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Abstract 

 In this study, adsorptions of diatomic (H2, N2, O2, CO, NO), triatomic (CO2, N2O, 

NO2, H2O, SO2) and tetratomic (NH3) gases on the BeO sodalite−like cage (Be12O12) were 

studied using the DFT/B3LYP/6−31+G(d,p) method. Nitrogen dioxide adsorption by pointing 

its nitrogen atom toward Be atom of the BeOSL cluster was found to be the most favorable 

process. The adsorption energy for nitrogen dioxide is −39.54 kcal/mol which is much 

stronger than other studied gases.  Changes of energy gaps of adsorption structures of NO2 

(ΔEg= −71.77%) and O2 (ΔEg=−32.85%) on the BeOSL compared with clean BeOSL may 

suggest that the BeOSL cluster can be used as the sensing material for NO2 and O2. As a test 

of the BeOSL as catalyst for CO reacting with N2O to afford CO2 and N2 non−toxic gases, its 

activation energy of 46.14 kcal/mol was obtained and its mechanism was proposed. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background and Literature review 

 BeO has been used in various applications such as nuclear fuel [1] hydrogen storage 

[2]. Gas adsorption is one of the most study issue in many scientific areas [3−9]. Nevertheless, 

there is a few study of small molecule adsorption on BeO. Peyghan et al [10] studied on 

adsorption of CO2 molecule in the interior and exterior surface of a BeO nanotube (BeONT). 

The result indicated that increasing the number of adsorbed CO2 molecule, the adsorption 

energy is decreased, It was found that the energy gap of BeONT is not sensitive to the presence 

CO2 molecule due to its value is slightly changed. Rastegar et al [11] investigated the 

adsorption of COH2 molecule on BeONT. It was found that their energy gaps have been 

decreased significantly. The BeONT used as a potential and effective gas sensor for COH2 

detection. Ahmadaughaei et al [12] studied adsorption of H2S on the pristine and Si−doped 

BeONT. It was found that H2S molecule is physically adsorbed on pristine BeONT and 

interaction of SiO−BeONT with H2S molecule is energetically more favorable than pristine 

BeONT and SiBe−BeONT. The largely change of energy gap suggested that Si−doped tube 

might be sensitive to the H2S molecule. Barzilai et al [13] investigated the adsorption of Au 

on a hexagonal BeO (0001) wurtzite structure. The calculations showed that the most 

favorable adsorption site for Be−terminated surface is located above the Be−Be bridge bond 

and O−terminated surface it located above O. 

 Many previous studies, BeO structures existed as is nanotubes were mostly taken 

[14−15]. Ren et al [16] studied structures of (BeO)n (n = 2−12, 16, 20 and 24) cluster using 

the method combining the genetic algorithm with density functional theory. It showed that 

the global minimum structures of (BeO)n cluster are in cage form when n ≥ 8. The adsorption 

gas on BeO sodalite structure has not been investigated. 
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 Hwang et al [17] investigated reaction mechanism in the BeO/CO/H2 system. 

Adsorption abilities on cluster surface can be used in the redox reaction. The results indicated 

that there are two pathways of mechanism the first and second pathway are: BeO+CO+H2 → 

OBeOC+H2 → OBeOCH2 → BeO+H2CO, and BeO+CO+H2→ HBeOH+CO → 

t−HCOBeOH → OBeOCH2 → BeO+H2CO, respectively.  

 

1.2 Theoretical background  

 Quantum chemical calculations consist of two main methods, semi−empirical and 

Ab−initio methods. Ab−initio method is categorized as Hartree−Fock (HF) and density 

functional theory (DFT) methods. These methods are used to explain and predict on chemical 

behavior. Ground state of individual atom and molecule, excited state, transition state that 

occur during the chemical reaction are related to the quantum mechanical [18]. 

 

1.2.1 Ab Initio method  

 Ab initio calculations is a method based on quantum chemistry [19]. This method is 

significantly participated with Schrödinger equation, equation (1.1) 

  

   −
ℏ2

2𝑚
∇2Ψ(r, t) + 𝑉(r)Ψ(r, t) = 𝑖ℏ

𝜕Ψ(r,t)

𝜕𝑡
   (1.1) 

 

when ℏ = h/2π and h is Planck’s  constant, m is mass of particle. ∇2 is the Laplacian operator, 

which in Cartesian coordinates is given by ∇2= 𝜕2

𝜕𝑥2 +
𝜕2

𝜕𝑦2 +
𝜕2

𝜕𝑧2. V(r) is the potential energy 

function which returns the potential energy of the particle as a function of its position within 

the field.  

The same time− and position− independent constant of both side is required to satisfy 

this equation. The constant become a possible energy of the particle, which is the reason for 

setting the left hand side of this equation equal to the constant, after rearrangement of some 

term, yields in equation (1.2) 

    − ℏ2

2𝑚
∇2Ψ(r) + 𝑉(r)Ψ(r) = 𝐸Ψ(r)   (1.2) 
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This particular equation is called the time–independent Schrodinger equation. It gives the part 

of the Schrodinger equation that depends only on position. It is common to rewrite the left 

hand side as an operator called the Hamiltonian, H, such that 

 

                   Ψ(r) = 𝐸Ψ(r)        

where 𝐻 =  −
ℏ2

2𝑚
∇2 + 𝑉(r)     (1.3) 

An operator is simply conversion of one function to another function. Quantum mechanics 

makes extensive use of operators, as all observables (like energy, momentum, velocity, etc) 

are formulated as operators. 

 

                  �̂�Ψ = EΨ      (1.4) 

 

Where �̂� is Hamiltonian operator, E is the total energy of the system and Ψ is the n–electron 

wave function, respectively. 

 

�̂�  = −
ℏ2

2me
∑ ∇i

2electrons
i −  

ℏ2

2
∑

1

MA
∇A

2nuclei
A −

e2

4πε0
∑  electron

i ∑
ZA

riA

nuclei
A   

   + 
e2

4πε0
∑  electrons

i ∑
1

rij
 +electrons

j  
e2

4πε0
∑  nuclei

A ∑
ZAZB

RAB

nuclei
B    (1.5) 

  

Where Z is the nuclear charge, MA is the mass of electron, RAB  is the distance between nuclei 

A and B, rij is the distance between electrons i and j, riA is the distance between electron i and 

nucleus, and 휀0 is the permittivity of free space. 
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1.2.2 Density functional theory DFT method 

 DFT is a computational quantum mechanical modelling method used in physics, 

chemistry and materials science to investigate the electronic structure of many−body systems. 

The properties of a many−electron system can be determined by using by electron density (𝜌) 

that was later confirmed by Hohenberg and Kohn in 1964. DFT method became very popular 

in quantum chemistry due to its can approximate functionals to provide a useful balance 

between accuracy and computational cost [20]. This allowed to have an efficiency accuracy 

of calculation even if in larger system. Conventional wavefunction methods, either variational 

or perturbative, can be applied to find highly accurate results smaller systems, providing 

benchmarks for developing density functionals, which can then applied to much larger 

system. 

 

1.2.2.1 Kohn-Sham equations 

To provide a DFT method effectively without losing an accuracy, Kohn and Sham 

method was used to solve the problem of the system of interacting electrons onto a fictitious 

system of non−interacting electrons [20-21]. The variational problem for the 

Hohenberg−Kohn density−functional was described down below, introducing a Lagrange 

multiplier 𝜇 to constrain the number of electrons to be N: 

  

                 𝛿[𝐹(𝑁) + ∫ 𝑑𝑟 𝑉𝑒𝑥𝑡(𝑟)𝑛(𝑟) − 𝜇(∫ 𝑑𝑟 𝑛(𝑟) − 𝑁)] = 0  (1.6) 

 
Kohn and Sham separated F(N) into three parts 

 

                               𝐹(𝑁) = 𝑇𝑠(𝑛) +
1

2
∫ 𝑑𝑟 𝑑�́�

𝑛(𝑟)𝑛(�́�)

|𝑟−�́�|
+ 𝐸𝑥𝑐(𝑛)  (1.7) 

 
Which Ts(n) is referred to the kinetic energy of a non–interacting gas with density n(r). 

The second term is the classical electrostatic (Hartree) energy and the final term is an implicit 

definition of the exchange–correlation energy which contains the non–classical electrostatic 

interaction energy and the difference between the kinetic energies of the interacting and non–

interacting systems. This calculation can be divided into two terms. First two terms are simple 

to understand. Last term is a small fraction of the total energy which contains the effects of 
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the complex behavior. This term can be approximated surprisingly well. Using this separation, 

equation (1.6) can be rewritten: 

 

   
𝛿𝑇𝑆(𝑛)

𝛿𝑛(𝑟)
+ 𝑉𝑘𝑠(𝑟) = 𝜇      (1.8) 

 
The Kohn–Sham potential 𝑉𝑘𝑠(𝑟) is given by 

 

                                      𝑉𝑘𝑠(𝑟) = ∫ 𝑑�́�
𝑛(�́�)

|𝑟−�́�|
+ 𝑉𝑥𝑐(𝑟) + 𝑉𝑒𝑥𝑡(𝑟)   (1.9) 

 
And the exchange–correlation potential 𝑉𝑥𝑐(𝑟) is  

 

                                           𝑉𝑥𝑐(𝑟) =
𝛿𝐸𝑥𝑐(𝑛)

𝛿𝑛(𝑟)
      (1.10) 

 
In order to find the ground–state density n0(r) for this non–interacting system. Simply solve 

the one–electron Schrödinger equations is required; 

 

                                [(−
1

2
∇2 + 𝑉𝐾𝑆(𝑟)]Ψ𝑖(𝑟) = 휀𝑟Ψ𝑖(𝑟)   (1.11) 

 

For 
1

2
𝑁 single–particle |Ψ𝑖⟩ with energies, 휀𝑖  constructing the density from 

 

                                     𝑛(𝑟) = 2 ∑ |Ψ𝑖(𝑟)|2
𝑛

2

𝑖=1
     (1.12) 

 
Assume that orbitals are singly–occupied. Add of factor 2 is necessary for spin degeneracy 

and the non-interacting kinetic energy 𝑇𝑠(𝑛) from 

 

           𝑇𝑠(𝑛) = − ∑ ∫ 𝑑𝑟Ψ𝑖
∗ (𝑟)∇2Ψ𝑖(𝑟)

𝑛

2

𝑖=1
    (1.13) 
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It is necessary to solve these equations self–consistently. Since 𝑉𝐾𝑆 (𝑟) the Kohn–

Sham potential depends upon the density. Set of orbitals Ψ𝑖(𝑟) from a newly constructed 

density is obtained from solving The Schrödinger equation. The process repeated until the 

input and output densities are the same. 

The energy of the non–interacting system, the sum of one–electron eigenvalues, is 

              2 ∑ 휀𝑖

𝑛

2

𝑖=1
= 𝑇𝑠(𝑛) + ∫ 𝑑𝑟 𝑉𝐾𝑆(𝑟)𝑛(𝑟)  

      = 𝑇𝑠(𝑛) + ∫ 𝑑𝑟 𝑑�́�
𝑛(𝑟)𝑛(�́�)

|𝑟−�́�|
+ ∫ 𝑑𝑟 𝑉𝑥𝑐(𝑟)𝑛(𝑟) + ∫ 𝑑𝑟 𝑉𝑒𝑥𝑡(𝑟)𝑛(𝑟) (1.14) 

 
Compared to the interacting system, there are double–counts the Hartree energy and over–

counts the exchange–correlation energy so the actually interacting energy is 

𝐸 = 2 ∑ 휀𝑖

𝑁

2
𝑖=1

−
1

2
∫ 𝑑𝑟 𝑑�́�

𝑛(𝑟)𝑛(�́�)

|𝑟−�́�|
− ∫ 𝑑𝑟 𝑉𝑥𝑐(𝑟)𝑛(𝑟)      

        + ∫ 𝑑𝑟 𝑛(𝑟)𝑉𝑥𝑐(𝑟) + 𝐸𝑥𝑐(𝑛)        (1.15) 

 
To solve the Schrödinger equation for the extended non–interacting orbitals Ψ𝑖(𝑟)  

directly, a computational effort which scales as the cube of the system–size N is required, due 

to the cost of diagonalising the Hamiltonian or orthogonalising the orbitals, whereas the 

original complexity of finding a minimum of the Hohenberg–Kohn functional only required 

an effort which scaled linearly with N. The Kohn–Sham scheme need to be modified by a 

linear scaling method. 
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1.2.2.2 Hybrid methods 

Hybrid functionals are improved approximations to the exchange and correlation (XC) 

energy component of the total energy of a system of electrons [22]. Hybrid function is 

different from standalone method since the standard density functionals (LDA and GGA) give 

a total energy from the only electronic density while the hybrid functionals method give a 

result from electronic density and the individual electronic wavefunctions. The exchange part 

of the XC energy is computed more or less exactly from the electron wave functions and 

mixed into the LDA or GGA energy.  

One of the most popular hybrid functional B3LYP [27–28]. B3LYP is a combination 

of an exchange–energy functional invented by Becke and Steven that is the introduction of 

LYP correlation energy. Accordingly this correlation functional called B3LYP functional is 

as follow: 

LYP
CC

VWN
X

B
XX

HF
X

LSDA
Xx

LYPB
XC EaEaEaEaEaaE  )1()1( 0

88
00

3 (1.16) 

 

where EX
LSDA is the accurately pure DFT local spin–density approximation non–gradient–

corrected exchange functional, EX
HF is the Kohn–Sham orbitals based HF exchange energy 

functional, EX
B88 is the Becke 88 exchange functional 

 

         888888 B
X

B
X

B
X EEE  ; 

xx
xE B

X 1

2
3

188

sinh61 



     (1.17) 

 

 The β parameter is determined by fitting to known atomic data and x is a dimension 

gradient variable. The EX
VWN is the Vosko, Wilk, Nusair function (VWN) is given by 

 

       5
1642 )1( cxbxaxEE LDA

X
VWN
X       

3
4



px 
      (1.18) 
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1.2.3 Gaussian basis sets  

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

perform the theoretical calculation [23–24]. Larger basis sets approximate more accurately 

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

Linear combination of atomic orbitals (LCAO) was used to form the orbitals in 

Standard basis sets for electronic structure calculations. Basis sets assign a group of basis 

functions to each atom within a molecule to approximate its orbitals. These basis functions 

themselves are consisted of a linear combination of gaussian functions; such basis functions 

are referred to as contracted functions, and the component gaussian functions are referred to 

as primitives. A basis function consisting of a single gaussian function is termed uncontracted. 

However, the use of this function was not cost effective, and early numerical calculation were 

carried out using Slater–type orbitals (STOs). 

 

                        ϕ(r,θ,ϕ)= 
(2 ζ /a0)n+1/2

[(2n)!]1/2
rn–1e– ζ r/a0Yl

m(θ,ϕ)   (1.19) 

()( )  

Further work showed that the cost of calculations can be further reduced if the AOs are 

expanded in terms of Gaussian functions, which have the form 

 

                                        gijk(r)=Nxiyjzke–αr2
    (1.20) 

 

1.2.3.1 Minimal basis sets  

 The smallest number of function called minimal basis sets. The most widely used of 

minimal basis set is STO–3G where a linear combination of three GTOs is fitted to an STO. 

The STO–nG basis set are available almost all element in the periodic table.   
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                                        ϕ(2s)   =   d1se–α1sr  +d1se–α1sr   +d1se–α1sr 

        ϕ(2px) =  d1px
e–α1pr +d2px

e–α2pr +d3px
e–α3pr 

        ϕ(2px) =  d1py
e–α1pr +d2py

e–α2pr +d3py
e–α3pr 

ϕ(2px) =  d1pz
e–α1pr +d2pz

e–α2pr +d3pz
e–α3pr   (1.21) 

 

 1.2.3.2 Split–valence basis sets  

 Split valence basis set is when the core electron and valance electron use the different 

basis set. Valence electron are more affected by chemical environment than the core electron, 

they are treated with a larger basis sets while the core electron are treated with minimal basis 

sets. For larger molecules, split valence basis set can be used to reduce the CPU time required 

for the calculation. The good example of split–valence basis sets are 3–21G and 6–31G basis 

set, it comprises of 6 gaussians for inner–shell orbital, 3 gaussians for the first STO of valence 

orbital and 1 gaussian for the second STO. 

 

1.2.3.3 Polarized functions 

 Polarization functions are basis functions with angular momenta higher than those 

occupied in an atomic self–consistent field calculation. This function change the shape of the 

atomic orbitals from that adopted in the atom to account for a shift of the center gravity of the 

charge density from the atomic nucleus. Polarization functions have their radial maximum in 

the same region as the valence orbitals. The polarized basis sets for these function has been 

detailed in to basic set such as 6–31G(d). 
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1.2.3.4 Diffused functions 

 Basis sets with additional diffuse functions are large by size versions of s– and p–type 

split valence basis sets. Diffuse orbitals occupy a larger region of space. The effect of adding 

diffuse functions is usually to change the relative energies of the various geometries 

associated with these systems. An example for diffuse basis function is the 6–31+G(d, p) basis 

set [19]. 

 

1.2.3.5 Effective core potentials 

Orbitals of core electron require a large number of basis function to provide an 

accuracy description [18]. This normally applies to third and higher row elements. Effective 

core potentials (ECPs) are used to replace the inner (core) electrons of atomic and molecular 

systems by an effective potential and treat only the valence electrons explicitly in quantum 

mechanical calculations.  

 

1.2.4 NBO analysis 

 The NBO analysis relates to the sequential transformation of non–orthogonal atomic 

orbitals (AOs) to the complete and orthonormal sets of “natural” atomic orbitals (NAOs), 

hybrid orbitals (NHOs), and bond orbital (NBOs) [19]. These localized basis sets describe 

electron density and other properties by the smallest number of filled orbitals in the most 

rapidly convergent system. These orbital are closely related to the localized orbitals (bonds 

and lone pairs) used by organic chemists. The NBO method was developed by Weinhold and 

co-authors and it is becoming a powerful and popular method for study of bonding concepts. 

 

1.2.5 The density of state (DOS) 

 DOS is essentially the number of different states at a particular energy level that 

electrons are allowed to occupy, such as the number of electron states per unit. DOS 

calculations allow to determine the general distribution of states as a function of energy and 

can also determine the energy gap [19]. 
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1.2.6 Thermodynamic properties  

The basic equations used to describe thermochemical quantities such as enthalpy, free 

energy and rate of reaction [26]. 

 

1.2.6.1 Enthalpies and Gibbs free energies of reaction 

Enthalpies can be calculated by the different sum of heat of transform of the reaction 

using equations as follow: 

 

     KHKHKH
react

reactf
prod

prodfr 298298298      (1.22) 

Nevertheless, Gaussian program provides the short cut to calculate the enthalpy of reaction is 

defined as 

                                    
reactreact

corr
prodprod

corrr HHKH   00298     (1.23) 

where 0  for the total electronic energy. corrH  is correction to the enthalpy due to internal 
energy which can be calculated by 

 

                    TkEH Btotcorr      (1.24) 

 
where totE  (total internal energy) is the sum of evrt EEEE ,,,  (internal energy due to 
translation, rotational, vibrational and electronic motion, respectively). 

 
   Etotal = Et+Er+Ev+Ee     (1.25) 

 
Similarly to the enthalpies, Gibbs free energies of reaction can be calculated by the same short 
cut:    

 
     

reactreact
corr

prodprod
corrr GGKG   00298    (1.26) 
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Where the correction to the Gibbs free energy due to internal energy  corrG  can be calculated 
by 

                                              totcorrcorr TSHG        (1.27) 

evrttot SSSSS       (1.28) 

 
where totS  (total internal entropy) is the sum of evrt SSSS ,,,  (entropy due to translation, 
rotational, vibrational and electronic motion, respectively). 

 

1.2.6.2 Rate of reaction  

The rate of reaction   Tk  is defined by equation:  

 

     






 


RT
E

Q
Q

h
Tk

Tk
‡

REA

TSB exp)(      (1.29) 

where kB is the Boltzmann’s constant, T is the absolute temperature h is Plank’s constant, and 

R is the gas constant. E‡  is activation energy of the reaction. QTS and QREA are the partition 

functions of the transition state and reactant respectively. When Qtotal is sum of the partition 

function of translational, rotational, vibrational and electronic energy states. 

Qtotal = Qtrans+Qrotational+Qvibration+Qelectric   (1.30) 

 

1.3 Objective 

 In this study, the adsorption of diatomic gases (H2, N2, O2, CO, NO), triatomic gases 

(CO2, N2O, NO2, H2O, SO2), tetratomic gas (NH3) on the BeOSL cage and the oxidative 

process of CO to CO2 on the BeOSL surface with NO2 gas have been reported. The 

thermodynamic and electronic properties have been investigated using DFT method.  



 
 

 
 

CHAPTER II 

COMPUTATIONAL DETAILS 

 

2.1 Structure optimization 

Full optimizations of the BeOSL cluster (Be12O12) and its adsorption configurations 

with diatomic gases (H2, N2, O2, CO, NO), triatomic gases (CO2, N2O, NO2, H2O, SO2), 

tetratomic gas (NH3) were carried out using density functional theory (DFT) method. The DFT 

calculations were performed with the Becke’s three−parameter exchange functional with the 

Lee–Yang–Parr correlation functional (B3LYP) [27–28]. Geometry optimizations of all 

studied compounds were carried out using DFT method at the B3LYP/6–31+G(d,p) level of 

theory. There are two different active sites of the BeOSL namely Be and O atoms. 

Thermodynamic quantities of adsorption were derived from frequencies calculations of 

corresponding adsorption structures at the same level of theory. The transition state (TS) for of 

studied reaction was located using TS keyword implemented in the GAUSSIAN 09 program 

[29]. The TS was confirmed by intrinsic reaction coordinates (IRC) calculations to verify that 

each saddle point links desired minima. All calculations were performed with the GAUSSIAN 

09 program. 

2.2 Definitions of reaction terms 

 2.2.1 Adsorption of small gases on beryllium oxide 

 The adsorption energy (∆Eads) for gas molecules adsorbed on the beryllium oxide has 

been computed by the equation 

       GBeOSL BeOSLG/ads EEEE      (2.1) 

where BeOSL/GE  is the total energy of gas adsorbed on BeOSL, BeOSLE  is the total energy of 

isolated BeOSL and GE  is total energy of free gas molecule.  
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 2.2.2 Thermodynamic quantities 

 The standard enthalpy 298H  and Gibbs free energy changes 298G  of adsorption of 

small gases molecule onto BeOSL have been derived from the frequency calculations at the 

same level of theory. The equilibrium constant  K  was computed using equation (2.2). 

    RT
G

eK
298-

      (2.2) 

 

 2.2.3 Kinetic terms 

 Rate constant (k) of reaction step via corresponding transition state was computed by 

following equations. 

            






 








 


RT
E

Q
Q

h
Tk

RT
EATk

‡

REA

TSB
‡

expexp)(     (2.3) 

Form the equation (2.3) we can conclude that A, a pre–exponential factors can be rearrange 

into 

REA

TSB

Q
Q

h
TkA        (2.4) 

 
The kappa constant  can be calculated by equation (2.5) 

2

B24
11 










Tk
h i      (2.5) 

when i  is the imaginary frequency in the transition state of reactant molecule dissociation 

when it crosses the barrier. All of parameters such as activation energy, partition function of 

transition state and reactant were obtained from output files generated by the GAUSSIAN 09 

program.



 
 

 
 

CHAPTER III 

RESULTS AND DISCUSSIONS 

Adsorptions of diatomic gases (H2, N2, O2, CO, NO), triatomic gases (CO2, N2O, NO2, 

H2O, SO2) and tetratomic gas (NH3) on the BeOSL and the oxidative process of CO to CO2 on 

the BeOSL surface with NO2 have been studied. Adsorption energies of all studied gases on 

the BeOSL and their thermodynamic and electronic properties have been obtained. 

 

3.1 The structure of BeOSL 

 The B3LYP/6–31+G(d,p)–optimized structure of the BeOSL obtained by full geometry 

optimization is shown in Figure 3.1. As the BeOSL structure is composed of hexagonal and 

tetragonal faces, two different B–O bonds of which the lengths are 1.52 and 1.58 Å. Bond angle 

between O1–Be1–O3 is 98.13º while the O2–Be1–O3 is 124.70º. 

 

 

 

 

 

 

 

 

Figure 3.1 The B3LYP/6–31+G(d,p)–optimized structure of the BeOSL 
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Table 3.1 The selected geometrical parameters for the BeOSL cage, computed at the  

     B3LYP/6–31+G(d,p) level of theory. 

 

 

 

 

 

a Labeling of atoms is shown in Figure 3.1. 
b In Å. 
c In degrees.  

 

Parameters a B3LYP/6–31+G(d,p) 
Bond lengths: b  
Be1–O1, Be1–O3,  
Be1–O2 

1.58 
1.52 

Bond angle: c  
O1–Be1–O3 98.13 
O2–Be1–O3 124.70 
Dihedral angle: c  
O2–Be1–O3–Zn2 133.30 
O2–Be1–O3–Zn3 22.23 
Be1–O3–Be3–O4 –21.95 
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3.2 Adsorption structures of gases on the BeOSL cluster 

 3.2.1 Adsorption of gases on the BeOSL  

 The B3LYP/6–31+G(d,p)−optimized structures of adsorption configurations of 

diatomic gases (H2, N2, O2, CO, NO), triatomic gases (CO2, N2O, NO2, H2O, SO2) and 

tetratomic gases (NH3) on the BeOSL are shown in Figure 3.2 and 3.3 respectively. There are 

two adsorption configurations for CO (CO/BeOSL and CO/BeOSL), NO (NO/BeOSL and 

NO/BeOSL) and N2O (N2O/BeOSL and N2O/BeOSL) adsorbed on the BeOSL cage; 

underlined atomic symbol is defined as gas atom pointing toward the surface atom.  Alignment 

of all diatomic gases except NO and O2 are pointing their atom−end toward Be atom in the 

BeOSL cage. N1−O4 bonds of NO (point oxygen atom toward surface atom) and NO (point 

nitrogen atom toward surface atom) molecules align parallel to the Be−O1 bond of the BeOSL 

while O4−O5 bond of O2 molecule aligns parallel to the Be−O1 bond. For triatomic gases, N2O 

and NO2 point their atom−end toward Be atom of the BeOSL but S1−O4 bond of SO2 molecule 

aligns parallel to Be−O1 bond. For CO2 molecule, its oxygen atom points approximately 

perpendicular to Be−O3 bond. The adsorption structure of NH3 on the BeOSL has quite similar 

structure to H2O but points its H2−O4 bond perpendicular O4−Be bond. 

Adsorption abilities of the BeOSL with studied gases shown in Table 3.2 are in orders: 

O2 (∆Eads = −4.47 kcal/mol) > CO (∆Eads = −3.29 kcal/mol) > NO (∆Eads = −2.33 kcal/mol) > 

N2 (∆Eads = −1.48 kcal/mol) > NO (∆Eads = −1.19 kcal/mol) > CO  (∆Eads = −1.15 kcal/mol) > 

H2 (∆Eads = −0.19 kcal/mol) for diatomic gases, NO2 (∆Eads = −39.54 kcal/mol) > NH3 (∆Eads 

= −13.91 kcal/mol) > H2O (∆Eads = −9.65 kcal/mol) > SO2 (∆Eads = −4.92 kcal/mol),  > N2O 

(∆Eads = −3.1 kcal/mol) > CO2 (∆Eads = −2.71 kcal/mol),  N2O (∆Eads = −2.1 kcal/mol) for 

triatomic and tetratomic gases. Density of states (DOS plot) can indicated the energy gap of 

the molecule which can see from graph besides the adsorbed molecules.  

3.2.2 NBO charges of all structures   

Natural bond orbital (NBO) in Table 3.3 revealed that charges on the Be adsorption site 

of the BeOSL cage are within 1.49 to 1.262 e. Charge change (Q) on the Be adsorption site 

are all in negative quantities except H2/BeOSL. Negative quantities for charge change imply 

that all gas molecules, except H2 transfer their electron to Be adsorption site. 
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3.2.3 Frontier orbitals and energy gap    

Energies of frontier orbitals and energy gaps of the BeOSL and its adsorption 

complexes are shown in Table 3.4. The changes of energy gaps of all adsorption complexes 

compared with clean BeOSL are −72, −60, −51, −33% for adsorptions of O2, NO, SO2 and 

NO2, respectively. Results may suggest that the BeOSL cage can be used for detection of 

oxygen and/or nitric oxide. 



 

 
 

 

 

 

 

 

 

  

 

 

 

 

 

Figure 3.2. The B3LYP/6−31+G(d,p)–optimized structures of diatomic gases on the BeOSL cage, as adsorption with (a) H2, (b) N2, (c) O2, (d) 

CO (its C toward Be atom), (e) CO (its O toward Be atom), (f) NO (its N toward Be atom) and (g) NO (its O toward Be atom). Their     

DOS plots are beside. Bond distances are in Å.  
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Figure 3.3. The B3LYP/6−31+G(d,p) –optimized structures of tri− and tetra−atomic gases on the BeOSL cage, as adsorption with (a) CO2, (b) 

N2O (its O toward Be atom), (c) N2O (its N toward Be atom), (d) N2O,  (e) H2O, (f) SO2 and (g) NH3. Their DOS plots are beside.  

Bond distances are in Å. 
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Table 3.2 Adsorption energies of diatomic, triatomic and tetratomic gases on the BeOSL cage, 

     computed at the B3LYP/6−31+G(d,p) level of theory. 

Gases adsorption 
Adsorption 

∆Eads a ∆Hº298 a ∆Gº298 a 

Diatomic    
BeOSL + H2   → H2/BeOSL –0.19 –1.10 3.37 
BeOSL + N2    → N2/BeOSL –1.48 –1.12 5.78 
BeOSL + O2   → O2/BeOSL –4.47 –4.28 3.91 
BeOSL + CO → CO/BeOSL –3.29 –3.14 4.96 
BeOSL + CO → CO/BeOSL –1.15 –0.59 5.53 
BeOSL + NO → NO/BeOSL –2.33 –1.89 5.31 
BeOSL + NO → NO/BeOSL –1.19 –0.66 5.85 
Triatomic    
BeOSL + CO2         → CO2/BeOSL –2.71 –2.20 5.01 
BeOSL + N2O     →       N2O/BeOSL –2.01 –2.61 5.53 
BeOSL + N2O     → N2O/BeOSL –3.01 –1.45 5.43 
BeOSL + NO2     → NO2/BeOSL –39.54 –38.72 –31.52 
BeOSL + H2O     → H2O/BeOSL –9.65 –10.06 –0.67 
BeOSL + SO2     → SO2/BeOSL –4.92 –2.20 5.01 
Tetratomic    
BeOSL + NH3     → NH3/BeOSL –13.91 –14.29 –5.03 

a In kcal/mol.
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Table 3.3 Selected NBO charges (in electrons) of the BeOSL and adsorbed gases, computed 

       at the B3LYP/6−31+G(d,p) level of theory. 

Adsorption 
structure 

Partial charge a 
ΔQ (Be)b BeOSL atoms   Gas atoms 

O1 O2 O3 Be   1st 2nd 3rd 4th 
BeOSL −1.262 −1.262 −1.262 1.262  − − − − − 

H2:      H1 H2    

H2/BeOSL −1.262 −1.263 −1.262 1.262   −0.002 0.003 − − 0.000 

N2:      N1 N2    

N2/BeOSL −1.267  −1.268  −1.267 1.177   0.067 0.018 − − −0.085 

O2:      O4 O5    

O2/BeOSL  −1.252 −1.235 −1.256 1.127   −0.026 0.045 − − −0.135 

CO:      C1 O4    

CO/BeOSL −1.262 −1.262 −1.262 1.049   0.647  −0.456 − − −0.213 

OC/BeOSL  −1.269 −1.270 −1.269 1.240   −0.567 −0.533 − − −0.022 

NO:      N1 O4    

NO/BeOSL  −1.263 −1.264 −1.263 1.138   0.254  −0.144 − − −0.124 

ON/BeOSL  −1.269 −1.271 −1.268 1.216  0.254 −0.199 − − −0.046 

H2O:      H1 H2 O4   

H2O/BeOSL  −1.266 −1.245 −1.267 1.148   0.532 0.532 −0.946 − −0.114 

N2O:      N1 N2 O4   

ON2/BeOSL  −1.267 −1.261 −1.267 1.187   0.406 −0.014 −0.313 − −0.075 

N2O/BeOSL  −1.267 −1.269 −1.267 1.179   0.431 −0.037 −0.306 − −0.083 

NO2:      N1 O4 N5   

NO2/BeOSL  −1.269 −1.265 −1.269 1.186  0.549 −0.253 −0.211 − −0.076 

CO2:      C1  O4 O5   

CO2/BeOSL  −1.263 −1.283 −1.263 1.213   1.056  −0.483 −0.514 − −0.049 

SO2:      S1  O4 O5   

SO2/BeOSL  −1.265 −1.266 −1.261 1.168  1.642 −0.764 −0.779 − −0.094 

NH3:      N1  H1 H2 H3  

NH3/BeOSL  −1.258 −1.253 −1.258 1.119   −1.134 0.427 0.428 0.427 −0.143 
a In e. 
b partial charge for Be atom of the BeOSL 
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Table 3.4 Energies of frontier orbitals and energy gap of the BeOSL cage and its adsorption  

     complexes, computed at the B3LYP/6−31+G(d,p) level of theory. 

 

a In eV.  
b Defined as ELUMO–EHOMO.  
c Defined as change of energy gap of gas–adsorption complex compared with clean BeOSL cage                  

(Eg= 7.51 eV), in percentage. 

 

 

Compound EHOMO
a ELUMO

a Eg
a,b ΔEg

 c 

BeOSL –8.56 –1.05 7.51 – 
Diatomic     

H2/BeOSL –8.56 –1.05 7.51 0.00 
N2/BeOSL –8.46 –1.57 6.89 −8.26 
O2/BeOSL –7.96 –5.85 2.12 −71.77 

CO/BeOSL –8.42 –1.69 6.73 −10.39 
CO/BeOSL –8.48 –1.50 6.98 −7.60 
NO/BeOSL –6.82 –3.75 3.07 −59.12 
NO/BeOSL –6.65 –3.65 3.00 −60.50 

Triatomic     
CO2/BeOSL –8.44 –1.05 7.39 −1.60 
N2O/BeOSL –8.42 –1.37 6.90 −8.12 
N2O/BeOSL –8.41 –1.51 7.05 −6.13 
NO2/BeOSL –8.42 –3.38 5.04 −32.89 
H2O/BeOSL –8.12 –1.07 7.06 −6.00 
SO2/BeOSL –8.23 –4.54 3.68 −51.00 

Tetratomic     
NH3/BeOSL –7.93 –0.93 7.00 −6.80 
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3.3 Oxidation of CO to CO2 on the BeOSL surface by N2O  

 The oxidative reaction of CO by N2O on the BeOSL producing non–toxic gas N2 and 

CO2, is shown as following question: 

                            BeOSL + CO + N2O              BeOSL + N2 + CO2   (3.1) 

The overall reaction is composed of five elementary steps, as shown in Table 3.5. Structures 

of all compounds involved with the oxidation are shown in Figure 3.4. Due to gases adsorption 

on BeOSL listed in Table 3.2, adsorption energies of CO (∆Eads = −3.29 kcal/mol) is slightly 

stronger than that of N2O (∆Eads = −3.1kcal/mol). The pre–adsorption of CO on the BeOSL 

(denoted by CO/BeOSL) was firstly introduced and the N2O adsorption on the CO/BeOSL was 

taken place. The first and second steps are therefore the adsorption of CO and co–adsorption 

of N2O, respectively. The next reaction step is the conversion step to result the co–adsorption 

of CO2 and N2 on the BeOSL via transition state TS1, as shown in Figure 3.5. Due to the TS1, 

the activation energy of 46.14 kcal/mol was accordingly obtained. The last step is desorption 

of N2 and CO2 from the BeOSL. The overall reaction is exothermic process with 83.76 

kcal/mol. Based on the rate determining step (the third step), rate constant of 3.34×10−22 s−1 

was obtained.  Gibbs free energy of the reaction indicated that the oxidation reaction of CO to 

CO2 with N2O on the BeOSL cage is non–spontaneous at 298 K. 
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Figure 3.4 B3LYP/6−31+G(d,p)–optimized structures of the BeOSL, its top and bottom are 

top and side views, respectively. Adsorption and transition states bond distances   

are in Å.
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Table 3.5 Energetics, thermodynamic properties, rate constants, and equilibrium constants of CO oxidation to CO2 on the BeOSL by N2O,  

    computed at the B3LYP/6−31+G(d,p) level of theory. 

Reaction ΔE‡ a ΔG‡ a k298
b ΔEa ΔH298

a ΔG298
a K298 

Adsorption step:        
BeOSL + CO     →  CO/BeOSL − − − −3.29 −3.14 4.96 2.30x10−4 
N2O + CO/BeOSL   →  N2O/CO/BeOSL − − − −2.84 −2.91 6.86 9.32x10−6 
Conversion step:        
N2O/CO/BeOSL     → TS →  N2/CO2/BeOSL 46.14 45.84 3.34×10−22 −80.78 −80.24 −84.43 7.82x1061 
Desorption step:        
N2/CO2/BeOSL       →  N2 + CO2/BeOSL − − − 0.44 0.29 −5.33 8.3x103 
N2 + CO2/BeOSL     →  N2 + CO2 + BeOSL  − − − 2.71 2.20 −5.01 4.68x103 

a In kcal/mol. 
b In s–1.  
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Figure 3.5. Potential energy profile for CO conversion to CO2 on the BeOSL surface by N2O.
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CHAPTER IV 

CONCLUSIONS 

  

 The adsorptions of diatomic, triatomic and tetratomic gases on the BeOSL for all 

possible configurations were calculated using the B3LYP/6−31+G(d,p) method. All the results 

can be concluded as follows: 

 The adsorptions of small molecule gases on the BeOSL are physical adsorption  

 The energy gaps of the BeOSL are remarkably reduced after adsorptions of O2 and NO. 

 NO2 adsorbed on BeOSL is strongest adsorption with −39.54 kcal/mol  

 Suggest that the BeOSL cluster can be used as the sensing material for NO2 and O2 

The BeOSL cage can be used as catalyst in oxidation of CO by N2O to afford CO2 and N2 of 

which reaction mechanism is composed of five steps. The overall reaction was found to be the 

energetic preferred process and non–spontaneous at 298 K as suggested by the Gibbs free 

energy. 
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