split-valence 6-31G basis and adds 

polarization functions in the form of six d-type functions for each atom other than H. 

Another star, an additional polarization function: 6-31G** indicates the addition to   

6-31G of a set of three p-type polarization functions for each H atom [27]. 

 

 2.4.4 Diffuse functions 

 Anions, compound with lone pairs, and hydrogen-bonded dimer have 

significant electron density at large distance from the nuclei. To improve the accuracy 

for such compounds, the 3-21+G and 6-31+G* basis sets formed from the 3-21G and 

6-31G* sets by the addition of four highly diffuse functions (s, px, py, pz) on each  

non-hydrogen atom; a highly diffuse function is one with a very small orbital 

exponent. The 3-21++G and 6-31++G* sets also include a highly diffuse s function on 

each hydrogen atom [26]. 
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2.5 ONIOM method  

ONIOM stands for our own N-layered Integrated molecular Orbital. The basic 

idea behind ONIOM approach can be explained most easily when it is considered as 

an extrapolation scheme in a two-dimensional space, spanned by the size of the 

system on one axis and the level of theory on the other axis. The extrapolation 

procedure schematically shown in Figure 2.1 describes the real system at the highest 

level of theory, i.e. the approximation of the target E4 (point 4) in a system partitioned 

into the two-layer ONIOM or E9 (point 9) in a system consisting of three layers. 

   

Figure 2.1 The ONIOM extrapolation scheme for a molecular system partitioned into 

two left and three right layers. 

 

 In the case of two layers, the extrapolated energy EONIOM2 is then defined as 

Equation (2.8). 

 EONIOM2 = E3 - E1 + E2                            (2.8)  

where E3 is the energy of the entire system or real system which is  calculated at the 

low level of theory. E1 and E2 are the energies of the model system determined at the 

low and high level of theory, respectively. EONIOM2 is an approximation to the true 

energy of the real system E4 which is obtained using Equation (2.9). 
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 E4 = EONIOM2 + D                             (2.9) 

where D is error of the extrapolation [29]. 

 

2.6 Transition state theory 

Transition state theory (TST) provides an approach to explain the temperature 

and concentration dependence of the rate law. On this potential energy surface there 

will be a path of minimum energy expenditure for the reaction to proceed from 

reactants to products (reaction coordinate). The low energy positions of reactants and 

products on the potential energy surface will be separated by a higher energy region. 

The highest energy along the minimum energy pathway in going from reactants to 

products defines 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 2.2 [30]. 

 

Figure 2.2 Potential energy profile of reaction path. 
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2.7 Thermochemistry  

2.7.1 Enthalpies and free energies of reaction 

The difference of the sums of heat formation is taken to calculate the enthalpies of 

reaction using Equation (2.10). 

                  (2.10) 

The enthalpy of reaction can be calculated by Equation (2.11). 

                      (2.11) 

where H is standard enthalpy.  is the total electronic energy. Hcorr is correction 

enthalpies due to internal energy which can be calculated by Equation (2.12). 

 Hcorr = Etot  + kBT                       (2.12)
 

where kB is Boltzmann constant (1.38066210
-23

J/K). T is temperature (default is 

298.15). Etot, total internal energy, is the sum of Et, Er, Ev, Ee which are internal 

energy due to transition, rotational, vibrational and electronic motion, respectively, as 

shown in Equation (2.13). 

 Etot = Et + Er + Ev + Ee                     (2.13) 

The Gibbs free energies of reaction can be calculated using Equation (2.14). 

                      (2.14) 

where is standard Gibbs free energy. The correction to Gibbs free energy due to 

internal energy (Gcorr) can be calculated using Equation (2.15). 

Gcorr = Hcorr  TStot                          (2.15) 

 

where Stot is total internal entropy which is the sum of internal energy due to transition 

(St), rotational (Sr), vibrational (Sv) and electronic motion (Se) [31]. 
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2.7.2 Rate constant  

2.7.2.1 Rate constant with tunneling corrections 

 The Gibbs free energy change oG298  and standard enthalpy oH298  of all 

studied reactions have been derived from the zero–point vibrational energy (ZPVE) 

[32] under the ONIOM(B3LYP/6–31+G(d,p):AM1) method. The rate constants k(T) 

of each reaction step via its corresponding transition state derived from the  

transition–state theory were computed from activation energy ( ‡E ) using    

Equation (2.16) [32, 33]. 

 )(Tk  RT

E

REA

TSB e
Q

Q

h

Tk




                (2.16) 

where  is tunneling coefficient, kB is the Boltzmann’s constant, h is Plank’s constant,    

T is the absolute temperature at 298.15 K, R is the gas constant value of 1.98710
-3              

kcal mol
-1

T
-1

, and QTS and QREA are the partition function of translational, rotational, 

and vibrational partition functions from the zero–point vibrational energy (ZPVE). 

 The tunneling coefficient can be computed with the Wigner method [34, 35] 

as  = 1 + (1/24)(hvic/kBT)
2
, where c is speed of light  and vi is the imaginary 

frequency that accounts for the vibration motion along the reaction path.                 

The pre–exponential factor (A)  is defined in Equation (2.17).  

 A                                 (2.17)  

 The equilibrium constant ( ) is defined using a thermodynamic          

Equation (2.18) at 298.15 K and 1 atm. 
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                               (2.18) 
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2.7.2.2 Partition functions 

The total partition function (Q) can be approximated as a product of 

transitional, rotational, vibrational, and electronic partition functions as shown in 

Equation (2.19) [31]. 

evrt QQQQQ                     (2.19) 

where Qe is electronic partition function, Qr is rotational partition function, Qt is 

translational partition function and Qv is vibrational partition function.
 

 

2.7.2.2.1 Translational partition function 

The translational partition function is written as shown in Equation (2.20). 

V
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                       (2.20) 

where m is the mass of the molecule and V is the molar volume at specific volume and 

pressure in a gas phase system [31]. 

 

2.7.2.2.2 Rotational partition function 

The discussion for molecular rotation can be divided into several cases: single 

atoms, linear polyatomic molecules, and general non-linear polyatomic molecules. 

For a linear molecule, the rotational partition function is written as shown in Equation 

(2.21). 
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where Br Ikh 22 8/  .
 ),,( zyxr

 
is characteristic temperature for rotation (in the x, y 

or z plane). I is the moment of inertia.  
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For the general case for a nonlinear polyatomic molecule, the rotational 

partition function is written as shown in Equation (2.22). [31] 



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2.7.2.2.3 Vibrational partition function 

The contributions to the partition function, entropy, internal energy and 

constant volume heat capacity from vibrational motions are composed of a sum (or 

product) of the contributions from each vibrational mode, K. The first vibrational 

energy level to be the zero of energy (V=0), then the partition function for each 

vibrational level is written as shown in Equation (2.23). 

TKv
Kve

Q
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,1

1



                               (2.23) 

where BKKv khv /,   is characteristic temperature for vibration K. 

 The overall vibrational partition function is written as shown in Equation 

(2.24) [31]. 
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2.7.2.2.4 Electronic partition function 

 The electronic partition function is shown in Equation (2.25). 

 ...
/

2

/

1

/

0
210 

 TkTkTk

e
BBB eeeQ                     (2.25) 

where n is the degeneracy of the n-th energy level, n is the energy of the n-th level.

 The first electronic excitation energy is assumed to be much greater than kBT. 

Therefore, the first and higher excited states are assumed to be inaccessible at any 

temperature. Thus, the energy of the ground state is set to zero. These assumptions 

simplify the electronic partition function which is shown in Equation (2.26). 

 0eQ                   (2.26) 

which is the simply electronic spin multiplicity of the molecule [31]. 

 



CHAPTER III 

DETAILS OF COMPUTATION 

3.1 Computational Approach 

The two–layer ONIOM approach [36, 37] employed together with cluster 

models for the H–ZSM–5 and H–FER catalysts have been modeled by the 52T 

(H40Si51(HO)AlO83) and 64T (H52Si63(HO)AlO101) clusters, respectively. The high 

zones of zeolite molecules describing in the two–layer ONIOM method assigned for 

the H–ZSM–and H–FER cluster models are shown as ball atoms which are the 22T 

(H10Si21(HO)AlO46) and 20T (Si19(HO)AlO23) components, respectively, see Figure 

3.1. The two–layer ONIOM approach, high and low regions are treated using the 

B3LYP/6–31+G(d,p) [38-40] and the AM1 [41] methods as high and low levels of 

theory, respectively. For clear definition, the ONIOM(B3LYP/6–31+G(d,p):AM1)–

optimized structures of the H–ZSM–5, H–FER clusters and their n–pentane 

adsorption configurations are shown in Figure 3.1. 

The structure optimizations of the H–ZSM–5 (52T), H–FER (64T) clusters, 

their interaction configurations with n–pentane, n–hexane reactants, related 

intermediates,  1,2–pentene, 1,2–hexene products and their corresponding transition 

states have been carried out using the ONIOM(B3LYP/6–31+G(d,p):AM1) method. 

All calculations were performed using the GAUSSIAN 09 program [42] and their 

structures were visualized using the MOLEKEL 4.3 program [43]. The zero–point 

energies (ZPE) and thermodynamic properties based on the vibrational energy 

(ZPVE) corrections derived from frequency calculations at the ONIOM(B3LYP/6–

31+G(d,p):AM1) level were achieved.  
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3.2 Cluster models for the H–ZSM–5 and H–FER 

The initial structures of H–ZSM–5 modeled as 52T (H40Si51(HO)AlO83) 

cluster and H–FER zeolites modeled as 64T (H52Si63(HO)AlO101) cluster were 

constructed from the idealized infinite ZSM–5 [44] and FER [45] crystal lattice 

structures, respectively. The crystal structures of the ZSM–5 and FER respectively cut 

as 52T and 64T were decorated as following treatment. The dangling bonds of silicon 

atoms at the edge of 52T ZSM–5 and 64T FER clusters were saturated with hydrogen 

atoms of which bonds were added along their lattice directions. The next step, all 

added hydrogen atoms were optimized using AM1 method while the rest atoms are 

frozen. The acid proton was added by bonding hydrogen atom to one atom of oxygen 

atoms bridging between the substituted aluminum atom at the crystallographic 

position T12 on the 52T ZSM–5 cluster for the  H–ZSM–5 catalytic model and one 

atom of two adjacent silicon atoms (T2 on the 64T FER cluster for the H–FER 

catalyst). The cluster models for the H–ZSM–5 and H–FER catalysts were, therefore, 

obtained by bonding one proton to oxygen atom which bridges between the T12–Al 

atom on the ZSM–5 cluster and T2–Al atom on the FER cluster. Double 10T channels 

for the H–ZSM–5 and H–FER catalysts were taken as the high theoretical zones of 

which clusters are H10Si21(HO)AlO46 and Si19(HO)AlO23, respectively. Therefore, the 

two–layer ONIOM(B3LYP/6–31+G(d,p):AM1) approach for computation modeled 

are defined as shown in Figure 3.1. 

 The partial optimizations were employed for all optimized structures, namely 

all atoms were frozen except atoms labeled with number (see Figure 3.1) were 

flexible. The molecular fragments Si2–O2–Si1–O1(H1)–Al–O3–Si3–O4–Si4–O5 of 

the 52T ZSM–5 cluster, Si4–O4–Si3–O3–Si2(O7)–O2–Si1–O1(H1)–Al–(O8)–O5–

Si5–O6–Si6 of the 64T FER cluster and all interaction compounds were allowed to 

move.  
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Figure 3.1 The cluster models in combination with the two–layer ONIOM approach 

for (a) the H–ZSM–5 catalyst (denoted by HZ
Z
) modeled as the 52T cluster and (b) 

them H–FER catalyst (denoted by HZ
F
) modeled as the 64T cluster. The high and low 

layers defined in the two–layer ONIOM approach are illustrated as the ball and stick 

atoms, respectively. The molecular images on the righthand side are the optimized 

structures for their adsorption configuration with the n–pentane reactant as 

representatives.   
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3.3 Structure optimization and potential energy surface 

 All the ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures except 

transition–state were confirmed using their vibration mode without imaginary 

frequency. All the transition–state structures of each cracking reaction step of the     

n–pentane and n–hexane over the H–ZSM–5 and H–FER catalyst were obtained and 

verified by their single imaginary frequency. Relative energies of all related species 

with the same mass, compared with the sum of total energies of free zeolite cluster 

and isolated (n–pentane and n–hexane compounds) reactant were plotted as the 

potential energy profiles. 

 

 



CHAPTER IV 

RESULTS AND DISCUSTION 

 The two–layer ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of 

the H–ZSM–5 and H–FER catalysts which are respectively modeled as 52T and 64T 

clusters, were obtained as shown in Figure 4.1. The H–O bond lengths of the           

H–ZSM–5 for HZ
Z
 (acid proton located at the left side of the Al atom) and Z

Z
H (acid 

proton located at the right side of the Al atom) are respectively 0.977 and 0.977 Å of 

which stretching vibrations are 3702.4 and 3718.7 cm
–1

, respectively. These two 

vibration frequencies are closed to experiments of which stretching vibration is     

3740 cm
–1

 [46]. The HZ
Z
 is more stable than its Z

Z
H by 6.17 kcal/mol. The H–O bond 

lengths of the H–FER for HZ
F
 (the left acid proton) and Z

F
H (the right acid proton) 

are respectively 0.973 and 0.974 Å of which stretching vibrations are 3760.7 and 

3751.3 cm
–1

, respectively. The HZ
F
 is more stable than its Z

F
H by 1.36 kcal/mol. 

 

4.1 Cracking of n–pentane over the H–ZSM–5 

The cracking mechanism of n–pentane (C5) over the H–ZSM–5 catalyst 

consisting of two reaction paths was found. The first path (Path C5_Z
Z
, turnover) is 

the conversion of C5 to 1,2–pentene (C5
=
) and the second path (Path C5_Z

Z
_*, 

poisoning) is the formation of 2–pentoxy species in ZSM–5. The potential energy 

profile for n–pentane cracking to C5
= 

over the H–ZSM–5 catalyst is shown in     

Figure 4.2. All the ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of the          

H–ZSM–5 catalyst interacting with related species for the cracking of n–pentane over 

the H–ZSM–5 are shown in Figure 4.3. 
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Figure 4.1 The cluster models in combination with the two–layer ONIOM approach 

for (a) the H–ZSM–5 catalyst modeled as the 52T cluster and (b) the H–FER catalyst 

modeled as the 64T cluster. The H–O bond lengths are in Å. The stretching vibrations 

are in cm
-1

. 
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Figure 4.2 Potential energy profile of the Path C5_Z
Z
 for n–pentane (C5) conversion 

to 1,2–pentene (C5
=
) over the H–ZSM–5 (HZ

Z
) catalyst.   
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Figure 4.3 The ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of 

interaction configurations of the H–ZSM–5 with related species in the cracking 

process of C5 reactant to C5
=
 product. For clarity, portions of their molecular 

structures are depicted. Bond distances are in Å. The single imaginary frequency for 

transition–state structures is in parentheses.   
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The turnover path (Path C5_Z
Z
) is composed of four reaction steps. The first 

step, C5+HZ
Z
→C5/HZ

Z
, is adsorption of C5 on the H–ZSM–5 catalyst (HZ

Z
). The 

second step, C5/HZ
Z
→TS1_Z

Z
→ C5

+
/Z

Z,–
+H2, is dehydrogenation reaction taking 

place via transition state TS1_Z
Z
. The bond distances between H1 (acid proton) atom 

of the HZ
Z 

and H2 atom of C5 reactant, [H1···H2] are of 1.718 and 1.153 Å for the 

adsorption and transition states, respectively. For the adsorption between C5
+
/Z

Z,–
 

species and H2 molecule, the H1–H2 bond distance of 0.952 Å was found as shown in 

Figure 4.4. The third step, C5
+
/Z

Z,–
→TS2_Z

Z
 →C5

=
/Z

Z
H, is the proton–transfer 

reaction occurring via TS2_Z
Z
 transition state of which the transferring proton bonds 

to the oxygen atom bridged between right next two silicon atoms; the H–ZSM–5 

zeolite is therefore noted by Z
Z
H. The transferring proton (H3) detached from C1 

atom to bond with O3 of the zeolite; actions of the C1–H3 bond breaking and H3–O3 

bond forming simultaneously occurred via TS2_Z
Z
 transition state, as shown in 

Figure 4.4. The forth step, C5
=
/Z

Z
H→C5

=
+Z

Z
H, is desorption process to afford C5

=
 

final product. The transition–state structures, TS1_Z
Z
 and TS2_Z

Z
 are confirmed by 

their single imaginary frequencies, –1233.26 and –366.34 cm
–1

, respectively as shown 

in Figure 4.3. The interatomic distances between atoms of the H–ZSM–5 zeolite 

(HZ
Z
) and the interacting species of the turnover path (Path C5_Z

Z
) of C5 conversion 

to C5
=
 over the H–ZSM–5 zeolite (Z

Z
H) are shown in Figure 4.4. The optimized 

geometrical distances (in Å) between atoms of H–ZSM–5 and interacting species for 

turnover path (Path C5_Z
Z
) are showed in Table A-1 of the appendices information. 

The reaction energies, thermodynamic properties, rate constants and 

equilibrium constants for the C5 cracking over the H–ZSM–5 catalyst are shown in 

Table 4.1. Related parameters for calculations of the rate constant for turnover path 

(Path C5_Z
Z
) are listed in Table A-5. The rate determining step for conversion of the 

C5 to C5
=
, Path C5_Z

Z
 is the second step of which rate constant is 9.52×10

–25
 s

–1
. The 

overall equilibrium constant and overall reaction enthalpy for the Path C5_Z
Z
 are 

8.92×10
–11

 and 24.51 kcal mol
–1

, respectively.  
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Figure 4.4 Interatomic distances (in Å) between atoms of the H–ZSM–5 (HZ
Z
) and 

interacting species for reaction path (Path C5_Z
Z
) of C5 conversion to C5

=
 over the        

H–ZSM–5 catalyst (Z
Z
H). Atomic symbols with labels are defined in Figure 3.1. 
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Table 4.1 Reaction energies, thermodynamic properties, rate and equilibrium 

constants in the n–pentane cracking over the H–ZSM–5 catalyst. 

 

Reaction ∆E‡ a ,b ∆G‡ a ,b k298
c E a o

298H a o
298G a K298 

Adsorption        

C5+HZZ → C5/HZZ – – – –7.92 –5.98 0.95 2.0110–1 

Progressive conversion        

C5/HZZ  → TS1_ZZ  → C5
+/ZZ,– + H2 48.83 52.01 9.5210–25, d 43.67 46.42 41.61 3.1110-31 

C5
+/ZZ,– → TS2_ZZ   → C5

=/ZZH 1.54 –0.27 1.071012 –10.44 –11.62 –13.48 7.67109 

Alkoxy species formation e        

C5
+/ZZ,–   → TS3_ZZ   → C5/Z

Z  6.01 6.15 2.18108 -15.09 –17.07 –16.09 6.251011 

Desorption        

C5
=/ZZH  → C5

= + ZZH – – – –3.75 –4.31 –15.37 1.861011 

 

a
 Computed at the ONIOM(B3LYP/6–31+G(d,p):AM1) level, in kcal mol

–1
. 

b
 Activation energy. 

c 
In s

–1
. 

d 
Rate-determining step. 

e 
Poisoning path, Path C5_Z

Z
_*.  

 

 The Path C5_Z
Z
_* (poisoning path), the three reaction steps was found. The 

first and second steps of the Path C5_Z
Z
_* are common to two initial steps of the Path 

C5_Z
Z
 which are the adsorption of C5 and dehydrogenation of C5/HZ

Z
.  The last step, 

C5
+
/Z

Z,–
→TS3_Z

Z
→C5Z

Z
, is the proton transfer reaction occurring via the TS3_ Z

Z
 

transition state to form 2–pentoxy species in ZSM–5. The transition–state structure, 

TS3_Z
Z
 is confirmed by its single imaginary frequency, –68.51 cm

–1
 as shown in 

Figure 4.5. The overall equilibrium constant and overall reaction enthalpy for Path 

C5_Z
Z
_* are  3.91×10

–20
 and 23.37 kcal mol

–1
, respectively. It can be concluded that 

the Path C5_Z
Z
 is kinetically much more preferred than the Path C5_Z

Z
_*. Therefore, 

the main product for the C5 cracking on the H–ZSM–5 zeolite is the C5
=
. 
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Figure 4.5 The ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of (a) the 

TS3_Z
Z
 transition state and (b) 2-pentoxy species on the H–ZSM–5 catalyst. For 

clarity, portions of the H–ZSM–5 structure are depicted. The single imaginary 

frequency for transition–state structure is shown in parenthesis. 

 

4.2 Cracking of n–hexane over the H–ZSM–5 

The cracking mechanism of n–hexane (C6) over the H–ZSM–5 catalyst was 

also found to consist of two reaction paths. The first path (Path C6_Z
Z
, turnover) is 

the conversion of C6 to 1,2–hexene (C6
=
) and the second path (poisoning) is 

conversion to alkoxy species on the H–ZSM–5, as poisoning.  The potential energy 

profile for the n–hexane cracking to C6
= 

over the H–ZSM–5 catalyst are shown in 

Figure 4.6. All the ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures 

involved with C6 conversion over the H–ZSM–5 catalyst are shown in Figure 4.7. 
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Figure 4.6 Potential energy profile of the Path C6_Z
Z
 for n–hexane (C6) conversion to 

1,2–hexene (C6
=
) over the H–ZSM–5 (HZ

Z
) catalyst.   
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Figure 4.7 The ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of 

interaction configurations of the H–ZSM–5 with related species in the cracking 

process of C6 reactant to C6
=
 product. For clarity, portions of their molecular 

structures are depicted. Bond distances are in Å. The single imaginary frequency for 

transition–state structures is in parentheses.   
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The turnover path (Path C6_Z
Z
) is composed of four reaction steps. The first 

step, C6+HZ
Z
→C6/HZ

Z
, is adsorption of C6 on the H–ZSM–5 catalyst (HZ

Z
). The 

second step, C6/HZ
Z
→TS1′_Z

Z
→ C6

+
/Z

Z,–
+H2, is dehydrogenation reaction taking 

place via TS1′_Z
Z
 transition state. The bond distances between H1 (acid proton) atom 

of the HZ
Z 

and H2 atom of C6 reactant, [H1···H2] are of 1.714 and 1.269 Å for the 

adsorption and transition states, respectively. For the adsorption between C6
+
/Z

Z,–
 

species and H2 molecule, the H1–H2 bond distance of 0.962 Å was found as shown in 

Figure 4.8. The third step, C6
+
/Z

Z,–
→TS2′_Z

Z
 →C6

=
/Z

Z
H, is the proton–transfer 

reaction occurring via transition state TS2_Z
Z
 of which the transferring proton bonds 

to the oxygen atom bridged between right next two silicon atoms; the H–ZSM–5 

zeolite is therefore noted by Z
Z
H. The transferring proton (H3) detached from C1 

atom to bond with O3 of the zeolite; actions of the C1–H3 bond breaking and H3–O3 

bond forming simultaneously occurred via transition state TS2′_Z
Z
, as shown in 

Figure 4.8. The forth step, C6
=
/Z

Z
H→C6

=
+Z

Z
H, is desorption process to afford C6

=
 

final product. The transition–state structures, TS1_Z
Z
 and TS2_Z

Z
 are confirmed by 

their single imaginary frequencies, –755.94 and –414.61 cm
–1

, respectively as shown 

in Figure 4.7. The interatomic distances between atoms of the H–ZSM–5 zeolite 

(HZ
Z
) and the interacting species of the turnover path (Path C6_Z

Z
) of C6 conversion 

to C6
=
 over the H–ZSM–5 zeolite (Z

Z
H) are shown in Figure 4.8. The optimized 

geometrical distances (in Å) between atoms of H–ZSM–5 and interacting species for 

turnover path (Path C6_Z
Z
) are showed in Table A-2 of the appendices information. 

 The reaction energies, thermodynamic properties, rate constants and 

equilibrium constants for the C6 cracking over the H–ZSM–5 catalyst are shown in 

Table 4.2. Related parameters for calculations of the rate constant for turnover path 

(Path C6_Z
Z
) are listed in Table A-6. The rate determining step for conversion of the 

C6 to C6
=
, Path C6_Z

Z
 is the second step of which rate constant is 5.15×10

–20
 s

–1
. The 

overall equilibrium constant and overall reaction enthalpy for the Path C6_Z
Z
 are 

1.30×10
–20

 and 35.83 kcal mol
–1

, respectively. 
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Figure 4.8 Interatomic distances (in Å) between atoms of the H–ZSM–5 (HZ
Z
) and 

interacting species for reaction path (Path C6_Z
Z
) of C6 conversion to C6

=
 over the        

H–ZSM–5 catalyst (Z
Z
H). Atomic symbols with labels are defined in Figure 3.1.   
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Table 4.2 Reaction energies, thermodynamic properties, rate and equilibrium 

constants in the n–hexane cracking over the H–ZSM–5 catalyst. 

 

Reaction ∆E‡ a ,b ∆G‡ a ,b k298
c E a o

298H a o
298G a K298 

Adsorption        

C6+HZZ → C6/HZZ – – – –0.78 –0.07 10.73 1.3710-8 

Progressive conversion        

C6/HZZ  → TS1ʹ_ZZ  →  C6
+/ZZ,– + H2 42.39 44.02 5.1510-20, d 41.73 46.48 36.53 1.6610-27 

C6
+/ZZ,–   → TS2ʹ_ZZ  →  C6

=/ZZH 3.01 3.23 1.091010 –8.72 –11.97 –9.60 1.10107 

Alkoxy species formation e        

C6
+/ZZ,–   → TS3ʹ_ZZ    → C6/Z

Z  8.52 9.41 4.14105 -14.03 -18.03 -12.92 2.98109 

Desorption        

C6
=/ZZH → C6

= + ZZH – – – 1.86 1.39 –10.53 5.21107 

 

a
 Computed at the ONIOM(B3LYP/6–31+G(d,p):AM1) level, in kcal mol

–1
. 

b
 Activation energy. 

c 
In s

–1
. 

d 
Rate-determining step. 

e 
Poisoning path, Path C6_Z

Z
_*.  

 

 The Path C6_Z
Z
_* (poisoning path), the three reaction steps was found. The 

first and second steps of the Path C6_Z
Z
_* are common to two initial steps of the Path 

C6_Z
Z
 which are the adsorption of C6 and dehydrogenation of C6/HZ

Z
.  The last step, 

C6
+
/Z

Z,–
→TS3′_Z

Z
→C6Z

Z
, is the proton transfer reaction occurring via the transition 

state    TS3′_ Z
Z
 to form 2–hexoxy species in ZSM–5. The transition–state structure, 

TS3′_Z
Z
 is confirmed by its single imaginary frequency, –83.88 cm

–1
 as shown in 

Figure 4.9. The overall equilibrium constant and overall reaction enthalpy for Path 

C6_Z
Z
_* are  6.78×10

–26
 and 28.38 kcal mol

–1
, respectively. It can be concluded that 

the Path C6_Z
Z
 is kinetically much more preferred than the Path C6_Z

Z
_*. Therefore, 

the main product for the C6 cracking on the H–ZSM–5 zeolite is the C6
=
. 
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Figure 4.9 The ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of (a) the 

TS3_Z
Z
 transition state and (b) 2-hexoxy species on the H–ZSM–5 catalyst. For 

clarity, portions of the H–ZSM–5 structure are depicted. The single imaginary 

frequency for transition–state structure is shown in parenthesis. 

 

4.3 Cracking of n–pentane over the H–FER 

 The cracking mechanism of n–pentane (C5) over the H–FER catalyst 

consisting of two reaction paths was found. The first path (Path C5_Z
F
, turnover) is 

the conversion of C5 to 1,2–pentene (C5
=
) and the second path (Path C5_Z

F
_*, 

poisoning) is the formation of 2–pentoxy species in FER.  The potential energy profile 

for n–pentane cracking to C5
= 

over the H–FER catalyst is shown in Figure 4.10. All 

the ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of the H–FER catalyst 

interacting with related species for the cracking of n–pentane over the H–FER are 

shown in Figure 4.11. 
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Figure 4.10 Potential energy profile of the Path C5_Z
F
 for n–pentane (C5) conversion 

to 1,2–pentene (C5
=
) over the H–FER (HZ

F
) catalyst.   
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Figure 4.11 The ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of 

interaction configurations of the H–FER with related species in the cracking process 

of C5 reactant to C5
=
 product. For clarity, portions of their molecular structures are 

depicted. Bond distances are in Å. The single imaginary frequency for transition–state 

structures is in parentheses.   
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The turnover path (Path C5_Z
F
) is composed of four reaction steps. The first 

step, C5+HZ
F
→C5/HZ

F
, is adsorption of C5 on the H–FER catalyst (HZ

F
). The second 

step, C5/HZ
F
→TS1_Z

F
→ C5

+
/Z

F,–
+H2, is dehydrogenation reaction taking place via 

TS1_Z
F
 transition state. The bond distances between H1 (acid proton) atom of the 

HZ
F 

and H2 atom of C5 reactant, [H1···H2] are of 1.406 and 1.216 Å for the 

adsorption and transition states, respectively. For the adsorption between C5
+
/Z

F,–
 

species and H2 molecule, the H1–H2 bond distance of 1.089 Å was found as shown in 

Figure 4.12. The third step, C5
+
/Z

F,–
→TS2_Z

F
 →C5

=
/Z

F
H, is the proton–transfer 

reaction occurring via TS2_Z
F
 transition state of which the transferring proton bonds 

to the oxygen atom bridged between right next two silicon atoms; the H–FER zeolite 

is therefore noted by Z
F
H. The transferring proton (H3) detached from C1 atom to 

bond with O5 of the zeolite; actions of the C1–H3 bond breaking and H3–O5 bond 

forming simultaneously occurred via TS2_Z
F
 transition state, as shown in Figure 4.12. 

The forth step, C5
=
/Z

F
H→C5

=
+Z

F
H, is desorption process to afford C5

=
 final product. 

The transition–state structures, TS1_Z
F
 and TS2_Z

F
 are confirmed by their single 

imaginary frequencies, –1033.35 and –773.98 cm
–1

, respectively as shown in Figure 

4.11. The interatomic distances between atoms of the H–FER zeolite (HZ
Z
) and the 

interacting species of the turnover path (Path C5_Z
F
) of C5 conversion to C5

=
 over the 

H–FER zeolite (Z
F
H) are shown in Figure 4.12. The optimized geometrical distances 

(in Å) between atoms of H–FER and interacting species for turnover path (Path 

C5_Z
F
) are showed in Table A-3 of the appendices information.  

 The reaction energies, thermodynamic properties, rate constants and 

equilibrium constants for the C5 cracking over the H–FER catalyst are shown in  

Table 4.3. Related parameters for calculations of the rate constant for turnover path 

(Path C5_Z
F
) are listed in Table A-7. The rate determining step for conversion of the 

C5 to C5
=
, Path C5_Z

F
 is the second step of which rate constant is 4.1210

–6
 s

–1
. The 

overall equilibrium constant and overall reaction enthalpy for the Path C5_Z
F
 are 

8.92×10
–11

 and 24.50 kcal mol
–1

, respectively. 
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Figure 4.12 Interatomic distances (in Å) between atoms of the H–FER (HZ
F
) and 

interacting species for reaction path (Path C5_Z
F
) of C5 conversion to C5

=
 over the        

H–FER catalyst (Z
F
H). Atomic symbols with labels are defined in Figure 3.1.   
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Table 4.3 Reaction energies, thermodynamic properties, rate and equilibrium 

constants in the n–pentane cracking over the H–FER catalyst. 

 

Reaction ∆E‡ a ,b ∆G‡ a ,b k298
c E a o

298H a o
298G a K298 

Adsorption        

C5+HZF → C5/HZF – – – 0.42 1.98 12.00 1.6010–9 

Progressive conversion        

C5/HZF  → TS1_ZF → C5
+/ZF,–  + H2 24.02 24.83 4.1210–6, d 23.17 31.67 17.09 2.9510-13 

C5
+/ZF,–

  → TS2_ZF  → C5
=/ZFH 7.52 8.22 3.20106 0.15 –6.93 –0.38 1.89100 

Alkoxy species formation e        

C5
+/ZF,–   → TS3_ZF    → C5/Z

F  15.68 15.72 1.69101 –2.51 –10.23 –0.98 5.24100 

Desorption        

C5
=/ZFH  → C5

= + ZFH – – – –2.18 –2.22 –15.01 1.001011 

 

a
 Computed at the ONIOM(B3LYP/6–31+G(d,p):AM1) level, in kcal mol

–1
. 

b
 Activation energy. 

c 
In s

–1
. 

d 
Rate-determining step. 

e 
Poisoning path, Path C5_Z

F
_*.  

 

 The Path C5_Z
F
_* (poisoning path), the three reaction steps was found. The 

first and second steps of the Path C5_Z
F
_* are common to two initial steps of the Path 

C5_Z
F
 which are the adsorption of C5 and dehydrogenation of C5/HZ

F
.  The last step, 

C5
+
/Z

F,–
→TS3_Z

F
→C5Z

F
, is the proton transfer reaction occurring via the TS3_ Z

F
 

transition state to form 2–pentoxy species in FER. The transition–state structure, 

TS3_Z
F
 is confirmed by its single imaginary frequency, –105.49 cm

–1
 as shown in 

Figure 4.13. The overall equilibrium constant and overall reaction enthalpy for Path 

C5_Z
F
_* are  2.47×10

–21
 and 23.42 kcal mol

–1
, respectively. It can be concluded that 

the Path C5_Z
F
 is kinetically much more preferred than the Path C5_Z

F
_*. Therefore, 

the main product for the C5 cracking on the H–FER zeolite is the C5
=
. 
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Figure 4.13 The ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of (a) the 

TS3_Z
F
 transition state and (b) 2-pentoxy species on the H–FER catalyst. For clarity, 

portions of the H–FER structure are depicted. The single imaginary frequency for 

transition–state structure is shown in parenthesis. 

 

4.4 Cracking of n–hexane over the H–FER 

The cracking mechanism of n–hexane (C6) over the H–FER catalyst consisting 

of two reaction paths was found. The first path (Path C6_Z
F
, turnover) is the 

conversion of C5 to 1,2–hexene (C6
=
) and the second path (Path C6_Z

F
_*, poisoning) 

is the formation of 2–hexoxy species in FER.  The potential energy profile for          

n–hexane cracking to C6
= 

over the H–FER catalyst is shown in Figure 4.14. All the 

ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of the H–FER catalyst 

interacting with related species for the cracking of n–hexane over the H–FER are 

shown in Figure 4.15. 
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Figure 4.14 Potential energy profile of the Path C6_Z
F
 for n–hexane (C6) conversion 

to 1,2–hexene (C6
=
) over the H–FER (HZ

F
) catalyst.   
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Figure 4.15 The ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of 

interaction configurations of the H–FER with related species in the cracking process 

of C6 reactant to C6
=
 product. For clarity, portions of their molecular structures are 

depicted. Bond distances are in Å. The single imaginary frequency for transition–state 

structures is in parentheses.  
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The turnover path (Path C6_Z
F
) is composed of four reaction steps. The first 

step, C6+HZ
F
→C6/HZ

F
, is adsorption of C6 on the H–FER catalyst (HZ

F
). The second 

step, C6/HZ
F
→TS1′_Z

F
→ C6

+
/Z

F,–
+H2, is dehydrogenation reaction taking place via 

TS1′_Z
F
 transition state. The bond distances between H1 (acid proton) atom of the 

HZ
F 

and H2 atom of C6 reactant, [H1···H2] are of 1.777 and 1.195 Å for the 

adsorption and transition states, respectively. For the adsorption between C6
+
/Z

F,–
 

species and H2 molecule, the H1–H2 bond distance of 0.977 Å was found as shown in 

Figure 4.16. The third step, C6
+
/Z

F,–
→TS2′_Z

F
 →C6

=
/Z

F
H, is the proton–transfer 

reaction occurring via TS2′_Z
F
 transition state of which the transferring proton bonds 

to the oxygen atom bridged between right next two silicon atoms; the H–FER zeolite 

is therefore noted by Z
F
H. The transferring proton (H3) detached from C1 atom to 

bond with O5 of the zeolite; actions of the C1–H3 bond breaking and H3–O5 bond 

forming simultaneously occurred via TS2′_Z
F
 transition state, as shown in Figure 

4.16. The forth step, C6
=
/Z

F
H→C6

=
+Z

F
H, is desorption process to afford C6

=
 final 

product. The transition–state structures, TS1′_Z
F
 and TS2′_Z

F
 are confirmed by their 

single imaginary frequencies, –672.99 and –851.45 cm
–1

, respectively as shown in 

Figure 4.15. The interatomic distances between atoms of the H–FER zeolite (HZ
Z
) 

and the interacting species of the turnover path (Path C6_Z
F
) of C6 conversion to C6

=
 

over the H–FER zeolite (Z
F
H) are shown in Figure 4.16. The Optimized geometrical 

distances (in Å) between atoms of H–FER and interacting species for turnover path 

(Path C6_Z
F
) are showed in Table A-4 of the appendices information. 

 The reaction energies, thermodynamic properties, rate constants and 

equilibrium constants for the C6 cracking over the H–FER catalyst are shown in  

Table 4.4. Related parameters for calculations of the rate constant for turnover path 

(Path C6_Z
F
) are listed in Table A-8. The rate determining step for conversion of the 

C6 to C6
=
, Path C6_Z

F
 is the second step of which rate constant is 1.9410

–15 
s

–1
. The 

overall equilibrium constant and overall reaction enthalpy for the Path C6_Z
F
 are 

4.45×10
–16

 and 29.69 kcal mol
–1

, respectively. 
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Figure 4.16 Interatomic distances (in Å) between atoms of the H–FER (HZ
F
) and 

interacting species for reaction path (Path C6_Z
F
) of C6 conversion to C6

=
 over the        

H–FER catalyst (Z
F
H). Atomic symbols with labels are defined in Figure 3.1. 
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Table 4.4 Reaction energies, thermodynamic properties, rate and equilibrium 

constants in the n–hexane cracking over the H–FER catalyst. 

 

Conversion reaction ∆E‡ a ,b ∆G‡ a ,b k298
c E a o

298H a o
298G a K298 

Adsorption        

C6 + HZF → C6/HZF – – – 2.40 9.05 15.33 5.8210-12 

Progressive conversion        

C6/HZF    → TS1ʹ_ZF → C6
+/ZF,– + H2 36.44 37.71 1.9410-15, d 35.15 30.41 29.24 3.6710-22 

C6
+/ZF,– 

  → TS2ʹ_ZF   → C6
=/ZFH 1.68 2.37 1.931011 –10.43 –10.02 –12.26 9.69108 

Alkoxy species formation e        

C6
+/ZF,–   → TS3ʹ_ZF    → C6/Z

F  14.70 16.98 2.23100 –3.49 –4.28 –2.05 3.17101 

Desorption        

C6
=/ZFH → C6

= + ZFH – – – 0.81 0.25 –11.37 2.15108 

 

a
 Computed at the ONIOM(B3LYP/6–31+G(d,p):AM1) level, in kcal mol

–1
. 

b
 Activation energy. 

c 
In s

–1
. 

d 
Rate-determining step. 

e 
Poisoning path, Path C6_Z

F
_*.  

 

 The Path C6_Z
F
_* (poisoning path), the three reaction steps was found. The 

first and second steps of the Path C6_Z
F
_* are common to two initial steps of the Path 

C6_Z
F
 which are the adsorption of C6 and dehydrogenation of C6/HZ

F
.  The last step, 

C6
+
/Z

F,–
→TS3′_Z

F
→C6Z

F
, is the proton transfer reaction occurring via the TS3′_ Z

F
 

transition state to form 2–hexoxy species in FER. The transition–state structure, 

TS3′_Z
F
 is confirmed by its single imaginary frequency, –126.49 cm

–1
 as shown in 

Figure 4.17. The overall equilibrium constant and overall reaction enthalpy for Path 

C6_Z
F
_* are 6.77×10

–32
 and 35.18 kcal mol

–1
, respectively. It can be concluded that 

the Path C6_Z
F
 is kinetically much more preferred than the Path C6_Z

F
_* and the 

main product for the C6 cracking on the H–FER zeolite is therefore the C6
=
. 
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Figure 4.17 The ONIOM(B3LYP/6–31+G(d,p):AM1)–optimized structures of (a) the 

TS3_Z
F
 transition state and (b) 2-hexoxy species on the H–FER catalyst. For clarity, 

portions of the H–FER structure are depicted. The single imaginary frequency for 

transition–state structure is shown in parenthesis. 

 



CHAPTER V 

CONCLUSION 

 The cracking reactions of n–pentane and n–hexane over the H–ZSM–5 and       

H–FER catalysts were theoretically investigated using the two–layer 

ONIOM(B3LYP/6–31+G(d,p):AM1) method in combination with 52T and 64T 

cluster models for H–ZSM–5 and H–FER zeolites, respectively. All the results can be 

concluded as follows: 

(a) All the cracking mechanisms of n–pentane (C5) and n–hexane (C6) over the 

H–ZSM–5 and H–FER catalysts consist of two reaction pathways, namely the 

turnover and poisoning paths.  

(b) In all cases, the turnover path is kinetically much more preferred than the 

poisoning path. 

(c) The main products for the C5 and C6 cracking either on the H–ZSM–5 or      

H–FER zeolite are the 1,2–pentene (C5
=
)
 
and 1,2–hexene (C6

=
), respectively. 

These results are in good agreements with experiments. 

(d) The reaction rates of zeolites for productions of C5
=
 and C6

=
 olefins at    

298.15 K are in order: FER for C5
= 

> FER for C6
=
 > ZSM–5 for C6

=
 > ZSM–5 

for C5
=
. Thus, H–FER catalyst is more effective than H–ZSM–5 catalyst. 
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Table A-1 Optimized geometrical distances (in Å) between atoms of H–ZSM–5 and 

interacting species for reaction path of n-pentane (C5) conversion to 1,2-pentene (C5
=
) 

over the H–ZSM–5 catalyst. 

 

a 
interacting species for reaction path of n-pentane (C5) conversion to 1,2-pentene 

(C5
=
). 

b 
atoms of H–ZSM–5 catalyst. 

 

 

Table A-2 Optimized geometrical distances (in Å) between atoms of H–ZSM–5 and 

interacting species for reaction path of n-hexane (C6) conversion to 1,2-hexene (C6
=
) 

over the H–ZSM–5 catalyst. 

 

a 
interacting species for reaction path of n-hexane (C6) conversion to 1,2-hexene (C6

=
). 

b 
atoms of H–ZSM–5 catalyst. 

 

 

 

  C1a-C2a C2a-C3a C1a-H3a C2a-H2a C2a-H1b O1b-H1b O3b-H3a H1b-H2a 

C5/HZZ 1.533 1.535 1.094 1.101 2.382 0.971 4.807 1.914 

TS1_ZZ 1.520 1.525 1.091 1.153 2.071 1.718 4.219 0.952 

C5
+/ZZ,- 1.434 1.491 1.129 – – – 1.938 0.850 

TS2 _ZZ 1.420 1.500 1.266 – – – 1.493 0.743 

C5
=/ZZH  1.340 1.503 2.523 – – – 0.989 0.743 

  C1a-C2a C2a-C3a C1a-H3a C2a-H2a C2a-H1b O3b-H3a O1b-H1b H1b-H2a 

C6/HZZ 1.534 1.534 1.095 1.101 2.374 4.811 0.977 1.915 

TS1_ZZ 1.528 1.541 1.092 1.269 1.392 4.120 1.714 0.962 

C6
+/ZZ,- 1.420 1.459 1.154 – – 1.849 – 0.844 

TS2 _ZZ 1.387 1.474 1.273 – – 1.486 – 0.743 

C6
=/ZZH  1.341 1.501 2.430 – – 0.990 – 0.743 
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Table A-3 Optimized geometrical distances (in Å) between atoms of H–FER and 

interacting species for reaction path of n-pentane (C5) conversion to 1,2-pentene (C5
=
) 

over the H–FER catalyst. 

 

 
C1a-C2a C2a-C3a C1a-H3a C2a-H2a C2a-H1b O1b-H1b O5b-H3a H1b-H2a 

C5/HZF 1.532 1.536 1.096 1.101 2.156 0.984 4.583 1.807 

TS1_ZF 1.537 1.538 1.094 1.216 1.373 1.406 3.794 1.089 

C5
+/ZF,- 1.437 1.452 1.125 – – – 2.009 0.860 

TS2_ZF 1.383 1.476 1.307 – – – 1.398 0.743 

C5
=/ZFH 1.342 1.502 2.271 – – – 0.997 0.743 

a 
interacting species for reaction path of n-pentane (C5) conversion to 1,2-pentene 

(C5
=
). 

b 
atoms of H–FER catalyst. 

 

 

Table A-4 Optimized geometrical distances (in Å) between atoms of H–FER and 

interacting species for reaction path of n-hexane (C6) conversion to 1,2-hexene (C6
=
) 

over the H–FER catalyst. 

 

 
C1a-C2a C2a-C3a C1a-H3a C2a-H2a C2a-H1b O1b-H1b O5b-H3a H1b-H2a 

C6/HZF 1.535 1.534 1.095 1.099 2.227 0.981 4.583 1.914 

TS1_ZF 1.539 1.539 1.094 1.195 1.313 1.777 3.794 0.977 

C6
+/ZF,- 1.442 1.446 1.120 – – – 2.085 0.850 

TS2_ZF 1.383 1.476 1.319 – – – 1.389 0.743 

C6
=/ZFH 1.343 1.501 2.048 – – – 1.000 0.743 

a 
interacting species for reaction path of n-hexane (C6) conversion to 1,2-hexene (C6

=
). 

b 
atoms of H–FER catalyst. 
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Table A-5 Partition functions, Tunneling coefficients () and A factors in the           

n–pentane cracking over the H–ZSM–5 catalyst. 

 

Conversion reaction QTS/QREA  A 

Adsorption    

C5+HZZ → C5/HZZ – – – 

Progressive conversion    

C5/HZZ  → TS1_ZZ → C5
+/ZZ,– + H2 3.8210

-2 2.48 2.3910
11 

C5
+/ZZ,– → TS2_ZZ  

 → C5
=/ZZH  2.0710

0 1.13 1.2910
13 

Alkoxy species formation    

C5
+/ZZ,–   → TS3_ZZ   → C5/Z

Z 8.9110
-1 1.00 5.5310

12 

Desorption    

C5
=/ZZH  → C5

= + ZZH  – – – 

 

 

Table A-6 Partition functions, Tunneling coefficients () and A factors in the           

n–hexane cracking over the H–ZSM–5 catalyst. 

 

Conversion reaction QTS/QREA  A 

Adsorption    

C6+HZZ → C6/HZZ – – – 

Progressive conversion    

C6/HZZ  → TS1_ZZ  →  C6
+/ZZ,– + H2 6.3910

-2 1.55 3.9710
11 

C6
+/ZZ,–  → TS2_ZZ  → C6

=/ZZH  2.4010
-1 1.17 1.4910

12 

Alkoxy species formation    

C6
+/ZZ,–   → TS3ʹ_ZZ    → C6/Z

Z 1.1810
-1 1.01 7.3210

11 

Desorption    

C6
=/ZZH  → C6

= + ZZH  – – – 
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Table A-7 Partition functions, Tunneling coefficients () and A factors in the           

n–pentane cracking over the H–FER catalyst. 

 

Conversion reaction QTS/QREA  A 

Adsorption    

C5+HZF → C5/HZF – – – 

Progressive conversion    

C5/HZF  → TS1_ZF  → C5
+/ZF,–  + H2 1.3310

-1 2.04 8.2810
11 

C5
+/ZF,–  → TS2_ZF  → C5

=/ZFH  1.0710
-1 1.58 6.6410

11 

Alkoxy species formation    

C5
+/ZF,–   → TS3_ZF    → C5/Z

F 8.3810
-1 1.01 5.2010

12 

Desorption    

C5
=/ZFH  → C5

= + ZFH  – – – 

 

 

Table A-8 Partition functions, Tunneling coefficients () and A factors in the           

n–pentane cracking over the H–FER catalyst. 

 

Conversion reaction QTS/QREA  A 

Adsorption    

C6 + HZF → C6/HZF – – – 

Progressive conversion    

C6/HZF      → TS1_ZF → C6
+/ZF,– + H2 1.1710

-1 1.38 7.2610
11 

C6
+/ZF,– + H2  → TS2_ZF   → C6

=/ZFH + H2 3.1110
-1 1.70 1.9310

12 

Alkoxy species formation    

C6
+/ZF,–   → TS3ʹ_ZF    → C6/Z

F 2.1110
-2 1.02 1.3110

11 

Desorption    

C6
=/ZFH + H2 → C6

= + ZFH + H2 – – – 
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