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CHAPTER I 

 

INTRODUCTION 
  

1.1 Background 

 

Hydrogen is considered as an ideal material for alternative energy source. 

Because hydrogen is the most plentiful element on earth, it is a clean burning fuel that 

produces neither carbon dioxide nor toxic emissions and can be used for electricity 

production, transportation, and other energy needs. Hydrogen is not commonly found 

in its pure form, since it readily combines with other elements and is most commonly 

found in combination with oxygen in water, and in organic matter including living 

plants, petroleum, coal, natural gas and other hydrocarbon compounds. One of the 

major problems faced by the hydrogen economy is the lack of proper storage media of 

hydrogen. Compress gas or liquid hydrogen are currently being used in hydrogen-

fueled vehicles, but they inherently have serious technical drawbacks such as bulky 

tank size, safety problems, and extra energy cost for liquidation, which should be 

critical issues for commercial hydrogen storages or in new forms of materials such as 

metal hydride, carbon nanotubes and chemical hydrides. As the development of 

hydrogen storage in various systems for the large-scale application of fuel cells, 

mobiles and automotive uses has been lot of interest, materials research is going on 

throughout the world with various adsorption mechanisms to increase the storage 

capacity [1]. The use of SWCNTs as a material for safety and effective storage of 

hydrogen have been investigated by many experimental [2-7] and theoretical groups 

[8-12]. In this research, we considered about carbon nanotubes that could be storage 

hydrogen on it structure. 

 

1.2 Carbon nanotubes (CNTs) 

 

Carbon nanotubes are one allotrope of carbon, pure carbons have only two 

covalent bonds of sp2 and sp3 which sp2 is a strong bond with in a plane but weak 

between planes. When sp2 bonds come together carbon atoms are form hexagonal ring 

gives graphite sheet generated. The tube can be rolled-up from graphene sheet. 
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Carbon nanotubes have simulated a widespread research interest in recent year due to 

their high tensile strength, ultra-high stiffness, high current carrying capacity and high 

thermal conducting. As shown in Figure 1.1, two types of carbon nanotubes exist in 

nature is single-walled carbon nanotubes (SWCNTs), have only one single layer of 

graphene sheet rolled into cylindrical shape while multi-walled carbon nanotubes 

(MWCNTs) have more than two layers [13]. 

 

                               
        

 SWCNT             MWCNT 

Figure 1.1 Molecular structures of a single-walled carbon nanotube (SWCNT) and of 

a multi-walled carbon nanotube (MWCNT). 

Termination at the edge of carbon nanotube can difined into two type: if the 

edges of the nanotubes were terminated by hydrogen atoms called open-ended and if 

the edges of the nanotubes is capped with half of a fullerene molecule called cap-

ended as shown Figure 1.2. 

 

 

 

   

              (a)                                              (b)  

Figure 1.2 Molecular structures of (a) cap-ended and (b) open-ended carbon 

nanotubes. 
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1.2.1 Classification of CNTs 

 

The way the graphene sheet is wrapped is represented by a pair of indices (n,m) 

called the chiral vector (Ch), Ch = na1 + ma2 (n,m). The unit vectors of the unit cell is 

a1 and a2, the integers n and m denote the number of unit vectors along two directions 

in the honeycomb crystal lattice of graphene, that vary in accordance with the size of 

the carbon nanotubes diameter (dt) and its chiral angle (θ) as shown in equations 1.1 

and 1.2, where a = 2.46 Å is the lattice constant of a graphene layer. The carbon 

nanotubes is formed by connecting A and A' point. Due to the way they rolled-up in 

Figure 1.3, there are three types of carbon nanotubes [13]. 

 

nmmnadt ++= 22                   (1.1) 

nmmn
mn
++

+
=

222
2cosθ              (1.2) 

 

 

a2
a1

 

A' (Armchair) 

A' (Zig Zag) A 

A' (Chiral) 

θ

(3,3) 

(2,2) 

(1,1) (3,1) 

(5,0) (3,0) (0,0) (1,0) 

       

Figure 1.3 Graphene sheet with (n,m) scheme for naming its rolled nanotube.   

 

http://en.wikipedia.org/wiki/Vector_%28spatial%29
http://en.wikipedia.org/wiki/Crystal_lattice


 4

1.2.1.1 Armchair SWCNT 

 

An armchair nanotube has a chiral vector where n = m, therefore Ch = (n, 

n) and chiral angle is 30°. The symmetrical classification of an armchair nanotube is 

an achiral nanotube. Achiral means the nanotube has a structure that is a mirror image 

of the original one.  

 
 

Figure 1.4 Structure of armchair (6,6) SWCNT.  

 

1.2.1.2 Zig Zag SWCNT 

 

A zigzag nanotube has a chiral vector where m = 0, therefore Ch = (n, 0) 

and chiral angle is 0°. The symmetrical classification of a zig zag nanotube is an 

achiral nanotube, the same as an armchair nanotube. Achiral means the nanotube has 

a structure that is a mirror image of the original one. 

 

 
 

Figure 1.5 Structure of zig zag (10,0) SWCNT.  
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1.2.1.3 Chiral SWCNT 

 

A chiral nanotube has general n and m values, therefore Ch = (n, m) and 

chiral angle is between 0° and 30°. The symmetrical classification of a chiral 

nanotube is a chiral nanotube. Chiral means the nanotube has a spiral symmetry, 

which does not give it an identically structured mirror image.  

 

 
Figure 1.6 Structure of chiral (8,3) SWCNT.  

 

1.2.2 Properties of CNTs 

 

Their ability quickly adsorbs high densities of hydrogen at room temperature 

and atmospheric pressure. The interaction of hydrogen and single-walled carbon 

nanotubes is between the Van der Waals force of the single-walled carbon 

nanotubesand chemical bonds of the hydrogen molecule (as opposed to being due to 

hydrogen dissociation). 

  

1.2.2.1 Physical properties  

 

The strength of the sp2 carbon-carbon bonds gives carbon nanotubes 

amazing mechanical properties. Carbon nanotubes have two types of bonds. Along 

the cylinder wall the σ bonds form the hexagonal network, which is found in graphite 

in its pure form. The π bonds point perpendicular to the nanotubes surface. This 

bonding structure, which is stronger than the sp  bonds3  found in diamond, provides 

the molecules with their unique strength. A single-walled carbon nanotube is stronger 

than that steel with the same weight. The Young’s Modulus of SWCNT is up to 1000 

GPa, which is 5 times greater than steel (230 GPa) while the density is only 1.3 g/cm3. 

http://en.wikipedia.org/wiki/Graphite
http://en.wikipedia.org/wiki/Diamond
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The tensile strength, or breaking strain of nanotubes can be up to 63 GPa which is 

higher than steel. That means that materials made of carbon nanotubes are lighter and 

more durable. In addition, the thermal conductivity of carbon nanotubes is 2000 

W/m.K which is five times greater than that of copper (400 W/m.K). These properties 

coupled with the lightness of carbon nanotubes, gives them great potential in 

applications such as aerospace. There may be other applications due to these 

properties, such as car bumpers, and strong wires. Nanotubes also have a very high 

aspect ratio. The lengths of carbon nanotubes are usually around 1 µm, while the 

diameter for SWCNT is only 1 nm (50 nm for MWCNT). This property makes carbon 

nanotubes to use full for tips of electron probes and nanowires [14].  

Another advantage of carbon nanotubes is their behaviour under 

compression. Unlike carbon fibres, which fracture easily under compression, carbon 

nanotubes form kink-like ridges that can relax elastically when the stress is released. 

As a result, nanotubes not only have the desirable properties of carbon fibres, but are 

also much more flexible and they can be compressed without fracture. Such excellent 

mechanical properties could lead to applications in their own right, or in conjunction 

with other desirable properties. 

Especially notable is the fact that nanotubes can be metallic or 

semiconductor character depending on diameter and chirality of the tubes. There are 

two basic approaches to calculate the electronic energy bands of a material. The idea 

of the free-electron approximation is that the electrons in a crystal move essentially as 

free particle. Due to symmetry and unique electronic structure of graphene, the 

structure of a nanotube strongly affects its electronic properties. For a given (n,m) 

nanotube, if 2n + m = 3q (where q is an integer), then the semiconductor is metallic, 

otherwise the nanotube is a semiconductor. Thus all armchair (n=m) nanotubes are 

metallic. At the same time, carbon nanotubes have been studied to make switches and 

transistors, which would be much smaller than the silicon chips currently used. The 

wires made by carbon nanotubes are capable of currents that are 100 times greater 

than metal wires, making carbon nanotubes useful in the production of flat panels 

[13]. 
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1.2.2.2 Chemical Properties 

 

It has been indicated that carbon nanotubes can interact with different 

types of compounds. The development of efficient methodologies for the chemical 

modification of carbon nanotube has simulated the preparation of soluble carbon 

nanotube that can be employed in several biological applications. SWCNTs have a 

large specific surface area exhibited very good adsorption properties lead to given 

their capacity for adsorption, such as adsorbing the gaseous molecule on the surface. 

The adsorption properties provide the opportunities for applications, such as gases 

storage [15]. These SWCNT structures contain a number of different adsorption sites 

with different adsorption potential. Both experimental and theoretical chemistry were 

studied the physisorption and chemisorption of carbon dioxide, nitrogen, oxygen and 

water [13,16], methane and krypton [17] with carbon nanotubes. Recently, carbon 

nanotubes have been reported as supports for catalyst. Another property of carbon 

nanotubes is their ability to quickly adsorb high densities of hydrogen at room 

temperature and atmospheric pressure [7]. The experimental and simulation 

adsorptions for studies of hydrogen storage in carbon nanotubes have been reviewed 

by Darkrim et al. [18].  

 

1.2.3 Defect on carbon nanotubes 

 

Perfect graphene sheets and carbon nanotubes are known to have high chemical 

stability and unique physical properties resulting from the strong π-interactions of 

their hexagonal networks. Carbon nanotubes are not found to form perfect structures 

which due to the presence of defect such as vacancies, Stone-Wales (SW) defect, 

pentagons and heptagons and dopants, are believed to have a pivotal role in tailoring 

the physical and chemical properties of graphenes and carbon nanotubes. Indeed, a 

number of recent theoretical investigations revealed the higher chemical reactivity of 

Stone-Wales defects than that of PS in the sidewalls of zigzag (n,0) single-wall carbon 

nanotubes (SWNTs) and planar graphenes (polycyclic graphite fragments). However, 

the chemical reactivity of Stone-Wales defects in the sidewalls of armchair (n,n) 

SWNTs has not been examined theoretically before now. 
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SW defect which defined as a 5-7-7-5 (C16) cluster model as shown in Figure 

1.7, is a topological defects play a dominant role in creating new structure of carbon 

nanotubes [19,20]. Stone-Wales defect is one of the most important topological 

defects in carbon nanotubes, consisting of two pentagon-heptagon pairs can be created 

by a 90° rotation of a C-C bond in a hexagonal ring network of the carbon nanotubes 

(SW-transformation) [21]. Due to the presence of structural defect believed that which 

will affect to the hydrogen storage capacity in carbon nanotubes. This result may 

prove to be an interesting one that needs more attention on the aspect of 

chemisorption in SWCNTs with various structures [22].  

 

  

 

      

      

 

 

 

        Pristine           SW-defect 
 

Figure 1.7 Structure of the Stone-Wales (SW) defect compare to the pristine cluster. 

  

1.3 Boron-doped carbon nanotubes 

 

Researchers have conducted numerous experiments and simulation aimed at 

developing their adsorption capacity of carbon nanotubes. Most of the work has 

involved pure carbon nantubes. These are inert systems, their outer walls are not 

reactive and they show great mechanical stability. Doping carbon nanotubes is one of 

choice to increase adsorption energy. 

When a foreign atom is inserted in the nanotube lattice, its symmetry is altered 

and its structure and properties immediately change. Many research report about 

doping various atoms into carbon nanostructure. Boron is a hard refractory material a 

little like diamond. Boron is the first that comes to mind as a dopant. However, both 

boron and carbon are chemical elements and they are in the same row of the periodic 



 9

table but carbon is not a common element on earth while boron is readily available in 

nature. Therefore, B-doped carbon nanotubes have been investigated in many report 

[23,24] and boron doped carbon nanotubes are needs to enhance the hydrogen 

molecule binding energy. 

 

1.4 Literature review 

 

Many experimental and theoretical groups have investigated the use of 

SWCNTs as material for the safe and effective storage of hydrogen.  

In 2000, Wu et al. [25] synthesised the multi-walled carbon nanotubes from 

thecatalytic decomposition of CO and CH4 on powder Co/La2O3 catalysts. TEM and 

HR-TEM, XRD and TGA were used to characterize carbon nanotubes. It was found 

that the size of the nanotubes was controllable by adjusting the composition of the 

catalysts and the crystallinity could be improved by annealing. The carbon nanotubes 

produced from CO were found to be able to uptake a certain amount of hydrogen 

under ambient conditions, whereas graphite powders were unable. It was suggests that 

the carbon nanotubes may be a promising material that can be used for hydrogen 

storage under ambient conditions. 

In 2005, Bettinger [26] investigated the reactivity of SW-defect compared to the 

pristine side walls of (5,5) and (10,10) SWCNTs for methylene group addition to the 

ten C-C junctions resulting from SW rotations of the two unique bonds using density 

functional theory (PBE/6-31G(d)//PBE/3-21) imposing periodic boundary conditions 

(PBCs). It was found that the methylene additions are exothermic and at least one of 

the junctions associated with the SW defects is more highly reactive than the pristine 

tubes while some of the bonds show higher reactivity than those in the perfect tubes, 

others are less reactive.  

In 2005, Zhou et al. [24] studied the doping effects of B and N on atomic and 

molecular adsorption of hydrogen in SWNTs using density functional theory (DFT) 

calculations. The adsorption of molecular and atomic hydrogen was compared in 

pristine and B, or N doped SWCNTs when hydrogen atom is adsorbed on top of C or 

B or N atoms. The results shown that in case of hydrogen molecular adsorption, both 

B- and N-doping decrease the adsorption energies in SWNTs. However, the B and N 

doping effects are different on the hydrogen atomic adsorption. The B-doping 
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increases the hydrogen atomic adsorption energies both in zigzag and armchair 

nanotubes while the N-doping decreases the hydrogen atomic adsorption energies. 

In 2006, Zhou and Zhao [27] using DFT computations with periodic boundary 

conditions (PBC) studied the differences between hydrogen adsorption in boron 

nitride (BN) compared with in carbon nanotubes. The physisorption of hydrogen on 

BN nanotubes is less favorable energetically than on carbon nanotubes and 

chemisorption of hydrogen molecules on pristine BN nanotubes is endothermic, 

means that perfect BN nanotubes are not good candidates for hydrogen storage. 

In 2007, Gayathri and Geetha [28] proposed that the Pentagon-Octagon defects 

have an important contribution to the physisorption mechanism between hydrogen 

molecule and single walled carbon nanotubes of different sizes and types, the 

presence of structural defects will increase the hydrogen storage capacity in carbon 

nanotubes by using the DFT calculations. 

In 2007, Dinadayalane et al. [29] investigated the SW defect formation with two 

different orientations in armchair (5,5) SWCNTs in order to compare between the 

circumferential C-C bond rotation and axial C-C bond rotation in generating SW 

defect and how the SW defect formation energy varies by changing the defect 

position, using Hatree-Fock and MP2 and DFT methods with B3LYP hybrid 

functional using 3-21G and 6-31G(d) basis sets. The calculated results suggested that 

the formation energies computed at the B3LYP/6-31G(d) level are in good agreement 

with those obtained at the MP2/6-31G(d) level and 90° rotation of an axial C-C bond 

is slightly more preferred than the circumferential C-C bond in forming the SW defect 

in (5,5) SWCNTs. The presence of five membered ring at the edge is not favored in 

SW defect SWCNTs. 

In this year, Dinadayalane and Kaczmarek [30] studied by DFT at the B3LYP/6-

31G(d) level of theory. Investigate the structure and reaction energies from the 

chemisorption of a single hydrogen atom and of the preference for binding positions 

in the chemisorption of two hydrogen atom considering (3,3), (4,4), (5,5) and (6,6) 

armchair SWCNTs of 9- and 15-carbon atom layers. They proposed that 

chemisorption of one and two hydrogen atoms decreases as the diameter of the 

armchair nanotubes increases and two hydrogen atoms prefer to bind at adjacent 

positions compared to alternate carbon sites of armchair nanotubes. The present study  

indicates that changing the length of the nanotubes has a significant effect on the 

reaction energy of hydrogen chemisorption. 
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1.5 Objective 

 

 In this work, we have studied the chemisorption of hydrogen on pristine and 

SW-defect armchair (5,5) single-walled carbon nanotubes of cap-ended C80, C90 and 

open-ended C70H20 using density functional theory (DFT) method with B3LYP/3-21G 

and B3LYP/6-31G(d) level of theory. Kinetic model of hydrogen molecule adsorption 

on the selected C-C bond of carbon nanotubes was obtained by two-layered 

ONIOM(MO:MO) approach at the ONIOM(B3LYP/3-21G:AM1) and 

ONIOM(B3LYP/6-31G(d):AM1) levels of theory. Hydrogen adsorption on two-boron 

atoms doped on the various types of SWCNTs was done by use of 

ONIOM(B3LYP/6-31G(d):AM1) approach. 

 



CHAPTER II 

 

THEORETICAL BACKGROUND 
 

All chemists use models. Beginning chemistry students use plastic models to 

help them understand and visualize the structures of molecules. Recently, both 

students and experienced researchers have begun to use chemical drawing programs 

for the same purpose. 

In a similar way, computational chemistry simulates chemical structures and 

reactions numerically, based in full or in part on the fundamental laws of physics. It 

allows chemists to study chemical phenomena by running calculations on computers 

rather than by examining reactions and compounds experimentally. Some methods 

can be used to model not only stable molecules, but also short-lived, unstable 

intermediateds and even transition state. In this way, they can provide information 

about molecules and reactions which is impossible to obtain through observation. 

Computational chemistry is therefore both an independent research area and a vital 

adjacent to experimental studies.  

There are two broad areas within computational chemistry devoted to the 

structure of molecules and their reactivity: molecular mechanics and electronic 

structure theory. They both perform the same basic types of calculations: 

•   Computing the energy of a particular molecular structure (spatial 

arrangement of atoms or nuclei and electrons). Properties related to the 

energy may also be predicted by some methods. 

•   Performing geometry optimization, which located the lowest energy 

molecular structure in close proximity to the specified starting structure. 

Geometry optimization depend primarily on the gradient of the energy-the 

first derivative of the energy with the respect to atomic positions. 

•   Computing the vibrational fr equencies of molecules resulting from 

intratomic motion within the molecule. Frequnecies depend on the second 

derivative of the energy with respect to atomic structure, and frequency 

calculations may also predict other properties which depend on second 

derivatives. Frequnecy calculations are not possible or practical for all 

computational chemistry methods [31]. 
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2.1 Molecular Mechanics 

 

Molecular mechanics simulations use the laws of classical physics to predict the 

structures and properties of molecules. There are many different molecular mechanics 

methods. Each one is characterized by its particular force field. A force field has these 

components. 

• A set of equations defining how the potential energy of a molecule vary with    

the locations of its component atoms. 

• A series of atom types, defining the characteristics of an element within 

specific chemical context. Atom types prescribe different characteristics and    

behavior for   an element depending upon its environment. For example, 

carbon atom in a carbonyl is treated differently than one bonded to three 

hydrogens. The atom types depend on hybridization, charge and the type of 

the other atoms to which it is bonded. 

• One or more parameter sets that fit the equations and atom types to 

experimental data. Parameter sets define force constants, which are value    

used in the equations to relate atomic characteristics to energy component   

and structural data such as bond lengths and angles. 

 

Molecular mechanics calculations don’t explicitly treat the electrons in a 

molecule system. Instead, they perform computations based upon the interactions 

among the nuclei. Electronics effects are implicitly included in force fields through 

parameterization. This approximation makes molecular mechanics computations quite 

inexpensive computationally, and allows them to be used for very large systems 

containing many thousands of atoms. However, it also carries several limitations as 

well. Among the most important these: 

• Each force field achieves good results only for a limited class of molecules, 

related to those for which it was parameterized. No force field can be 

generally used for all molecular systems of interests.  

• Neglect of electrons means that molecular mechanics methods cannot treat 

chemical problems where electronic effects predominate. For example, they 

cannot describe processes which involve bond formation or bond breaking. 
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Molecular properties which depend on subtle electronic details are also not 

reproducible by molecular mechanics methods [31]. 

 

2.2 Electronic structure methods 

 

Electronic Structure Methods use the laws of quantum mechanics rather than 

classical physics as the basis for their computations. Quantum mechanics states that 

the energy and other related properties of a molecule may be obtained by solving the 

Schrödinger equation (2.1):  

 

                                                     HΨ = EΨ                                                     (2.1) 

 

For any but the smallest systems, however, exact solutions to the Schrödinger 

equation are not computationally practical. Electronic structure methods are 

characterized by their various mathematical approximations to its solution. There are 

two major classes of electronic structure methods [31]: 

 

2.2.1 Semi-empirical methods  

 

Semi-Empirical methods are simplified versions of Hartree-Fock theory using 

empirical (identical to derived from experimental data) corrections in order to 

improve performance. These methods are usually referred to through acronyms 

encoding some of the underlying theoretical assumptions. The most frequently used 

methods the Neglect of Differential Diatomic Overlap (NDDO) integral 

approximation, Intermediate Neglect of Differential Diatomic Overlap (INDO) and 

Complete Neglect of Differential Diatomic Overlap (CNDO). A number of additional 

approximations are made to speed up calculations and a number of parameterized 

corrections are made in order to correct for the approximate quantum mechanical 

model. How the parameterization is performed characterizes the particular Semi-

Empirical method, as Modified Neglect of Differential Overlap (MNDO), Austin 

Model 1 (AM1), Parametric Number 3 (PM3). The parameterization is performed 

such that the calculated energies are expressed as heats of formations instead of total 

energies [32]. 
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2.2.1.1 AM1 method 

 

Austin Model 1 (AM1) is a semi-empirical method for the quantum 

calculation of molecular electronic structure. AM1 is an attempt to improve the 

MNDO model by reducing the repulsion of atoms at close separation distances. The 

core- core repulsion was modified by introducing attractive and repulsive Gaussian 

functions centered at internuclear points. That the core- core repulsions was modified 

to overcome the tendency of MNDO to overestimate repulsions between atoms 

separated by about their van der Waals distances. The core- core repulsion of AM1 

has the form.  
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where the core-core repulsion of MNDO model has the form. 
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Where, α exponent is taking as fitting parameters. The core repulsion energy is here a 

function of both the electron-electron repulsion integral <sAsA,sBsB>. Here, k is 

between 2 and 4 depending on the atom, RAB being the internuclear separation and ZA 

being the effective core charge including the nuclear charge and all core electrons. It 

should be noted that the Gaussian functions more or less were added as patches onto 

the underlying parameters, which explains why different number of Gaussians are 

used for each atom.  

 

2.2.1.2 PM3 method 

 

Parametric Number 3 (PM3)  is a variation of AM1, differing mainly in 

how the parameterization is done, two parameterization of MNDO-type methods, 

MNDO and AM1, had been carried out, and PM3 was at first called MNDO-PM3, 

meaning MNDO parameteric method 3. All parameters could then be optimized 

simultaneously, including the two-electron terms, and a significantly larger training 

http://en.wikipedia.org/wiki/Quantum_mechanics
http://en.wikipedia.org/wiki/MNDO
http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/MNDO
http://en.wikipedia.org/wiki/MNDO
http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/MNDO
http://en.wikipedia.org/wiki/MNDO
http://en.wikipedia.org/wiki/MNDO
http://en.wikipedia.org/wiki/MNDO
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set with several hundred data could be employed. In this parameterization, the AM1 

expression for the core- core repulsions was kept, except only 2 Gaussian were 

assigned to each atom. These Gaussian parameters were included as an integral part of 

model, and allowed to very freely. In a sense it has the best set of parameter for the 

given set of experimental data. The optimization process, however, still required some 

human intervention, in selecting experimental data and assigning appropriate weight 

factors to each of data. PM3 has been parameterized for the elements, H, Li, C, N, O, 

F, Mg, Al, Si, P, S, Cl, Zn, Ga, Ge, etc, parameter for many of the transition metals 

are also being developed under the name PM3, which includes d-orbitals. The PM3 set 

of parameters are determined exclusively from geometrical data, since there are very few 

reliable energetic data available for transition metal compound. 

 

2.2.2 Ab inito method 

 

Unlike either molecular mechanics or semi-empirical methods, use no 

experimental parameters in their computations. Instead, their computations are based 

solely on the laws of quantum mechanics-the first principles referred to in the name 

ab initio-and on the values of a small number of physical constants: 

• The speed of light  

• The masses and charges of electrons and nuclei 

• Planck’s constant 

 

The simplest kind of ab initio is Hartree-Fock (HF) approximation. Semi-

empirical and ab inito methods differ in the trade-off made between computational 

cost and accuracy of result.  Semi-empirical calculations are relative inexpensive and 

provide reasonable qualitative descriptions of molecular systems are fairly accurate 

quantitative predictions of energies and structures for systems where good parameter 

sets exist. In contrast, ab inito computations provide high quality quantitative 

predictions for broad range of systems. They are not limited to any specific class of 

system. Early ab inito programs were quite limited in the size of system they could be 

handle. However, this is not true for modern ab inito programs. On a typical 

workstation, Gaussian can compute the energies and related properties for systems 

containing a dozen heavy atoms in just a few minutes. It can handle jobs of up to a 

http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian
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few hundred atoms, and it can predict the structures of molecules having as many as 

one hundred atoms on the same size computer system. Corresponding larger systems 

can be handled on supercomputer systems based upon their specific CPU performance 

characteristics [31]. 

 

2.2.3 Density functional theory (DFT) method 

 

A third class of electronic structure methods have come into wide use, Density 

Functional Theory (DFT) Method. These DFT methods are similar to ab initio 

methods in many ways. DFT calculations require about the same amount of 

computation resources as Hartree-Fock theory, the least expensive ab initio method. 

DFT methods are attractive because they include the effects of electron 

correlation-the fact that electrons in a molecular system react to one another’s motion 

and attempt to keep out of one another’s way-in their model. Hartree-Fock 

calculations consider this effect only in an average sense-each electron sees and reacts 

to an averaged electron-density-while methods including electron correlation account 

for the instantaneous interactions of pairs of electrons with opposite spin. This 

approximation causes Hartree-Fock results to be less accurate for some types of 

systems. Thus, DFT methods can provide the benefits of some more expensive ab 

initio methods at essentially Hartree-Fock cost. 

DFT is based not on the wavefunction, but rather on the electron probability 

density function or electron density function, commonly called simply the electron 

density or charge density, designated by ρ(x, y, z). The most common implementation 

of density functional theory is through the Kohn-Sham method. Within the framework 

of Kohn-Sham DFT, the intractable many-body problem of interacting electrons in a 

static external potential is reduced to a tractable problem of non-interacting electrons 

moving in an effective potential. DFT is among the most popular and versatile 

methods available in computational chemistry. Comparing with the wave mechanics 

approach, it seems clear that the energy functional may be divided into three parts, 

kinetic energy, T[ρ], attraction between the nuclei and electrons, Vne[ρ], and electron-

electron repulsion, Vee[ρ] (the nuclear- nuclear repulsion is a constant in the Born-

Oppenheimer approximation). Furthermore, with reference to Hartree-Fock theory, 

the Vee[ρ] term may be divided into a Coulomb and Exchange part, J[ρ] and K[ρ], 

implicitly including correlation energy in all terms the Vne[ρ] and J[ρ] functionals are 

http://en.wikipedia.org/wiki/Kohn-Sham_equations
http://en.wikipedia.org/wiki/Many-body_problem
http://en.wikipedia.org/wiki/Potential
http://en.wikipedia.org/wiki/Computational_chemistry
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given by their classical expression, where the factor of ½ in J[ρ] allows the integration 

to run over all space for both variables [33]. 
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Early attempts at deducing functionals for the kinetic and exchange energies 

considered a non-interacting uniform electron gas.  

The foundation for the use of the DFT methods in computational chemistry was 

the introduction of orbitals by Kohn and Sham. The basic idea in the Kohn and Sham 

formalism is splitting the kinetic energy functional into two parts, one of which can be 

calculated exactly, and a small correlation term.  

 

2.2.4 The Kohn-Sham energy and the Kohn-Sham equations 

 

The first Kohn-Sham theorem tells us that it is worth looking for a way to 

calculate molecular properties from the electron density. The second theorem suggests 

that a variation approach might yield a way to calculate the energy and electron 

density (the electron density, in turn, could be used to calculate other properties). The 

two basis ideas behind the Kohn-Sham approach to DFT are, (1) to express the 

molecular energy as a sum of term, only one of which, a relatively small term, 

involves the unknown functional. Thus even moderately large errors in this term will 

not introduce large errors into the total energy (2) to use an initial guess of the 

electron density ρ in the Kohn-Sham equations to calculate an initial guess of the 

Kohn-Sham orbitals. The final Kohn-Sham orbitals are used to calculate an electron 

density that in turn is used to calculate the energy. 

 

2.2.4.1 The Kohn-Sham energy  

 

The ideal energy is that of and ideal system, a fictitious non-interacting 

reference system, defined as one in which the electrons do not interact and in which 
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the ground state electron density ρr is exactly the same as in our real ground state 

system, ρr = ρ0. The electronic energy of the molecule is the total internal “frozen-

nuclei” energy can be found by adding the internuclear repulsions, and the 0 K total 

internal energy by further adding the zero-point energy.  

The ground state electronic energy of our real molecule is the sum of the 

electron kinetic energy, the nucleus-electron attraction potential energies, and the 

electron-electron repulsion potential energies and each is a functional of the ground-

state electron density 

 

][][][ 0000 ρρρ eene VVTE ++=             (2.6) 

 

Focusing on the middle term, the nucleus-electron potential energy is the sum over all 

2n electrons of the potential corresponding to attraction of an electron for all the 

nuclei A 
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where v(ri) is the external potential for the attraction of electron i to the nuclei. The 

density function ρ can be introduce into neV  by using that 
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Where f(ri) is a function of the coordinates of the 2n electrons of a system and Ψ is the 

total wavefunction from equations (2.7) and (2.8), invoking the concept of expectation 

value ΨΨ=
∧

nene VV , and since , and get, xVV =
∧
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that can not known the function in ][ 0ρT  and ][ 0ρeeV . The Kohn and Sham to 

introduced the idea of a reference system of non-interacting electrons. Let us to define 

the quantity ][ 0ρT∆  as the deviation of the real kinetic energy from that of the 

reference system. 

 

][][][ 000 ρρρ rTTT −≡∆            (2.10) 

 

Let us next define eeV∆  as the deviation of the real electron-electron repulsion 

energy from classical charged-cloud coulomb repulsion energy. This classical 

electrostatic repulsion energy is the summation of the repulsion energies for pairs of 

infinitesimal volume elements ρ(r1)dr1 and ρ(r1)dr1 separated by distance r12, 

multiplied by one-half. The sum infinitesimals is and integral and so  
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Actually, the classical charged-cloud repulsion is somewhat inappropriate foe 

electrons in that smearing an electron out into a cloud forces it to repel itself, as any 

two regions of the cloud interact repulsively. This physically incorrect electro self-

interacting will be compensated for by a good exchange-correlation functional can be 

written as 
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The sum of the kinetic energy deviation from the reference system and the electron-

electron repulsion energy deviation from the classical system is called the exchange-

correlation energy, Exc  
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The T∆  term represents the kinetic correlation energy of the electrons and the 

eeV∆ term the potential correlation energy and the exchange energy, although 

exchange and correlation energy in DFT do have exactly.  

 

2.2.4.2 The Kohn-Sham equations 

 

The Kohn-Sham equations are theorem obtained by utilizing the variation 

principle, which the second Hohenberg-Kohn theorem assures applies to DFT. We 

use the fact that the electron density of the reference system, which is the same as that 

of our real system, is given by 
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where the KS
iψ are the Kohn-Sham spatial orbital. Substituting the above expression 

for the orbitals into the energy and varying E0 with with respect to the KS
iψ  subject to 

the constraint that these remain orthonormal lead to the Kohn-Sham equations, 

procedure is similar to that used in deriving the Hartree-Fock equations,  
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where are the Kohn-Sham energy levels and vKS
i∈ xc (1) is the exchange correlation 

potential, arbitrarily designated here for electron number 1, since the Kohn-Sham 

equations are a set of one-electron equations with the subscript i running from 1 to n, 

over all the 2n electron in the system. The exchange correlation potential is defined as 

the functional derivative of )]([ 0 rExc ρ  with respect to ρ(r)  
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We need the derivative vxc for the Kohn-Sham equations, and the exchange-

correlation function itself for the energy equation. The Kohn-Sham equations can be 

written as  
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The Kohn-Sham operator is defined by equation (2.15). The difference between 

DFT method is the choice of the functional from of the exchange-correlation energy. 

Functional forms are often designed to have a certain limiting behavior, and fitting 

parameters to known accurate data. Which functional is the better will have to be 

settled by comparing the performance with experiments or high-level wave mechanics 

calculations [34]. 
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2.2.4.3 Hybrid methods 

 

Hybrid functional augment the DFT exchange-correlation energy with a 

term calculated from Hartree-Fock theory. The Kohn-Sham orbitals are quit similar to 

the HF orbitals, give an expression, based on Kohn-Sham orbitals, for the HF 

exchange energy  
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Since the Kohn-Sham Slater determinant is an exact representation of the 

wavefunction of the noninteracting electron reference system, is the exact 

exchange energy for a system of noninteracting electron with electron density equal to 

real system. Including in a LSDA gradient-corrected DFT expression for E

HF
xE

xc (Exc = Ex 

+ Ec) a weighted contribution of the expression for  give a FH/DFT exchange-

correlation functional, commonly called a Hybrid DFT functional. The most popular 

Hybrid functional at present is based on an exchange-energy functional developed by 

Becke, and modified Steven et al. by introduction of the LYP correlation-energy 

HF
xE



 23

functional. This exchange-correlation functional, called the Becke3 LYP or B3LYP 

functional is 
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Here  is the kind accurate pure DFT LSDA non-gradient-corrected exchange 

functional,  is the Kohn-Sham orbitals based HF exchange energy functional, 

 is the Becke 88 exchange functional  
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The β parameter is determined by fitting to known atomic data and x is a dimension 

gradient variable. The  is the Vosko, Wilk, Nusair function (VWN) can be 

written 
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which forms part of the accurate functional for the homogeneous electron gas of the 

LDA and LSDA, and  is the LYP correlation functional. The parameters aLYP
cE 0, ax 

and ac are those that give the best fit of the calculated energy to molecular atomization 

energies. This is thus gradient-corrected hybrid functional [34].  

 

2.2.5 ONIOM method 

 

ONIOM (Our N-layer Integrated molecular Orbital + molecular Mechanics) 

method was developed in Morokuma group [35], allows the user to partition a 

chemical system into layers, which can then each be treated at a different level of 

theory are applied to different parts of a molecule. A molecule system can be divided 
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into up to three layers and the three layers do not have to be inclusive, provides a 

possibility to achieve such high accuracy calculation on a large molecular system. The 

active part of the reaction is considered in the “model” system and is treated with both 

at “high” and “low” levels of molecular Orbital calculation, whereas the entire “real” 

system is treated only at the “low” level of molecular Orbital calculation, and then 

they are integrated to define the ONIOM total energy of the “real” system. ONIOM is 

a computationally efficient tool for the study of chemical reactions involving large 

molecular systems. 

An obvious solution to problem is the partitioning of the system into two or 

more parts or layers, where the interesting or difficult part of the system (the inner 

layer) is treated at a high level of theory and the rest of the system (the outer layer) is 

treated at a low level of theory. These hybrid methods differ mainly in two aspects.  

First, there are different ways to treat the boundary region of the different parts 

of the molecule. If there is no covalent bond between the layers, there is no special 

boundary region. However, if one is interested in the accurate description of a 

particular region of a large organic molecule or a macromolecule, covalent bonds 

have to be cut in order to generate the inner model system. This process leaves 

dangling bonds at the border of inner layer, which have to be saturated in order to 

avoid a chemically unrealistic model. Therefore, so-called link atom usually hydrogen 

atom are use.  

The second crucial aspect in all the hybrid schemes is the interaction between 

the inner and outer part of the system. If the total energy E(X-Y) of the entire system 

X-Y (inner region X, outer region Y) is defined as 

 

E(X-Y) = Ehigh(X) + Elow(Y) + Einner layer (X,Y)                     (2.24) 

 

with Einner layer (X,Y) being a separate interaction energy between the two layers, this 

may be referred to as a connection scheme. On the other hand, if the total C E(X-Y) is 

calculated according to 

 

E(X-Y) = Elow(X-Y) - Elow(X) + Ehigh (X)          (2.25) 
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In the latter case there is no necessity for a special interaction Hamiltonian, 

since the interaction between the two layers is consistently treated at the low level of 

theory. Obviously, both approaches are equivalent, if 

 

                  Elow(Y) + Einner layer (X,Y)  =  Elow(X-Y)  -  Elow(X)                     (2.26) 

 

i.e. if Einner layer (X,Y) corresponds to the exact interaction energy at the respectively 

low level.  

 

2.2.5.1 ONIOM energy definition 

 

The basic of ONIOM can be explained 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. 

Level of theory 

9 4 2 

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

two (left) and three (right) layers. 

 

Figure 2.1 shows the extrapolation procedure schematically to describe 

the real system at the highest level of theory, 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. In the case of two layers, in extrapolated energy EONIOM2 is 

then defined as  

4 7 
High 

5 2 
Medium 

Low 
1 3 1 6 3 

8 

Model Real Small Intermediate Real Model Model 
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EONIOM2 = E3 – E1 + E2             (2.27) 

 

where E3 is the energy of the entire (real) system calculated at low level method and 

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   

 

E4 = EONIOM2  +  D            (2.28) 

 

Thus, if the error D of the extrapolation procedure is the constant for two different 

structures, their relative energy 4E∆  will be evaluated corrected by using the ONIOM 

energy . 2ONIOME∆

For a system partitioned into three different layers, the expression for the 

total energy  as an approximation for E3ONIOME∆ 9 reads 

 

EONIOM3  =  E6 – E3 + E5 - E2 + E4          (2.29) 

 

Since the evaluation of E1 does not require much computational effort, is 

value can be used to determine the effect of the three-layer approach as compared to a 

two-layer partitioning with points 1, 4, and 6. If the energy difference between the 

two-layer and three-layer extrapolation is constant,  a two layer partitioning with the 

intermediate layer omitted would give comparably accurate result. 

 

2.2.5.2 Treatment of link atoms 

 

As mentioned before, an important and critical feature of all combination 

schemes is the treatment of the link atoms, as illustrated in Figure 9. The methodology 

in the case of three-layer ONIOM is exactly the same and will not be discussed 

explicitly.  

 



 27

outer layer 
 

X (set 4) 

inner layer  
A (set 1) 

M (set 2) 

B (set 3) 

 
 

Figure 2.2 Definition of different atom sets within the ONIOM scheme. 

 

Figure 2.2 shows the model system equal to inner layer + link atoms and 

real system equal to inner layer + outer layer. The atoms present both in the model 

system and real system are called set 1 atom and their coordinates are denoted by R1. 

The set 2 atoms are the artificially introduced link atoms. They only occur in the 

model system and their coordinates are described by R2. In the real system there are 

replaced by the atoms described by R3. Atoms that belong to the outer layer and are 

not substituted by atoms are called set 4 atoms whit the coordinates R4. The geometry 

of the real system is thus described by R1, R3 and R4 and they are the independent 

coordinates for the ONIOM energy 

 

EONIOM   =  EONIOM (R1, R3, R4 )          (2.30) 

 

In order to generate the model system, described by R1 and the link atoms R2, defined 

R2 as function of R1 and R3   

 

  R2 = f(R1, R3)            (2.31) 

 

The explicit functional form of the R2 dependency can be chosen arbitrarily. However, 

considering the fact that the link atoms are introduced to mimic the corresponding 

covalent bonds of the real system, they should follow the movement of the atoms they 

replace. If atom A belong to set 1 and atom B belong to set 3, the set 2 link atom is 
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placed onto the bond axis A-B in terms of internal coordinates choose the same bond 

angle for set 2 atom as for set 3. Therefore, in the model calculations the link atoms 

are always aligned along the bond vectors of the real system. For the exact position r2 

of a single H atom along an A-B bond (r2 – r1), introduced a fixed scale factor (or 

distance parameter) g. Hence, 

 

  r2 = r1 + g(r3 – r2)            (2.32) 

 

If the A-B bond distance 13 rr −  changes during a geometry optimization, the A-H 

bond distance 12 rr −  also changes.  

 

2.3 Basis set 

 

A basis set is the mathematical description of the orbitals within a system 

(which in turn combine to approximate the total electronic wavefunction) used to 

perform the theoretical calculation. Larger basis sets more accurately approximate the 

orbitals by imposing fewer restrictions on the locations of the electrons in space. In 

the true quantum mechanical picture, electrons have a finite probability of existing 

anywhere in space; this limit corresponds to the infinite basis set expansion in the 

chart we looked at previously. 

Standard basis sets for electronic structure calculations use linear combinations 

of Gaussian functions to form the orbitals. Gaussian offers a wide range of pre-

defined basis sets, which may be classified by the number and types of basis functions 

that they contain. Basis sets assign a group of basis functions to each atom within a 

molecule to approximate its orbitals. These basis functions themselves are composed 

of a linear combination of Gaussian functions. 

Slater functions are good approximations to atomic wavefunctions and would 

be the natural choice for ab initio basis functions, were it not for the fact that the 

evaluation of certain two-electron integrals requires excessive computer time if Slater 

functions are used. Actually, things a little more complicated. A single Gaussian is 

poor approximations to the nearly ideal description of an atomic wavefunctions that a 

Slater functions provides. The solution to the problem of this poor functions 

behaviour is to use several Gaussians to approximate a Slater functions. In the 

http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian
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simplest version of this basis, n Gaussian functions are superimposed with fixed 

coefficients to form one- Slater type orbital (STO) [34]. 

An individual molecular orbital is defined as 

 

∑
=

=
N

iii c
1µ

µ χφ .                        (2.33) 

 

where the coefficients cµi  are known as the molecular orbital expansion coefficients. 

The basis functions χ1 …χN   are also chosen to be normalized. 

 

2.3.1 Minimal Basis Sets 

 

Minimal Basis Sets contain the minimum number of basis functions needed for 

each atom. 

A minimal basis set consists of one Slater functions for each inner-shell and 

valence-shell atomic orbitals of each atom. The essential idea of the minimal basis set 

is that we select one basis function for every atomic orbital that is required to describe 

the free atom. Several minimal basis sets are in common use, but by far the most 

common are the STO-nG basis sets, n = 3, 4, 5, and 6. The individual GTOs are called 

primitive orbitals, while the combined functions are called contracted functions The 

STO-nG basis sets are available for almost all elements in the periodic table. 

The STO-3G basis set introduces us to the concept of contracted shell in 

constructing contracted Gaussian from primitive Gaussian. The Gaussian of a 

contraction shell share common exponents. Example carbon has one s shell and sp 

shell. This means that the 2s and 2p Gaussians share common α exponents (which 

differ from those of the 1s functions). Consider the contracted Gaussians. 
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http://en.wikipedia.org/wiki/Gaussian
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http://en.wikipedia.org/wiki/Gaussian
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2.3.2 Split valence basis sets 

 

The first way that a basis set can be made larger is to increase the number of 

basis functions per atom. Split valence basis set, such as 3-21G and 6-31G(d), have 

two (or more) sizes of basis functions for each valence orbital. 

A split-valence basis set uses two (or more) GTOs for each valence atomic 

orbital but only one GTO for each inner-shell (core) atomic orbital. A split-valence 

basis set is minimal for inner-shell atomic orbitals and double zeta for the valence 

atomic orbitals. Split-valence basis sets are called valence double zeta (VDZ), valence 

triple zeta (VTZ), according to the number of GTOs used for each valence atomic 

orbitals. 

3-21G (pronounced “three two one jee”) The valence functions are split into 

one basis function with two GTOs, split each valence orbitals into two part, an inner 

shell and an outer shell, and one with only one GTO. The core orbitals are each 

represented by one basis functions, each composed of three Gaussian. 

6-31G (pronounced “six three one jee”) The core consists of six primitives in 

inner-shell GTOs which are not split, while the valence orbitals are described by one 

orbital constructed valence-shell atomic orbitals from three primitive GTOs and one 

that is a primitive GTO.  

 

2.3.2.1 Polarized basis sets 

 

Split valence basis sets allow orbitals to change size, but not to change 

shape. Polarized Basis Sets remove this limitation by adding orbitals with angular 

momentum beyond what is required for the ground state to the description of each 

atom. So far, the only polarized basis sets we’ve used is 6-31G(d). Its name indicates 

that it is the 6-31G basis set with d functions added to heavy atoms. This basis set is 

becoming very common for calculations involving up-to medium sized systems. This 

basis set is also known as 6-31G*. Another popular polarized basis sets is 6-31G(d,p), 

also known as 6-31G**, which adds p functions to hydrogen atoms in addition to the 

d functions on heavy atoms. 

To each of these basis sets can be add polarization functions (*). 

Polarization functions are indicated after the G, with a separate designation for heavy 

atom those beyond helium. Sometime it is helpful to have polarization functions on 



 31

the hydrogens as well, a 6-31G* basis with three 2p functions on each H and He atom 

is called the 6-31G** (or 6-31G(d,p)). Thus, H and He atom have a 1s orbital 

represented by an inner 1s' and outer 1s' basis function, making two basis function. To 

6-31G* basis is identical 6-31G(d) is valence zeta polarized basis set that adds to the 

6-31G set six d-type Cartesian-Gaussian polarization functions, each composed of 

three Gaussian of inner and one Gaussian of outer, no each of Li through Ca and ten f-

orbitals Cartesian-Gaussian polarization functions on each of the atoms Sc through 

Zn.  

6-31G(d ) basis set for carbon atom, has a 1s function represented by six 

Gaussian, and inner 2s, 2px, 2py and 2pz ( 2s' 2px
', 2p'

y, 2p'
z) function, each composed 

of three Gaussian, and an outer 2s, 2px, 2py and 2pz ( 2s'' 2p''
x, 2p''

y, 2p''
z) function, 

each composed of one Gaussian, and six 3d functions, making a lot of 15 functions. 

That can be summarized is (1s, 2s' 2p', 2p', 2p'
, 2s'', 2p'', 2p'', 2p'', 3d, 3d, 3d, 3d, 3d, 

3d). 

 

2.3.2.2 Diffuse functions 

 

In some cases the normal basis functions are not adequate. This is 

particular the case in excited states and in anions where the electronic density is 

spread out more over the molecule. This model has correctly by using some basis 

functions which themselves are more spread out. This means that small exponents are 

added to GTOs. These additional basis functions are called diffuse functions. The 

diffuse functions added to the 6-31G basis set as follows:  

6-31+G added a set of diffuse s and p orbitals to the atoms in the first and 

second rows.  

Diffuse functions can be added along with polarization functions also. 

Some examples of these functions are 6-31+G*, 6-31++G*, 6-31+G** and 6-

31++G** basis sets.  

 

http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian
http://en.wikipedia.org/wiki/Gaussian


 32

2.4 Transition State Theory  

 

Transition state theory (TST) assumes that a reaction proceeded from one 

energy minimum to another via an intermediate maximum. The transition state is the 

configuration which divides the reactant and product parts of surface. For example, a 

molecule which has reached the transition state is continuing to product. The 

geometrical configuration of the energy maximum is called the transition structure. 

Within standard TST, the transition state and transition structure are identical, but this 

is not necessarily for more refined models. The direction of reaction coordinate is 

started from the reactant to product along a path where the energies are as low as 

possible and the TS is the point where the energy has a maximum. In the 

multidimensional case, TS is a first-order point on the potential energy surface as a 

maximum in the reaction coordinate direction and a minimum along all other 

coordinates, shown in Figure 2.3 [34]. 

Energy 

∆G≠
TS 

∆G = 0 
Reactant 

∆G0 Product Perpendicular 
coordinates 

Reaction coordinate 
 

Figure 2.3 Schematic illustration of reaction path. 
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2.5 Molecular vibrational frequencies 

 

 The total molecular energy E is approximately the sum of translation, 

rotational, vibrational, and electronic energies. In the harmonic oscillator 

approximation, the vibrational energy of an N-atom molecule is the sum of 3N-6 

normal mode vibrational energies (3N-5 for a linear molecule): 
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where is the harmonic vibrational frequency for the k is the normal mode and each 

vibrational quantum number 

kv

kυ has the possible values 0, 1, 2,..., independent of the 

value of the order vibrational quantum numbers. 

 The harmonic vibrational frequencies of a molecule are calculated as follows. 

(1) Solve the electronic Schrödinger equation for several 

molecular geometries to find the equilibrium geometry of the molecule. (2) Calculate 

the set of second derivatives of the molecular electronic energy U 

with respect to the 3N nuclear Cartesian coordinates of a coordinate system with 

origin at the center of mass. (3) Form the mass-weighted force-constant matrix 

elements 
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Where i and j each go from 1 to 3N and mi is the mass of the atom corresponding to 

coordinate Xi. (4) Solve the following set of 3N linear equations in 3N unknowns 

 

                                    i  =  1, 2,..., 3N                    (2.40) 0)(
3

1
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N
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In this set of equations, ijδ  is the Kronecker delta, and kλ  and the ’s are as-

yet unknown parameters whose significance will be seen shortly. In order that this set 

jkl
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of homogeneous equations has a nontrivial solution, the coefficient determinant must 

vanish 

 

0)det( =− kijijF λδ                                    (2.41) 

 

This determinant is of order 3N and when expanded gives a polynomial whose 

highest power of kλ is . The molecular harmonic vibrational frequencies are then 

calculated from 

N
k
3λ

 

                (2.42) πλ 2/2/1
kkv =

 

Six of the kλ values found by solving will be zero, yielding six frequencies with value 

zero, corresponding to the three translational and three rotational degrees of freedom 

of the molecule. The remaining 3N-6 vibrational frequencies are the molecular 

harmonic vibrational frequencies [36].  

 



CHAPTER III 
 

DETAILS OF THE CALCULATIONS 
 

3.1 Structure models for SWCNTs and definition of their C-C bond types 

  

C-C bond types (I, II and III) of pristine and SW defect armchair (5,5) SWCNTs 

of cap-ended C80, C90 and open-ended C70H20 are defined as shown in Figures 3.1 and 

3.2. 

 

 
Figure 3.1 Selected atomic numbering and definition of C-C bond types (I, II and III) for armchair 

(5,5) SWCNTs of the pristine (a) cap-ended C80, (b) C90 and (c) open-ended C70H20 and the SW defect 

(d) cap-ended SW-C80, (e) SW-C90 and (f) open-ended SW-C70H20 SWCNTs. 

 

The chemisorption of two hydrogen atoms at two adjacent carbons of C-C bond 

(types I, II and III) on outer wall of SWCNT (exohedral addition) is considered here 

because it has been reported to be more favorable than addition on the inner wall of 

SWCNT (endohedral addition) and two hydrogen atoms favor binding at adjacent 

positions [30,37]. The positions where two hydrogen atoms have been added on the 

sidewalls are designated by labeled carbon atoms and bond types as defined in Figure 

3.2. 
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C3 C3 C4 II C1 III II 
C2 C1 I 

I 
C2 III 

C4 

(a) Pristine (b) SW Defect 
 

Figure 3.2 The atom numbering and C-C bond types of adsorption atoms defined for (a) the pristine 

and (b) SW defect SWCNTs. These clusters are fractions of their whole structure which our illustrated 

in Figure 3.1. 

 

Figure 3.2 is just to clarify adsorption atoms and their C-C bond types. Their 

whole structures shown in Figure 3.1 are structure models for all studied SWCNTs. 

 

3.1.1 Full structure optimization  

 

Two hydrogen atoms were added simultaneously at the C-C bond type position 

for each structure as defined in Figure 3.1. When hydrogen adsorbed on the SWCNTs, 

structure of them were adjusted to the most stable structure. Hence strain energy occur 

when movement of structure of the SWCNTs arise. Adsorption energy of double 

hydrogen–atoms based on a hydrogen–molecule, ∆Eads(H2) and based on double 

proton–radicals (∆Eads(2H•)) adsorbed on the flexible structure of SWCNTs are 

computed using  equations (3.1) and (3.2), respectively. Strain energies (∆Est) of 

adsorption structures of SWCNTs are computed by using equation (3.3). 

 

 ∆Eads(H2)    = )EE(E
2/2 SWCNTstrainedHSWCNTH −+−                                   (3.1)

 ∆Eads(2H•)  = )EE2(E T/2 WCNTstrained-SHSWCNH +− •                                   (3.2) 

SWCNTisolatedSWCNTstrainedst −− −=∆ EEE                                                      (3.3) 
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E2H/SWCNT denotes the total energy of two hydrogen atoms chemisorbed on 

SWCNTs; and denotes the energies of hydrogen molecule and hydrogen 

atom; and  denotes the energies of bare tube and bare tube 

at adsorb form of the armchair (5,5) SWCNTs. The adsorption energy ∆E

2
E H HE

SWCNTisolated−E SWCNTstrained −E

ads can also 

be considered as the hydrogen chemisorption energy. 

 

3.1.2 Partial structure optimization 

 

Based on the rigid model of the SWCNTs interacts with a molecule of hydrogen 

gas was treated, adsorption-state structures of two atoms of the hydrogen molecule 

adsorbed on the C-C binding atoms of the isolated-SWCNT form of the frozen 

SWCNTs structure (no movement of the SWCNTs) has been optimized. Interaction 

energy of double hydrogen–atoms based on a hydrogen–molecule, ∆Eint'(H2) and 

adsorption energy based on double proton–radicals (∆Eads'(2H•)) on the frozen models 

are computed using equations (3.4) and (3.5) which ∆Est = 0.  

 

 ∆E'int(H2)    = )EE(E
2/2 WCNTisolated-SHSWCNTH +−                                     (3.4)

 ∆E'ads(2H•)   = )EE2(E T/2 WCNTisolated-SHSWCNH +− •                                 (3.5)  
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3.1.3 ONIOM approach and transition state calculation 

 

For investigation of adsorption process of hydrogen molecule at two adjacent 

carbons, the two-layer ONIOM approach was employed and their two layers are 

defined as shown in Figure 3.2. The hydrogen adsorption process takes place on the 

SWCNT via TS transition state can be written as shown in equation (3.6). Figure 3.3 

shows that the ball atoms are treated as the high-level layer and their remain atoms are 

treated as the low-level layer. In this work, the ONIOM (high:low) approach of the 

ONIOM(B3LYP/3-21G:AM1) and ONIOM(B3LYP/6-31G(d):AM1) were employed. 

Therefore, the activation energy (∆‡E) of hydrogen adsorption on the SWCNT can be 

computed using equation (3.7). 

 

SWCNT + H2          TS        SWCNT-H2                                   (3.6) 

       ∆‡E  = )EE(E
2 SWCNTisolatedHTS −+−                                                        (3.7) 

 

All minima and transition states were confirmed by real and single imaginary 

vibrational frequencies, respectively. 

 

 

High-level layer 

Low-level layer 

Figure 3.3 Two types of surface defined as high and low levels of theory for the two layer ONIOM 

approach of pristine (a) cap-ended C80, (b) C90 and (c) open-ended C70H20, SW defect (d) cap-ended 

SW-C80, (e) SW-C90 and (f) open-ended SW-C70H20 SWCNTs. Ball type is of area for high level of 

theory.  
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3.1.4 Structure models and ONIOM approach for B-doped SWCNTs 

 

Structure models for B-doped SWCNTs are defined as follows. Two boron 

atoms were doped into the armchair (5,5) SWCNTs. Their possible types of stable 

structures can therefore be classified into three types for pristine and SW defect 

SWCNTs, respectively, as shown in Figure 3.4.  

 

B

B B B 

B B

(a) (b) (c) 

B
B 

B BB
B

(d) (e)  (f) 

Figure 3.4 Possibility of doping types for two boron atoms into armchair (5,5) SWCNTs are defined as 

(a) type I, (b) type II and (c) type III for pristine and (d) type I, (e) type II and (f) type III for SW 

defect. 
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3.1.4.1 B-doped pristine SWCNTs 3.1.4.1 B-doped pristine SWCNTs 

  

III 
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II 
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II III C3C1 
C2 

B1 
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Figure 3.5 The atom numbers given in the structures indicate the position where two hydrogen atoms 

were added at the pristine (a), (d), (g) cap-ended B2C88, (b), (e), (g) B2C88 and (c), (f), (i) open-ended 

B2C68H20 B-doped SWCNTs (doping type I (a), (b), (c), doping type II (d), (e), (f), doping type III (g), 

(h), (i)). Their clear views are located on the right. 

Figure 3.5 The atom numbers given in the structures indicate the position where two hydrogen atoms 

were added at the pristine (a), (d), (g) cap-ended B C , (b), (e), (g) B C  and (c), (f), (i) open-ended 

B C H  B-doped SWCNTs (doping type I (a), (b), (c), doping type II (d), (e), (f), doping type III (g), 

(h), (i)). 

2 88 2 88

2 68 20

Their clear views are located on the right. 
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3.1.4.2 B-doped SW defect SWCNTs 

 

 
 

I II 
III C2 
C1 B1 
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II III 
C1 C2 
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Figure 3.6 The atom numbers given in the structures indicate the position where two hydrogen atoms 

were added at the SW defect (a), (d), (g) cap-ended SW-B2C88, (b), (e), (g) SW-B2C88 and (c), (f), (i) 

open-ended SW-B2C68H20 B-doped SWCNTs (doping type I (a), (b), (c), doping type II (d), (e), (f), 

doping type III (g), (h), (i)). Their clear views are located on the right. 

  



 42

 

Adsorption energy of double hydrogen–atoms based on a hydrogen–molecule, 

∆Eads (H2) and based on double proton–radicals (∆Eads (2H•)) adsorbed on the flexible 

structure of SWCNTs are defined as shown in equations (3.8) and (3.9), respectively. 

E2H/B-doped-SWCNT denotes the total energy of two hydrogen atoms chemisorbed on B-

doped SWCNTs. 

 

 ∆Eads(H2)   = )EE(E
2/2 SWCNTdopedBstrainedHSWCNTdopedBH −−−−− +−               (3.8)

 ∆Eads(2H•)  = )EE2(E T/2 SWCNTdopedBstrainedHSWCNdopedBH −−−−− +− •            (3.9) 

  

Interaction energy of double hydrogen–atoms based on a hydrogen–molecule, 

∆Eint (H2), and based on double proton–radicals (∆Eads (2H•)) on the frozen models of 

SWCNTs are computed using equations (3.10) and (3.11), respectively.  

 

∆E'int(H2)  =  )EE(E
2/2 SWCNTdopedisolated-BHSWCNTdopedBH −−−− +−               (3.10) 

∆E'ads(2H•)  =  )EE2(E T/2 SWCNTdopedisolated-BHSWCNdopedBH −−−− +− •          (3.11)  

 

All calculations were performed with the GAUSSIAN 03 program [38]. The 

MOLDEN 4.2 program [39] was utilized to display the molecular structure, monitor 

the geometrical parameters and observe the molecular geometry convergence via the 

Gaussian output files. The molecular graphics of all related species were generated 

with the MOLEKEL 4.3 program [40]. 

 

 



CHAPTER IV 

 

RESULTS AND DISCUSSION 
 

4.1 Adsorption of hydrogen on pristine and SW defect armchair (5,5) SWCNTs 

  

4.1.1 The full-structure optimization 

 

The full-structure optimizations of bare tubes of pristine and the SW defect 

armchair (5,5) SWCNTs of cap-ended C80, C90 and open-end C70H20 were carried out 

at the B3LYP/3-21G and B3LYP/6-31G(d) levels of theory. Total energies of the 

isolated form of the bare tubes are given in Table A1. Based on full-structure 

optimizations, adsorption complexes of various SWCNTs with hydrogen molecule 

were computed by the B3LYP/3-21G and B3LYP/6-31G(d) levels of theory. The 

adsorption configurations of double hydrogen-atoms on pristine and the SW defect of 

cap-ended C80, C90 and open-end C70H20 are shown in Figures 4.1 and 4.2, 

respectively. The total energies and relative energies of complex conformers of 

complexes between two hydrogen-atoms on various pristine and SW defect SWCNTs 

are given in Table 4.1. Relative stabilities of adsorption complexes of two hydrogen–

atoms on each type of pristine SWCNTs are in orders: 2H/C80_III > 2H/C80_II > 

2H/C80_I for C80, 2H/C90_I > 2H/C90_II for C90 and 2H/C70H20_I > 2H/C70H20_II for 

C70H20 tubes and relative stabilities of adsorption complexes of two hydrogen–atoms 

on each type of SW defect SWCNTs are in orders: 2H/SW-C80_III > 2H/SW-C80_II > 

2H/SW-C80_I for SW-C80, 2H/SW-C90_I > 2H/SW-C90_II for SW-C90 and 2H/SW-

C70H20_I > 2H/SW-C70H20_II for SW-C70H20 tubes.  

When hydrogen atoms adsorbed on the SWCNTs. Total energies of the bare 

tubes of adsorbed-form of all complex conformers and their strain energies, computed 

at the B3LYP/3-21G and B3LYP/6-31G(d) levels are shown in Table 4.2. The strain 

energies computed at the B3LYP/3-21G and B3LYP/6-31G(d) levels are very slightly 

different. The strain energies based on the B3LYP/6-31G(d) level are within the range 

of 22.60 to 44.72 kcal/mol for C80, 47.38 to 49.70 kcal/mol for C90 and 56.30 to 60.85 

kcal/mol for C70H20.  
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Figure 4.1 Adsorption of double hydrogen–atoms to pristine cap-ended C80, C90 and open-ended 

C70H20 on two carbon atoms of bond type I (a), (d), (f) bond type II (b), (e), (g) bond type III (c) and 

bond length are defined. Their relative energies are at the B3LYP/6-31G(d) and B3LYP/3-21G (in 

parenthesis), in kcal/mol. Their clear views are located on the top.
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Figure 4.2 Adsorption of double hydrogen–atoms to SW defect of cap-ended C80, C90 and open-ended 

C70H20 on two carbon atoms of bond type I (a), (d), (f) bond type II (b), (e), (g) bond type III (c) and 

bond length are defined. Their relative energies are at the B3LYP/6-31G(d) and B3LYP/3-21G (in 

parenthesis), in kcal/mol. Their clear views are located on the top.
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The data provided in Figures 4.1 and 4.2 indicated that the chemisorptions of 

two hydrogen atoms significantly altered the C-C bond lengths of SWCNTs in the 

vicinity of addition sites. This is due to the change in hybridization of the carbon 

atoms from sp2 to sp3 at the adsorption sites. Bond lengths of C-C bonds in bare tubes 

of pristine SWCNTs are in range 1.40 to 1.46 Å and bond lengths of C-C bonds in 

bare tubes of SW defect SWCNTs are in range 1.33 to 1.48 Å (as shown in Figures 

4.3 and 4.4). While fully optimization presents many of the bond distances are longer 

than 1.5 Å for both perfect and SW defect SWCNTs, which represents typical bond 

length of sp2-sp3 C-C single bonds. This indicated weakening of the C-C bonds in the 

region of hydrogen chemisorption. 

Not only difference in bond lengths between C-C bond lengths is determined, 

the bond lengths of newly formed C-H bonds in the H-chemisorbed on both pristine 

and SW defect SWCNTs are found to be about 1.1 Å. 

 

Table 4.1 Total energy and relative energy of hydrogen adsorption complexes on 

pristine and SW-defect SWCNTs calculated at B3LYP/3-21G and B3LYP/6-31G(d) 

levels of theory 

a In a.u. 

Total Energy (Etotal)a Relative energy (∆Erel)b

Complexes: 
B3LYP/3-21G B3LYP/6-31G(d) B3LYP/3-21G B3LYP/6-31G(d) 

     
Pristine:     
    2H/C80_I

c -3032.662781 -3049.554948 20.70 15.92 
    2H/C80_II -3032.651644 -3049.537959 27.69 26.58 
    2H/C80_III -3032.695773 -3049.580318 0.00 0.00 
    2H/C90_I -3411.686483 -3430.685909 0.00 0.00 
    2H/C90_ II -3411.673170 -3430.674637 8.35 7.07 
    2H/C70H20_I -2665.893189 -2680.709746 0.00 0.00 
    2H/C70H20_ II -2665.890677 -2680.707065 1.58 1.68 
     
SW Defect:     
    2H/SW-C80_I c -3032.512020 -3049.401319 23.28 24.90 
    2H/SW-C80_II -3032.539307 -3049.432281 6.15 5.47 
    2H/SW-C80_III -3032.549114 -3049.440992 0.00 0.00 
    2H/SW-C90_I -3411.534948 -3430.536802 0.00 0.00 
    2H/SW-C90_II -3411.504896 -3430.517386 18.86 12.18 
    2H/SW-C70H20_I -2665.799244 -2680.622668 0.00 0.00 
    2H/SW-C70H20_II -2665.764170 -2680.597798 22.01 15.61 
     

b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 
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Table 4.2 Total energy of bare tube at adsorbed form and strain of pristine and SW-

defect SWCNTs calculated at B3LYP/3-21G and B3LYP/6-31G(d) levels of theory 

 

a In a.u. 

 
Etotal

a Estrain
b

Complexes: 

 B3LYP/3-21G B3LYP/6-31G(d) B3LYP/3-21G B3LYP/6-31G(d) 

     
Pristine:     
    2H/C80_I

c -3031.416761 -3048.315243 50.68 44.87 
    2H/C80_II -3031.428453 -3048.314958 43.34 45.05 
    2H/C80_III -3031.432356 -3048.322067 40.89 40.59 
    2H/C90_I -3410.447300 -3429.450068 43.18 44.18 
    2H/C90_ II -3410.433271 -3429.442686 51.98 48.81 
    2H/C70H20_I -2664.658638 -2679.481516 43.71 43.82 
    2H/C70H20_ II -2664.636463 -2679.460492 57.62 57.02 
     
SW Defect:     
    2H/SW-C80_I c -3031.270744 -3048.165643 47.02 44.72 
    2H/SW-C80_II -3031.293380 -3048.189933 32.82 29.48 
    2H/SW-C80_III -3031.299607 -3048.200899 28.91 22.60 
    2H/SW-C90_I -3410.299094 -3429.303650 48.88 48.98 
    2H/SW-C90_II -3410.296621 -3429.302509 50.43 49.70 
    2H/SW-C70H20_I -2664.563150 -2679.386037 53.48 56.30 
    2H/SW-C70H20_II -2664.557894 -2679.378772 56.78 60.85 
     

b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 

 
Adsorption energies of two hydrogen atoms compared with the hydrogen 

molecule and proton-radicals on the various armchair (5,5) SWCNTs are shown in 

Table 4.3. Based on the B3LYP/6-31G(d) level, it shows the adsorption energies on 

C-C bond types (I, II and III) of SWCNTs as following remarks. 

For adsorption on the pristine SWCNTs adsorption energies are within the range 

of -29.82 to -51.94 kcal/mol for C80, -35.43 to -37.88 kcal/mol for C90, -33.10 to -

44.61 kcal/mol for C70H20. For adsorption on the SW defect SWCNTs adsorption 

energies are within the range of -37.77 to -41.96 kcal/mol for SW-C80, -24.72 to -

36.19 kcal/mol for SW-C90, -27.32 to -38.37 for SW-C70H20. 

The most stable adsorption configurations of both pristine and SW defect are the 

adsorption complexes of two hydrogen-atoms on C1-C3 bond for C80, C2-C3 for SW-

C80, C1-C2 for C90 and SW-C90, C1-C3 for C70H20 and C1-C2 for the SW-C70H20 

SWCNTs. The C80 curvature causes the less stable for the C1-C2 bond of C80 and the 

C1-C3 bond of SW-C80. 
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As we cannot differentiate the adsorption energies of hydrogen on the pristine 

and SW defect armchair (5,5) SWCNTs, therefore used of the pyramidalization angle 

(θp) of adsorption carbon atom which obtained from the π-orbital axis vector (POAV) 

as a tool to describe the adsorption energy. POAV is defined as that vector which 

makes equal angles (θσπ) to the three σ-bonds at a conjugated carbon atom, and the 

pyramidalization angle is obtained as θp =  (θσπ - 90)º. It was found that the carbon 

atoms with large values of θp exhibit high reactivity. Pyramidalization angle are 

shown in Table 4.4. 

Tables 4.3 and 4.4 show that the curvatures in terms of  θp, of adsorption carbon 

atoms on any SWCNTs donot correlate within their corresponding adsorption 

energies.  

 

Table 4.3 Adsorption energy of hydrogen molecule and two hydrogen atom to 

pristine and SW-defect SWCNTs calculated at B3LYP/3-21G and B3LYP/6-31G(d) 

levels of theory 

a In kcal/mol. 

 
∆Eads (H2)a ∆Eads (2H·)a

Complexes: 

 B3LYP/3-21G B3LYP/6-31G(d) B3LYP/3-21G B3LYP/6-31G(d) 

     
Pristine:     
    2H/C80_I

b -47.32 -40.30 -157.75 -150.08 
    2H/C80_II -32.99 -29.82 -143.43 -139.59 
    2H/C80_III -58.24 -51.94 -168.67 -161.71 
    2H/C90_I -43.03 -37.88 -153.46 -147.65 
    2H/C90_ II -43.48 -35.43 -153.91 -145.21 
    2H/C70H20_I -40.12 -33.10 -150.56 -142.87 
    2H/C70H20_ II -52.46 -44.61 -162.90 -154.39 
     
SW Defect:     
    2H/SW-C80_I b -44.34 -37.77 -154.78 -147.55 
    2H/SW-C80_II -47.26 -41.96 -157.70 -151.73 
    2H/SW-C80_III -49.51 -40.54 -159.94 -150.32 
    2H/SW-C90_I -40.94 -36.19 -151.37 -145.96 
    2H/SW-C90_II -23.63 -24.72 -134.07 -134.49 
    2H/SW-C70H20_I -41.09 -38.37 -151.53 -148.15 
    2H/SW-C70H20_II -22.38 -27.32 -132.81 -137.10 
     

b Adsorption site is on the C–C bond of type I. 
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Table 4.4 Pyramidalization angle of pristine and the SW defect armchair (5,5) 

SWCNTs 

Complexes: Adsorption 
atom θp

a  Adsorption 
atom θp

a

      
Pristine:      
    2H/C80_I

b C1 16.79  C2 16.79 
    2H/C80_II C1 15.65  C3 15.65 
    2H/C80_III C2 18.30  C3 15.95 
    2H/C90_I C1 14.46  C2 14.46 
    2H/C90_ II C1 16.95  C3 15.62 
    2H/C70H20_I C1 15.19  C2 15.19 
    2H/C70H20_ II C1 18.20  C3 17.66 
      
SW defect:      
    2H/SW-C80_I b C1 13.89  C2 12.43 
    2H/SW-C80_II C1 14.64  C3 18.28 
    2H/SW-C80_III C2 16.40  C3 16.59 
    2H/SW-C90_I C1 12.20  C2 12.20 
    2H/SW-C90_II C1 14.42  C3 15.24 
    2H/SW-C70H20_I C1 11.42  C2 11.42 
    2H/SW-C70H20_II C1 17.11  C3 15.39 
      

           a In Å. 
                     b Adsorption site is on the C–C bond of type I. 
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 4.1.2 The partial-structure optimization 

 

The structures of adsorption complexes of hydrogen on the pristine and SW 

defect armchair (5,5) SWCNTs based on the rigid structure model are shown in 

Figures 4.3 and 4.4, respectively. They show that the C-H bond length for all 

adsorption complexes are longer than their corresponding structures obtained by the 

full-structure optimization. 

Total energies and the relative stabilities of adsorption complexes of two 

hydrogen-atoms on the SWCNTs are shown in Table 4.5. Due to structure based on 

isolated form of the SWCNTs, therefore no strain of their adsorption-state structure is 

found. Relative stabilities of adsorption complexes of two hydrogen–atoms on each 

type of pristine SWCNTs are in orders: 2H/C80_III > 2H/C80_II > 2H/C80_I for C80, 

2H/C90_I > 2H/C90_II for C90 and 2H/C70H20_I > 2H/C70H20_II for C70H20 and relative 

stabilities of adsorption complexes of two hydrogen–atoms on each type of SW defect 

SWCNTs are in orders: 2H/SW-C80_III > 2H/SW-C80_II > 2H/SW-C80_I for SW-

C80, 2H/SW-C90_I >2H/SW-C90_II for SW-C90 and 2H/SW-C70H20_I > 2H/SW-

C70H20_II for SW-C70H20.  
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Figure 4.3 Adsorption of double hydrogen–atoms to rigid structure of pristine cap-ended C80, C90 and 

open-ended C70H20 on two carbon atoms of bond type I (a), (d), (f) bond type II (b), (e), (g) bond type 

III (c) and bond length are defined. Their relative energies are at the B3LYP/6-31G(d) and B3LYP/3-

21G (in parenthesis), in kcal/mol. Their clear views are located on the top. 
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Figure 4.4 Adsorption of double hydrogen–atoms to rigid structure of  SW defect of cap-ended C80, 

C90 and open-ended C70H20 on two carbon atoms of bond type I (a), (d), (f) bond type II (b), (e), (g) 

bond type III (c) and bond length are defined. Their relative energies are at the B3LYP/6-31G(d) and 

B3LYP/3-21G (in parenthesis), in kcal/mol. Their clear views are located on the top. 
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Table 4.5 Total energy and relative energy of rigid structure of pristine and SW-

defect SWCNTs calculated at B3LYP/3-21G and B3LYP/6-31G(d) levels of theory 

using frozen models  

a In a.u. 

 
Total Energy (Etotal)a Relative energy (∆Erel)b

Complexes: 

 B3LYP/3-21G B3LYP/6-31G(d) B3LYP/3-21G B3LYP/6-31G(d) 

     
Perfect:     
    2H/C80_I

c -3032.542411 -3049.438969 42.87 37.51 
    2H/C80_II -3032.558260 -3049.449500 32.92 30.90 
    2H/C80_III -3032.610727 -3049.498738 0.00 0.00 
    2H/C90_I -3411.593474 -3430.598601 0.00 0.00 
    2H/C90_ II -3411.564417 -3430.572261 18.23 16.53 
    2H/C70H20_I -2665.796089 -2680.618417 0.00 0.00 
    2H/C70H20_ II -2665.761804 -2680.586553 21.51 20.00 
     
SW Defect:     
    2H/SW-C80_I  c -3032.427392 -3049.325586 27.53 23.12 
    2H/SW-C80_II -3032.431203 -3049.324438 25.14 23.84 
    2H/SW-C80_III -3032.471271 -3049.362433 0.00 0.00 
    2H/SW-C90_I -3411.434888 -3430.448252 0.00 0.00 
    2H/SW-C90_II -3411.425796 -3430.434404 5.71 8.69 
    2H/SW-C70H20_I -2665.691708 -2680.526765 0.00 0.00 
    2H/SW-C70H20_II -2665.670510 -2680.500816 13.30 16.28 
     

b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 

 

. 
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Table 4.6 Interaction energy of hydrogen molecule and two hydrogen atoms on rigid 

structure of pristine and SW-defect SWCNTs calculated at B3LYP/3-21G and 

B3LYP/6-31G(d) levels of theory using frozen models 

a In kcal/mol. 

 
∆Eint (H2) a ∆Eint (2H•) a

Complexes: 

 B3LYP/3-21G B3LYP/6-31G(d) B3LYP/3-21G B3LYP/6-31G(d) 

     
Pristine:     
    2H/C80_I

b 78.89 77.35 -31.55 -32.43 
    2H/C80_II 68.94 70.74 -41.49 -39.04 
    2H/C80_III 36.02 39.84 -74.41 -69.93 
    2H/C90_I 58.51 61.09 -51.92 -48.69 
    2H/C90_ II 76.75 77.62 -33.69 -32.16 
    2H/C70H20_I 64.52 68.03 -45.92 -41.74 
    2H/C70H20_ II 86.03 88.03 -24.40 -21.74 
     
SW Defect:     
    2H/SW-C80_I

b 55.78 54.47 -54.65 -55.30 
    2H/SW-C80_II 28.25 55.19 -82.19 -54.58 
    2H/SW-C80_III 53.39 31.35 -57.04 -78.42 
    2H/SW-C90_I 70.73 68.36 -39.71 -41.41 
    2H/SW-C90_II 76.43 77.05 -34.00 -32.72 
    2H/SW-C70H20_I 79.87 78.10 -30.56 -31.67 
    2H/SW-C70H20_II 93.17 94.39 -17.26 -15.39 
     

b Adsorption site is on the C–C bond of type I. 

 

As the interaction energies of adsorption complexes are all positive, their 

adsorption properties as adsorption energy are not termed. Table 4.6 shows that the 

adsorption complexes are less stable than their corresponding isolated hydrogen 

molecule but more stable than their corresponding isolated hydrogen atoms. 
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4.2 Adsorption mechanism of addition of hydrogen molecule to armchair (5,5) 

SWCNTs 

 

Reaction mechanism of addition of hydrogen molecule to C-C atoms of the 

SWCNTs were carried out using the ONIOM(B3LYP/3-21G:AM1) and 

ONIOM(B3LYP/6-31G(d):AM1) levels of theory. Model of the transition state based 

on the most stable adsorption complexes of each types of SWCNTs which carried out 

at the B3LYP/6-31G(d) calculation as mentioned in Chapter 3. 

The transition-state structures of hydrogen adsorbed to C-C bond of various 

SWCNTs are shown in Figure 4.5. Reaction mechanism of hydrogen adsorption at C-

C bond at the SWCNT is shown in Figure 4.6. It shows that the adsorption process of 

hydrogen addition to C-C bond occurs via the transition state, and afford the stable 

adsorption complex. The transition states of all adsorption processes are verified by 

their single imaginary vibrational frequencies, see Table 4.7. 

 

Table 4.7 Activation energies and single imaginary vibrational frequencies of 

hydrogen molecule adsorbed to pristine and SW defect armchair (5,5) SWCNTs, at 

the ONIOM(B3LYP/6-31G(d):AM1) and ONIOM(B3LYP/3-21G:AM1) (in 

parenthesis) 

Adsorption reaction ∆‡Ea
iv  

   
Pristine SWCNTs :   
    H2 + C80  →  TS  →  2H/C80 66.23 (66.89) 2802.94i (2808.57i) 
    H2 + C90  →  TS  →  2H/C90 70.23 (71.75) 2411.04i (2445.27i) 
    H2 + C70H20  →  TS  →  2H/C70H20 79.29 (81.31) 2920.85i (2966.53i) 
   
SW  Defect SWCNTs :   
    H2 + SW-C80  →  TS  →  2H/SW-C80 56.13 (53.72) 2471.70i (2488.06i) 
    H2 + SW-C90  →  TS  →  2H/ SW-C90 73.33 (74.84) 2350.15i (2420.95i) 
    H2 + SW-C70H20  →  TS  →  2H/ SW-C70H20 89.64 (88.69) 4694.25i (4642.24i) 
   

a In kcal/mol. 
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Figure 4.5 Transition-state of structures adsorption process on the pristine (a) cap-

ended C80, (b) C90, (c) open-ended C70H20 and the SW defect (d) cap-ended SW-C80, 

(e) SW-C90, (f) open-ended SW-C70H20 armchair (5,5) SWCNTs. 

 

 

 
 

Figure 4.6 Addition of hydrogen molecule to C–C binding site. 
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4.3 B-doped armchair (5,5) SWCNTs  

 

B-doped Pristine and SW defect armchair (5,5) SWCNTs of cap-ended C80, C90 

and open-end C70H20 as double boron atoms doping were studied using flexible and 

rigid structure models. Boron doping types can be separated into three types as shown 

in Figures 3.5 - 3.6 (Chapter 3) and the possible number of their hydrogen adsorption 

complexes is therefore three configurations.  

All geometry optimizations of B-doped SWCNTs and their hydrogen adsorption 

complexes were carried out at the ONIOM(B3LYP/6-31G(d):AM1) level of theory. 

Based on the various armchair (5,5) SWCNTs which geometry optimizations were 

carried out at the same theory, total energies and adsorption energies of adsorption 

complexes of hydrogen on the armchair (5,5) SWCNTs for flexible and rigid models 

are shown in Tables A-8 to A-11. 

Total energies and the relative stabilities of adsorption complexes of hydrogen 

on the B-doped type I, II and III armchair (5,5) SWCNTs are shown in Tables A-2 to 

A-7, respectively. Adsorption configurations of two hydrogen atoms adsorbed on B-

doped SWCNTs types I, II and III are shown in Figures 4.7-4.12.  
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4.3.1 B-doped type I 

 

The adsorption configurations of double hydrogen-atoms on pristine and the SW 

defect of B-doped armchair (5,5) SWCNTs are shown in Figures 4.7 and 4.8, 

respectively obtained at the ONIOM(B3LYP/6-31G(d):AM1) levels of theory, two 

atoms of the hydrogen molecule adsorbed on the C-C binding atoms as mentioned in 

Chapter 3. 

 

 
 

Figure 4.7 Adsorption complexes of two hydrogen-atoms adsorbed on various 

pristine armchair (5,5) B-doped SWCNTs (type I). 
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Figure 4.8 Adsorption complexes of two hydrogen-atoms adsorbed on various Stone-

Wales defect armchair (5,5) B-doped SWCNTs (type I). 

 

Relative stabilities of adsorption complexes of two hydrogen–atoms on each 

type of pristine B-doped SWCNTs are in orders: 2H/B2C78_III > 2H/B2C78_I > 

2H/B2C78_II  for B2C78 tubes, 2H/B2C88_II > 2H/B2C88_III > 2H/B2C88_I for B2C88 

tubes, 2H/B2C68H20_II > 2H/B2C68 H20_III > 2H/B2C68H20_I for B2C68H20 tubes  and 

relative stabilities of adsorption complexes of two hydrogen–atoms on each type of 

SW defect B-doped SWCNTs are in orders: 2H/SW-B2C78_III > 2H/SW-B2C78_II > 

2H/SW-B2C78_I for B2C78, 2H/SW-B2C88_II > 2H/SW- B2C88_III > 2H/SW-B2C88_I 

for B2C88, 2H/SW-B2C68H20_III > 2H/SW-B2C68H20_II > 2H/SW-B2C68H20_I for 

B2C68 H20.  
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Adsorption energies of hydrogen molecule adsorbed on B-doped armchair (5,5) 

SWCNTs of pristine and rigid structure types I are shown in Tables 4.8 and 4.9. 

 

Table 4.8 Adsorption energies of hydrogen molecule and two proton–radicals on 

various pristine and SW defect armchair (5,5) B-doped SWCNTs (type I) 

 
∆Eads , ONIOM(B3LYP/6-31G(d):AM1)a

Pristine SWCNTs SW Defect SWCNTs Complexes : 
H2 2H• H2 2H•

     
B-doped C80 :     

2H/B2C78_I
 b -45.09 -154.86 -29.73 -139.50 

2H/B2C78_ II -41.05 -150.82 -54.50 -164.28 
2H/B2C78_III -50.24 -160.02 -91.35 -201.13 

     
B-doped C90 :     

2H/B2C88_ I
 -46.94 -156.71 -25.57 -135.35 

2H/B2C88_ II -42.93 -152.70 -57.43 -167.21 
2H/B2C88_ III -51.24 -161.01 -36.05 -145.82 

     
B-doped C70H20 :     

2H/B2C68 H20_ I
 -43.33 -153.11 -24.16 -133.93 

2H/B2C68 H20_ II -52.20 -161.97 -49.16 -158.94 
2H/B2C68 H20_ III -61.16 -170.93 -71.01 -180.78 
     

a In kcal/mol. 
b Adsorption site is on the C–C bond of type I. 
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Table 4.9 Interaction energies of hydrogen molecule and two proton–radicals on 

various rigid structure of pristine and SW defect armchair (5,5) B-doped SWCNTs 

(type I) 

  
∆E´ads , ONIOM (B3LYP/6-31G(d):AM1)a

Pristine SWCNTs SW Defect SWCNTs Complexes : 
H2 2H• H2 2H•

     
B-doped C80 :     

2H/B2C78_I
 b 10.25 -99.52 37.30 -72.47 

2H/B2C78_ II 17.71 -92.06 8.02 -101.75 
2H/B2C78_III 17.01 -92.77 -19.28 -129.06 
     

B-doped C90 :     
2H/B2C88_ I

 -3.87 -113.64 68.89 -40.88 
2H/B2C88_ II -9.23 -119.00 26.37 -83.41 
2H/B2C88_ III -3.86 -113.64 1.47 -108.30 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 1.38 -108.39 68.24 -41.53 
2H/B2C68 H20_ II 0.05 -109.73 40.38 -69.39 
2H/B2C68 H20_ III 1.38 -108.39 56.74 -53.03 
     

a In kcal/mol. 
b Adsorption site is on the C–C bond of type I. 

 

4.4.2 B-doped type II 

 

The adsorption configurations of double hydrogen-atoms on pristine and the SW 

defect of B-doped armchair (5,5) SWCNTs are shown in Figures 4.9 and 4.10, 

respectively. Relative stabilities of adsorption complexes of two hydrogen–atoms on 

each type of pristine B-doped SWCNTs are in orders: 2H/B2C78_I > 2H/B2C78_III > 

2H/B2C78_II  for B2C78, 2H/B2C88_III > 2H/B2C88_I > 2H/B2C88_II for B2C88,  

2H/B2C68H20_III > 2H/B2C68H20_I > 2H/B2C68H20_II for B2C68H20 and relative 

stabilities of adsorption complexes of two hydrogen–atoms on each type of SW defect 

B-doped SWCNTs are in orders: 2H/SW-B2C78_III > 2H/SW-B2C78_I > 2H/SW-

B2C78_II for B2C78, 2H/SW-B2C88_III > 2H/ SW- B2C88_II > 2H/SW-B2C88_I for 

B2C88, 2H/SW-B2C68H20_III > 2H/SW-B2C68 H20_II > 2H/SW-B2C68 H20_I for 

B2C68H20. 
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Figure 4.9 Adsorption complexes of two hydrogen-atoms adsorbed on various 

pristine armchair (5,5) B-doped SWCNTs (type II). 
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Figure 4.10 Adsorption complexes of two hydrogen-atoms adsorbed on various SW 

defect armchair (5,5) B-doped SWCNTs (type II). 
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Adsorption energies of hydrogen molecule adsorbed on B-doped armchair (5,5) 

SWCNTs of pristine and rigid structure types II are shown in Tables 4.10 and 4.11. 

 

Table 4.10 Adsorption energies of hydrogen molecule and two proton–radicals on 

various pristine and SW defect armchair (5,5) B-doped SWCNTs (type II) 

 
∆Eads , ONIOM(B3LYP/6-31G(d):AM1)a

Pristine SWCNTs SW Defect SWCNTs Complexes : 
H2 2H• H2 2H•

     
B-doped C80 :     

2H/B2C78_I
 b -63.14 -172.91 -51.03 -160.80 

2H/B2C78_ II -38.28 -148.05 -39.38 -149.15 
2H/B2C78_III -71.54 -181.31 -86.81 -196.59 
     

B-doped C90 :     
2H/B2C88_ I

 -28.21 -137.98 -45.92 -155.69 
2H/B2C88_ II -28.57 -138.34 -52.09 -161.86 
2H/B2C88_ III -68.01 -177.79 -69.88 -179.65 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 -54.05 -163.83 -47.49 -157.27 
2H/B2C68 H20_ II -26.44 -136.21 -46.12 -155.89 
2H/B2C68 H20_ III -73.21 -182.98 -81.06 -190.84 
     

a In kcal/mol. 
b Adsorption site is on the C–C bond of type I. 
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Table 4.11 Interaction energies of hydrogen molecule and two proton–radicals on to 

various rigid structures of pristine and SW-defect armchair (5,5) B-doped SWCNTs 

(type II) 

 
∆E´ads , ONIOM (B3LYP/6-31G(d):AM1)a

Pristine SWCNTs SW Defect SWCNTs Complexes : 
H2 2H• H2 2H•

     
B-doped C80 :     

2H/B2C78_I
 b 54.65 -55.12 31.27 -78.50 

2H/B2C78_ II 44.86 -64.92 -0.53 -110.31 
2H/B2C78_III 97.10 -12.67 29.77 -80.00 
     

B-doped C90 :     
2H/B2C88_ I

 51.67 -58.10 78.38 -31.39 
2H/B2C88_ II 21.34 -88.44 -0.52 -110.29 
2H/B2C88_ III 8.55 -101.23 18.91 -90.87 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 60.09 -49.69 43.04 -66.74 
2H/B2C68 H20_ II 52.79 -56.99 16.86 -92.92 
2H/B2C68 H20_ III 10.67 -99.10 37.16 -72.62 
     

a In kcal/mol. 
b Adsorption site is on the C–C bond of type I. 

 
 

4.4.3 B-doped type III 

 

The adsorption configurations of double hydrogen-atoms on pristine and the SW 

defect of B-doped armchair (5,5) SWCNTs are shown in Figures 4.11 and 4.12, 

respectively. Relative stabilities of adsorption complexes of two hydrogen–atoms on 

each type of pristine B-doped SWCNTs are in orders: 2H/B2C78_I > 2H/B2C78_II > 

2H/B2C78_III  for B2C78, 2H/B2C88_I > 2H/B2C88_III > 2H/B2C88_II for B2C88, 

2H/B2C68H20_III > 2H/B2C68H20_I > 2H/B2C68H20_II for B2C68H20 and relative 

stabilities of adsorption complexes of two hydrogen–atoms on each type of SW defect 

B-doped SWCNTs are in orders: 2H/SW-B2C78_III > 2H/SW-B2C78_I > 2H/SW-

B2C78_II for B2C78, 2H/SW-B2C88_III > 2H/SW-B2C88_I > 2H/SW-B2C88_II for 

B2C88, 2H/SW-B2C68H20_III > 2H/SW-B2C68H20_I > 2H/SW-B2C68H20_II for 

B2C68H20. 
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Figure 4.11 Adsorption complexes of two hydrogen-atoms adsorbed on various 

pristine armchair (5,5) B-doped SWCNTs (type III). 
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Figure 4.12 Adsorption complexes of two hydrogen-atoms adsorbed on various SW 

defect armchair (5,5) B-doped SWCNTs (type III). 
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Adsorption energies of hydrogen molecule adsorbed on B-doped armchair (5,5) 

SWCNTs of pristine and rigid structure types III are shown in Tables 4.12 and 4.13. 

 

Table 4.12 Adsorption energies of hydrogen molecule and two proton–radicals on 

various pristine and SW defect armchair (5,5) B-doped SWCNTs (type III) 

 

∆Eads , ONIOM(B3LYP/6-31G(d):AM1)a

Pristine SWCNTs SW Defect SWCNTs Complexes : 
H2 2H• H2 2H•

     
B-doped C80 :     

2H/B2C78_I
 b -78.04 -187.82 -41.92 -151.70 

2H/B2C78_ II -84.05 -193.82 -128.27 -238.04 
2H/B2C78_III -53.42 -163.20 -68.64 -178.41 
     

B-doped C90 :     
2H/B2C88_ I

 -39.68 -149.46 -45.69 -155.46 
2H/B2C88_ II -14.12 -95.66 -16.68 -126.46 
2H/B2C88_ III -74.77 -184.55 -69.74 -179.52 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 -21.66 -131.43 -43.44 -153.21 
2H/B2C68 H20_ II -11.14 -120.92 -10.44 -120.21 
2H/B2C68 H20_ III -124.18 -233.95 -71.76 -181.53 
     

a In kcal/mol. 
b Adsorption site is on the C–C bond of type I. 
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Table 4.13 Interaction energies of hydrogen molecule and two proton–radicals on to 

various rigid structure of pristine and SW defect armchair (5,5) B-doped SWCNTs 

(type III) 

 
∆Eads , ONIOM(B3LYP/6-31G(d):AM1)a

Pristine SWCNTs SW Defect SWCNTs Complexes: 
H2 2H• H2 2H•

     
B-doped C80 :     

2H/B2C78_I
 b 21.59 -131.36 55.51 -70.95 

2H/B2C78_ II 35.89 -145.66 -0.31 -126.77 
2H/B2C78_III 11.24 -121.01 10.02 -116.44 
     

B-doped C90 :     
2H/B2C88_ I

 20.34 -89.44 17.62 -92.16 
2H/B2C88_ II 3.17 -106.61 25.32 -84.45 
2H/B2C88_ III 35.57 -74.20 17.62 -92.16 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 21.66 -88.12 69.90 -39.88 
2H/B2C68 H20_ II 5.02 -104.75 36.04 -73.73 
2H/B2C68 H20_ III 33.44 -76.34 25.54 -84.24 
     

a In kcal/mol. 
b Adsorption site is on the C–C bond of type I. 

 
In general, when foreign atom inserted in the nanotube lattice, the nanotube 

symmetry is altered and its structure and properties consequently change. Boron is 

used to be nanotube dopants because of its small atomic size and reasonable 

probability to enter the nanotube lattice, when boron atoms were doped to the 

SWCNTs they served as an electron acceptor. That makes B-doped SWCNTs not 

only increase adsorption energy of hydrogen molecule on pristine structure of B-

doped SWCNTs but also on rigid structure of boron doped SWCNTs.  

Relative adsorption abilities of hydrogen on three different doping types of B-

doped SWCNTs are in the decreasing order: type III > II > I. 

 



CHAPTER V 

 
CONCLUSIONS 

 

The reaction energies of chemical adsorption of hydrogen molecule on pristine and 

the SW defect armchair (5,5) SWCNTs of cap-ended C80, C90 and open-ended C70H20 and 

their boron doped can be concluded as follows: 

 

(a) Hydrogen molecule can be adsorbed only on flexible structure of pristine and  SW  

defect SWCNTs while two hydrogen atom can be chemisorbed on both flexible and 

rigid structure of pristine and SW defect SWCNTs by adsorption energy of flexible 

structures are higher than adsorption energy of rigid structure. 

 

(b) Relative stabilities of adsorption complexes of two hydrogen–atoms on each type of 

pristine SWCNTs are in order: 2H/C80_III > 2H/C80_II > 2H/C80_I for C80, 2H/C90_I 

> 2H/C90_II for C90 and 2H/C70H20_I > 2H/C70H20_II for C70H20 tubes.  

 

(c) Relative stabilities of adsorption complexes of two hydrogen–atoms on each type of 

SW defect SWCNTs are in order: 2H/SW-C80_III > 2H/SW-C80_II > SW-C80_I for 

SW-C80, 2H/SW-C90_I > 2H/SW-C90_II for SW-C90 and 2H/SW-C70H20_I > 2H/ 

SW-C70H20_II for SW-C70H20 tubes.  

 

(d) Addition mechanism of hydrogen molecule to C-C atoms of the SWCNTs shows 

that hydrogen molecule dissociations produce the two hydrogen radicals before 

formation of C-H bond. 

 

(e) Doping boron atoms can increase adsorption energy of both flexible and rigid 

structure of the SW defect and pristine armchair (5,5)  SWCNTs. 

 

(f) All computational results obtained by the B3LYP/3-21G are in good agreement 

with by the B3LYP/6-31G(d). 
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Suggestions for future work 

 

The high levels of theory such as B3LYP/3-21G and B3LYP/6-31G(d) should be 

employed to calculated in the adsorption mechanism of hydrogen addition to C-C bond of 

(5,5) SWCNTs and the calculations with the high theory for the hydrogen adsorption on 

the B-doped (5,5) SWCNTs are suggested to obtain their more accurate results. 
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APPENDIX A 
 

Table A-1 Total energy of the isolated bare tubes of pristine and SW-defect SWCNTs 

calculated by method B3LYP/3-21G and B3LYP/6-31G(d) 

 

 

 

 

 

 

 

 
                             

a In a.u.  

Total Energy (Etotal)a
Complexes: B3LYP/3-21G B3LYP/6-31G(d) 

   
Pristine:   
    C80_isolated -3031.497517 -3048.386745 
    C90_ isolated -3410.516111 -3429.520467 
    C70H20_ isolated -2664.728293 -2679.551355 
   
Defect:   
    SW-C80_ isolated -3031.345674 -3048.236913 
    SW-C90_ isolated -3410.376985 -3429.381710 
    SW-C70H20_ isolated -2664.648379 -2679.475749 
   

 

 

Table A-2 Total energy and relative energy of various pristine and SW-defect 

armchair (5,5) B-doped SWCNTs (type I) 

Pristine SWCNTs SW Defect SWCNTs
Complexes Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b
Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b

     
B-doped C80 :     

2H/B2C78_I
 c -588.775532 0.28 -590.311129 49.89 

2H/B2C78_ II -588.764141 7.43 -590.353476 23.32 
2H/B2C78_III -588.775980 0.00 -590.390640 0.00 
     

B-doped C90 :     
2H/B2C88_ I

 -588.637528 13.81 -588.475586 40.49 
2H/B2C88_ II -588.659529 0.00 -588.540109 0.00 
2H/B2C88_ III -588.642016 10.99 -588.499994 25.17 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 -589.679365 11.17 -589.577860 51.13 
2H/B2C68 H20_ II -589.697159 0.00 -589.632301 16.97 
2H/B2C68 H20_ III -589.686438 6.73 -589.659348 0.00 
     

a In a.u. 
b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 
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Table A-3 Total energy and relative energy of rigid structures of pristine and SW-

defect armchair (5,5) B-doped SWCNTs (type I) 

Pristine SWCNTs SW Defect SWCNTs
Complexes Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b
Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b

     
B-doped C80 :     

2H/B2C78_I
 c -588.719555 29.50 -590.246854 56.59 

2H/B2C78_ II -588.720680 28.80 -590.293518 27.30 
2H/B2C78_III -588.766572 0.00 -590.337031 0.00 
     

B-doped C90 :     
2H/B2C88_ I

 -588.622581 5.36 -588.398767 42.52 
2H/B2C88_ II -588.631127 0.00 -588.466530 0.00 
2H/B2C88_ III -588.583432 29.93 -588.438213 17.77 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 -589.651826 0.00 -589.501170 66.90 
2H/B2C68 H20_ II -589.607777 27.64 -589.607777 0.00 
2H/B2C68 H20_ III -589.593169 36.81 -589.593169 9.17 
     

a In a.u. 
b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 
 

Table A-4 Total energy and relative energy of various pristine and SW-defect 

armchair (5,5) B-doped SWCNTs (type II) 

Pristine SWCNTs SW Defect SWCNTs
Complexes Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b
Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b

     
B-doped C80 :     

2H/B2C78_I
 c -591.658367 0.00 -588.663200 32.80 

2H/B2C78_ II -591.600870 36.08 -588.655056 37.91 
2H/B2C78_III -591.639930 11.57 -588.715462 0.00 
     

B-doped C90 :     
2H/B2C88_ I

 -588.603718 42.46 -588.476292 33.41 
2H/B2C88_ II -588.598093 45.99 -588.503868 16.11 
2H/B2C88_ III -588.671376 0.00 -588.529540 0.00 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 -589.655791 38.80 -589.580580 36.38 
2H/B2C68 H20_ II -589.637086 50.54 -589.594711 27.52 
2H/B2C68 H20_ III -589.717629 0.00 -589.638563 0.00 
     

a In a.u. 
b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 
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Table A-5 Total energy and relative energy of rigid structures of pristine and SW-

defect armchair (5,5) B-doped SWCNTs (type II) 

Pristine SWCNTs SW Defect SWCNTs
Complexes Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b
Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b

     
B-doped C80 :     

2H/B2C78_I
 c -591.574251 9.79 -588.595485 31.80 

2H/B2C78_ II -591.589853 0.00 -588.646169 0.00 
2H/B2C78_III -591.506600 52.24 -588.597871 30.31 
     

B-doped C90 :     
2H/B2C88_ I

 -588.543197 43.13 -588.365802 78.90 
2H/B2C88_ II -588.591543 12.79 -588.491545 0.00 
2H/B2C88_ III -588.611926 0.00 -588.460584 19.43 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 -589.573447 49.41 -589.508216 26.18 
2H/B2C68 H20_ II -589.585078 42.12 -589.549940 0.00 
2H/B2C68 H20_ III -589.652194 0.00 -589.517590 20.30 
     

a In a.u. 
b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 
 

Table A-6 Total energy and relative energy of various pristine and SW-defect 

armchair (5,5) B-doped SWCNTs (type III) 

Pristine SWCNTs SW Defect SWCNTs
Complexes Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b
Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b

     
B-doped C80 :     

2H/B2C78_I
 c -591.678628 0.00 -588.660137 39.75 

2H/B2C78_ II -591.632305 29.07 -588.702602 13.10 
2H/B2C78_III -591.607222 44.81 -588.723478 0.00 
     

B-doped C90 :     
2H/B2C88_ I

 -588.684252 0.00 -588.496812 34.06 
2H/B2C88_ II -588.624268 37.64 -588.490274 38.16 
2H/B2C88_ III -588.681193 1.92 -588.551090 0.00 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 -589.718876 8.13 -589.590312 36.38 
2H/B2C68 H20_ II -589.664951 41.97 -589.568526 50.06 
2H/B2C68 H20_ III -589.731833 0.00 -589.648295 0.00 
     

a In a.u. 
b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 
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Table A-7 Total energy and relative energy of rigid structures of pristine and SW-

defect armchair (5,5) B-doped SWCNTs (type III) 

Pristine SWCNTs SW Defect SWCNTs
Complexes Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b
Total Energy 

(Etotal)a
Relative energy 

(∆Erel)b

     
B-doped C80 :     

2H/B2C78_I
 c -591.547097 14.30 -588.583453 55.82 

2H/B2C78_ II -591.569886 0.00 -588.672409 0.00 
2H/B2C78_III -591.530597 24.65 -588.655940 10.33 
     

B-doped C90 :     
2H/B2C88_ I

 -588.616444 17.17 -588.477308 0.00 
2H/B2C88_ II -588.643806 0.00 -588.465030 7.70 
2H/B2C88_ III -588.592167 32.40 -588.477308 0.00 
     

B-doped C70H20 :     
2H/B2C68 H20_ I

 -589.652679 16.64 -589.496977 44.36 
2H/B2C68 H20_ II -589.679192 0.00 -589.550927 10.50 
2H/B2C68 H20_ III -589.633909 28.42 -589.567667 0.00 
     

a In a.u. 
b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 
 

 

Table A-8 Total energy and relative energy of pristine perfect and SW-defect 

SWCNTs calculated by method ONIOM(B3LYP/6-31G(d):AM1) 

a In a.u. 

Pristine SWCNTs SW Defect SWCNTs
Complexes: Total Energy 

(Etotal)a
Relative energy

(∆Erel)b
Total Energy 

(Etotal)a
Relative energy

(∆Erel)b

     
    2H/C80_I

c -615.246441 24.14 -615.153933   0.00 
    2H/C80_II -615.248800 22.66 -615.116451 23.52 
    2H/C80_III -615.284904   0.00 -615.123919 18.83 
     
    2H/C90_I -615.176324   0.00 -615.031889   0.00 
    2H/C90_ II -615.134481 26.26 -614.958356 46.14 
     
    2H/C70H20_I -616.220097   0.00 -616.138681   0.00 
    2H/C70H20_ II -616.189702 19.07 -616.057789 50.76 
     

b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 
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Table A-9 Adsorption energy of hydrogen molecule and two hydrogen atom to 

pristine perfect and SW-defect SWCNTs calculated by method ONIOM(B3LYP/6-

31G(d):AM1) 

a In kcal/mol. 

Pristine SWCNTs SW Defect SWCNTsComplexes: 2H• a H2
 a 2H• a H2

 a

     
    2H/C80_I

b -32.52 -142.29 -51.91 -161.68 
    2H/C80_II -33.66 -143.43 -53.86 -163.64 
    2H/C80_III -52.55 -162.32 -38.87 -148.65 
     
    2H/C90_I -58.05 -167.82 -49.27 -159.04 
    2H/C90_ II -42.47 -152.24    -2.04 -111.81 
     
    2H/C70H20_I -52.06 -161.83 -49.14 -158.91 
    2H/C70H20_ II -48.18 -157.96 -17.83 -127.60 
     

b Adsorption site is on the C–C bond of type I. 
 

 

Table A-10 Total energy and relative energy of rigid structures of pristine and SW-

defect SWCNTs calculated by method ONIOM(B3LYP/6-31G(d):AM1) 

a In a.u. 

Pristine SWCNTs SW Defect SWCNTs
Complexes: Total Energy 

(Etotal)a
Relative energy

(∆Erel)b
Total Energy 

(Etotal)a
Relative energy

(∆Erel)b

     
    2H/C80_I

c -615.149544 30.41 -615.072768 11.01 
    2H/C80_II -615.160582 23.49 -615.007342 52.07 
    2H/C80_III -615.198011 0.00 -615.090313 0.00 
     
    2H/C90_I -615.083622 0.00 -614.944193 0.00 
    2H/C90_ II -615.016228 42.29 -614.917590 16.69 
     
    2H/C70H20_I -616.123381 0.00 -616.044333 0.00 
    2H/C70H20_ II -616.053958 43.56 -615.950598 58.82 
     

b In kcal/mol. 
c Adsorption site is on the C–C bond of type I. 
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Table A-11 Adsorption energy of hydrogen molecule and two hydrogen atom to rigid 

structure of pristine and SW-defect SWCNTs calculated by method 

ONIOM(B3LYP/6-31G(d):AM1) 

a In kcal/mol. 

Pristine SWCNTs SW Defect SWCNTsComplexes: 2H• a H2
 a 2H• a H2

 a

     
    2H/C80_I

b 75.34 -34.44 45.36 -64.41 
    2H/C80_II 68.41 -41.36 86.42 -23.36 
    2H/C80_III 44.92 -64.85 34.35 -75.42 
     
    2H/C90_I 48.57 -61.20 58.40 -51.37 
    2H/C90_ II 90.86 -18.91 75.09 -34.68 
     
    2H/C70H20_I 56.72 -53.05 67.00 -42.77 
    2H/C70H20_ II 100.29 -9.49 125.82 16.05 
     

b Adsorption site is on the C–C bond of type I. 
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