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APPENDIX A: Theoretical Background 
 

The Theory of Quantum Mechanics 

 

 There are a number of quantum theories for treating molecular systems and the 

one which has been most widely used is molecular orbital theory (Leach, 1996; 

Jensen, 1999; Cramer, 2002). The postulates and theorems of quantum mechanics 

based on molecular orbital theory form the foundation for the prediction of observable 

chemical properties. The systems are described by ‘wave function, Ψ’ that completely 

characterizes all of the physical properties of the systems. 

 

1. Molecular Orbital Theory (MOT) 

The objective of all ab initio electronic structure theories is the exact solution 

of the time-independent Schrödinger equation; which can be expressed in a time-

independent form as shown in equation (1).  

HΨ = EΨ                                                          (1) 

Where H = the Hamiltonian operator

 E = energy 

 Ψ = the wavefunction 

The typical form of Hamiltonian operator (Htot) takes into account five 

contributions to the total energy of a system. They are the kinetic energies of the 

electrons (Te) and nuclei (Tn), the attraction of the electrons to the nuclei (Vne), and the 

interelectronic (Vee) and internuclear (Vnn) repulsions as shown in equation (2).  

Htot = Te + Tn + Vne + Vee + Vne                                      (2) 

Since the masses of nuclei are much greater than the masses of the electrons, 

they move more slowly. Hence, to a good approximation, one can consider the 

electrons in a molecule to be moving in the field of fixed nuclei. The ‘Born-

Oppenheimer approximation’ can be used to further simplify the Schrödinger 
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equation. This allows the equation to be separated into electronic and nuclear terms. 

Within this approximation, the kinetic energy of the nuclei (Tn) can be neglected. The 

remaining terms in equation (2)  are called the electronic hamiltonian, as written in 

equation (3).  

 

Where i and j represent electrons, a and b represent nuclei, Z are the atomic number,         

       is the Laplacian operator, r and R is the distance between particles and atomic 

units are used in equation (3). The Laplacian has the form shown in equation (4). 

 

 
 

Under the Born-Oppenheimer approximation, the total wave function for the 

molecule can be written in the following form (equation (5)). 

                             

                                Ψtot (nuclei, electrons) = Ψ(electrons)Ψ(nuclei)                         (5) 

  

The total energy equals the sum of the nuclear energy the electrostatic 

repulsion between the positively charged nuclei) and the electronic energy. The 

electronic energy comprises the kinetic and potential energy of the electrons moving 

in the electrostatic field of the nuclei, together with electron-electron repulsion 

(equation (6)). 

                                               

                      Etot = E(electrons) + E(nuclei)                                       (6) 

  

An appropriate functional form of the wave function for a polyelectronic 

system with noninteracting N electrons has a Hamiltonian shown in equation (7).  

                                                       

(3)

(4)
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                                                              H = 
N

i 1=
∑ h(i)                                                      (7) 

Where h(i) is the one-electron Hamiltonian defined by equation (8). 

 
Where M is the total number of nuclei. 

  

Eigenfunctions of the one-electron Hamiltonian (equation (8)) must satisfy the 

corresponding one electron Schrödinger equation (a set of spin orbital, χj). 

                                                   

                                                     h(i)χj(xi) = εjχj(xi)                                                   (9) 

  

Because H is a sum of one-electron Hamiltonians, a wave function is a simple 

product of spin orbital wave functions for each electron, as shown in equation (10).  

 

ΨHP(x1, x2,…,xN) = χi(x1) χj(x2)… χk(xN)                              (10)    

 

A wave function of the form in equation (10) is called a ‘Hartree product’ and 

it is an eigenfunction of H with eigen value E (equation (11)).  

 

     HΨHP = EΨHP                                                        (11) 

 

Where E is the sum of the spin orbital energies of each of the spin orbitals appearing 

in ΨHP. 

                                                   

                                                  E = εi + εj + ... + εk                                                       (12) 

 

 From equation (7), there is still a basic deficiency in the Hartree product. It 

takes no account of the indistinguishability of electrons, but specifically distinguishes 

electron-one as occupying spin orbital χi, electron-one as occupying spin orbital χj, 

etc. Because the Hartree product does not satisfy the antisymmetry principle, the 

(8)
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correct antisymmetrized wave functions can obtain as follows. For example, consider 

a two-electron case occupying the spin orbitals χi and χj, the electron-one and 

electron-two are put in χi and χj, respectively, as shown in equation (13). 

 

 
 

On the other hand, if the electron-one and electron-two are put in χj and χi, 

respectively, the Hartree product is shown in equation (14). 

 

 
 

Each of these Hartree products clearly distinguishes between electrons. The 

wave function which satisfies the requirement of the antisymmetry principle by taking 

appropriate linear combination of these two Hartree products is shown in equation 

(15). 

                                 

                                 Ψ(x1, x2) = 2-1/2(χi(x1) χj(x2) - χj(x1) χi(x2))                            (15) 

  

The factor 2-1/2 is a normalization factor. The minus sign insures that Ψ(x1, x2) 

is antisymmetric with respect to the interchange of the coordinates of electrons one 

and two. 

 

                                                  Ψ(x1, x2) = - Ψ(x2, x2)                                             (16) 

 

 From equation (15), it is evident that the wave function vanishes if both 

electrons occupy the same spin orbital (i.e. if i=j). Thus the antisymmetry requirement 

immediately leads to the usual statement of the Pauli exclusion principle namely, that 

no more than one electron can occupy a spin orbital. The antisymmetric wave 

function of equation (15) can be rewritten as determinant in equation (16), as called a 

‘Slater determinant’. 

(13)

(14)
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 This determinant is the most convenient way to write down the permitted 

functional forms of a polyelectronic wavefunction that satisfies the antisymmetry 

principle. In general, for an N electrons system with spin orbitals χ1, χ2,…, χN, an 

acceptable form of the wavefunction is: 

 
Where χ1(1) is used to indicate a function that depends on the space and spin 

coordinates of the electron labeled ‘1’. The factor !/1 N ensures that the 

wavefunction is normalized.  

 

Slater determinant implies that electron correlation is neglected, or 

equivalently, the electron-electron repulsion is only included as an average effect. To 

find a solution which simultaneously enables all the electronic motions to be taken 

into account, the change in the spin orbital for one electron will influence the behavior 

of an electron in another spin orbital due to the coupling of the electronic motions. 

Therefore, Fock proposed the extension of Hartree’s Self-consistent field (SCF) 

procedure to Slater determinantal wavefunctions. The Hartree-Fock (HF) equation is 

shown in equation (18).   

 

                                                       f(i)χ(xi) = εχ(xi)                                                  (18) 

 

Where f(i) is an effective one-electron operator, called the Fock operator, of the form 

in equation (19). 

 
Where vHF(i) is the average potential or Hartree-Fock potential experienced by the ith 

electron due to the other present of the other electrons. The essence of the Hartree-

(16)

(17)

(19)
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Fock approximation is to replace the complicated many-electron problem by a one-

electron problem in which electron-electron repulsion is treated in an average way.  

  

From equation (19), the first two terms represent the kinetic and potential 

energy of each electron moving in the field of nuclei, as called core Hamiltonian 

operator, Hcore(i). The last term, vHF(i), includes the interelectronic interactions 

consisting of coulomb operator (Jj(i)) and exchange operator (Kj(i)) (equation (20)).  

The coulomb operator contributes to the energy arises from the electrostatic repulsion 

between pairs of electrons. The exchange operator represents energy of the exchange 

interaction that it has no classical analogy and no arises because the motions of 

electrons with parallel spin are correlated. Electrons with the same spin thus tend to 

avoid each other and they show a lower coulombic interaction giving a lower (i.e. 

more favorable) energy.       

 
 The coulomb operator (Jj(1)) and exchange operator (Kj(1)) can be written as 

in equations (21) and (22), respectively. 

)2(1)2()1(
12

2 jj r
dJj χχτ∫=  

)1()]2(1)2([)1()1(
12

2 jiji r
dKj χχχτχ ∫=  

 In equation (21), this operator corresponds to the average potential due to an 

electron in χj. The two-electron potential (r12)-1 felt by electron 1 and associated with 

the instantaneous position of electron 2 is thus replaced by a one-electron potential, 

obtained by averaging the interaction (r12)-1 of electron 1 and electron 2, over all space 

and spin coordinates 2τ of electron 2, weighted by the probability 
2

2 )2(jd χτ that 

electron 2 occupies the volume element 2τd  at 2τ . By summing over all ij ≠ , one 

obtains the total averaged potential acting on the electron in iχ , arising from the N-1 

electrons in the other spin orbitals. The exchange operator (equation (22)) corresponds 

(20

(21)

(22)
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to the average potential due to an electron in χj. It arises from the antisymmetric 

nature of the single determinant and has a somewhat strange form. 

 

 Equation (19) can be written as in equation (23).   

( ) ( ) ( ) ( )}{
1

iKiJihif jj

N

j
i −+= ∑

=

 

The general strategy for solving the HF equation is called the self-consistent 

field (SCF) method. The way to solve this equation is as follows. First, a set of trial 

solutions χi to the Hartree-Fock eigenvalue equations are obtained. These are used to 

calculate the coulomb and exchange operators. The Hartree-Fock equations are 

solved, giving a second set of solutions χi, which are used in the next iteration. The 

SCF method thus gradually refines the individual electronic solutions that correspond 

to lower and lower total energies until the point is reached at which the results for all 

electrons are unchanged, when they are said to be self consistent. The solution of the 

Hartree-Fock equations is not a practical proposition for molecules, therefore it 

mostly uses linear combination of atomic orbitals (LCAO) by writing writes each spin 

orbital as a linear combination of single electron orbitals (equation (24)). It is 

introduced as a set of K known basis function. 

                                                  vvi

K

v
i c φψ ∑

=

=
1

           i = 1, 2,…,K 

       The one-electron orbitals, vφ , are commonly called basis functions. More 

sophisticated calculations use more basis than a minimal set. In accordance with the 

variation theorem, the set of coefficients, vic , giving the lowest energy wavefunction 

are required. For a given basis set and a given functional form of the wavefunction 

(i.e. a Slater determinant), the best set of coefficients that gives minimum energy are 

from the point that 0=
∂
∂

vic
E . If equation (24) is substituted into the Hartree-Fock 

equation equation (18), the Hartree-Fock equation can be written in the form of 

equation (25). 

)1()1()1(
11

vvi

K

v
ivvi

K

v
i ccf φεφ ∑∑

==

=  

(23)

(24)

(25)
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 The derivation of the Hartree-Fock equations for such a system was first 

proposed by Roothaan and Hall. The resulting equations are known as the  Roothaan 

equations or the Roothaan-Hall equations. Unlike the integral-differential form of the 

Hartree-Fock equations, Roothaan and Hall propose the equations in matrix form 

which can be solved using standard techniques and can be applied to systems of any 

geometry. By premultiplying each side of equation (25) by )1(μφ  ( μφ is also a basis 

function) and integrating, the matrix equation is given in equation (26). The Fock 

operator, f(1), is an one-electron operator, and any set of one-electron functions 

defines a matrix representation of this operator. 

)1()1()1()1()1( 1
1

1
1

vvi

K

v
ivivi

K

v

dcfdc φφτεφφτ μμ ∫∑∫∑
==

=  

  

The overlap matrix, Sμν, has been defined in equation (27), it is the overlap 

integral between the basis functions μ and ν.  

∫= )1()1(1 vdS φφτ μμν  

  

The Fock matrix, Fμν, is the matrix representation of the Fock operator with 

the set of basis function }{ μφ , as defined in equation (28). 

∫= )1()1()1(1 vifdF φφτ μμν  

With these definitions of Fμν and Sμν, equation (26) can be written as in the 

following equation. 

                                           vi
v

ivi
v

cScF μνμν ε ∑=∑       i = 1, 2,…, K                            (29) 

 This equation is the Roothaan-Hall equation, which can be conveniently 

written as a matrix equation (equation (30)). 

 

                                                            FC = SCE                                                       (30) 
 
Where C is a K x K square matrix of the expansion coefficients Cμi. 

(26)

(27)

(28)
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And ε is a diagonal matrix of the orbital energies εi. 

 

 
  

From equation (24) and equation (31), it is the columns of C which describe 

the molecular orbitals, i.e., the coefficients describing Ψ1 are in the first column of C, 

those describing Ψ2 are in the second column of C, etc.  

  

In molecular modeling, the ground states of molecules which have closed-

shell configurations are usually concerned. In a closed-shell system containing N 

electrons in N/2 orbitals, there are two spin orbitals, Ψi: Ψiα and Ψiβ. There is the 

energy of each electron moving in the field of the bare nuclei. For an electron in a 

molecular orbital χi, this contribute an energy core
iiH . If there are two electrons in the 

orbital then the energy is 2 core
iiH and for N/2 orbitals the total contribution to the 

energy will be core
ii

N

i
H2

2/

1=
∑ . The expression of the Hartree-Fock energy for the closed-

shell system is shown in equation (33).   

 

)2(2
2/

1

2/

1

2/

1
ijij

N

j

N

i

core
ii

N

i
KJHE −∑∑+∑=

===
 

 

The corresponding Fock operator is shown in equation (34). 

 

(31)

(32)

(33)
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( ) ( ) ( ) ( )}112{11
2/

1
jj

N

j
i KJhf −+= ∑

=

 

 The Fock matrix, Fμν (equation (28)), for a closed-shell system can be 

expanded as follows by substituting the expression for the Fock operator. 

 

∫ ∫ −∑+=
=

)1()]1()1(2)[1()1()1()1( 1

2/

1
1 vjj

N

j
v KJdhdF φφτφφτ μμμν  

)1()]1()1(2)[1(1

2/

1
vjj

N

j

core KJdHF φφτ μμνμν ∫ −∑+=
=

 

 

Where a core-Hamiltonian matrix, coreH μν , is defined in equation (37). This matrix is 

integral involving the one-electron operator h(1), describing the kinetic energy and 

nuclear attraction of an electron, as shown in equation (8).  

 

∫= )1()1()1(1 v
core hdH φφτ μμν  

 

 Recall that the coulomb operator ( ( )1jJ ) due to interaction with a spin orbital 

χj is shown in equation (21). The terms of appropriate linear combination of basis 

functions are replaced to the spin orbital terms (χj), as shown in equation (38).   

)2(1)2()1(
1121

2 λλ
λ

σσ
σ

φφτ j

K

j

K
c

r
cdJj

==
∑∑∫=  

Where σ and λ are the basis functions. 

 

Similarly, the terms of appropriate linear combination of basis functions are 

replaced to the spin orbital terms (χj) of the exchange operator in equation (22), as 

shown in equation (39).  

)2()]2(1)2([)1()1(
1121

2 λλ
λ

σσ
σ

φχφτχ j

K

ij

K

i c
r

cdKj
==
∑∑∫=  

(34)

(35)

(36)

(37)

(38)

(39)



 

 

119

 When the coulomb and exchange operators are expressed in terms of the basis 

functions and the orbital expansion is substituted for χi, then their contribution to the 

Fock matrix element, Fμν, are in the following form. 

  

)1()]1()1(2)[1(1

2/

1
vjj

N

j
KJd φφτ μ∫ −∑

=
 

])2()2(1)1()1()2()2(1)1()1(2[
12

21
12

21
11

2/

1 ∫∫ −∑∑∑=
===

σνσμσλμσλ
σλ

φφφφττφφφφττ
r

dd
r

ddcc vjj

KKN

j
 

)]|()|(2[
11

2/

1
νσμλλσμνσλ

σλ
−∑∑∑=

===
jj

KKN

j
cc  

  

In equation (40), the shorthand notations for the integrals are used. The two-

electron integrals may involve up to four different basis functions (μ, ν, λ, σ), which 

may in turn be located at four different centers. To simplify equation (40), the charge 

density matrix, P, is defined in equation (41).  

                              

       ii

N

i
ccP νμμν

2/

1
2

=
∑=      and     ii

N

i
ccP νμμν

2/

1
2

=
∑=                                   (41) 

  

Therefore, the Fock matrix, Fμν, for a closed-shell system of N electrons can 

be shown in equation (42). 

)]|(
2
1)|[(

11
νσμλλσμνλσ

σλ
μνμν −∑∑+=

==
PHF

KK
core  

 

The electronic energy in terms of the density matrix can be calculated by using 

equation (43). 

)(
2
1

11
μνμνμν

νμ
FHPE core

KK
+∑∑=

==
 

 The electron density in terms of the density matrix at a point r can also be 

shown in equation (44). 

)()()(
11

rrPr
KK

νμμν
νμ

φφρ
==
∑∑=  

(40)

(43)

(42)

(44)
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 Consider the elements of Fock matrix in Roothaan-Hall equation equation 

(30), it should be noted that the element in the left-hand side depends on the 

molecular orbital coefficients icν , which also appear on the right-hand side of the 

equation. It indicated that the solution of this equation required an iterative procedure. 

The coreHμν  due to the electron moving in the field of the bare nuclei do not depend on 

the basis set coefficients and unchanged throughout the calculation. In case of 

coulomb and exchange contributions depend on the coefficients and vary throughout 

the calculation. The individual two-electron integrals (μν|λσ) are constant throughout 

the calculation. To solve the Roothaan-Hall equation by using standard eigenvalue 

methods, Roothaan-Hall equation is required in the following form.   

                                                          

                                                           FC = CE                                                          (45) 

  

This equation will be in this form if S is the unit matrix (I). The basis sets, φ , 

that are used in molecular calculations are not orthonormal set. They are usually 

normalized but they are not orthogonal to each other. This gives rise to the overlap 

matrix in Roothaan-Hall equation, so they must be transformed (matrix X) (equation 

(46)).   

                                                           XTSX  =  I                                                       (46) 

 

Where XT is the transpose of X.  

  

To obtain two different transformation matrices X, S can be diagonalized by a 

unitary matrix, U, as shown in equation (47). 

                                                         

                                                         UTSU  =  s                                                         (47) 

 

Where s is the diagonal matrix of the eigenvalues of S. 

  

This expression is often written in equation (48) since for real basis function                

U-1 = UT. 
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                                                        U-1SU  =  s                                                         (48)          

   

Then the matrix X is given by equation (49). 

                                                        

                                                       X  =  Us-1/2UT                                                      (49) 

  

It can be considered X as S-1/2, as shown in equation (50). 

                                                    

                                                     S-1/2SS-1/2   =   I                                                     (50) 

  

The Roothaan-Hall equations can now be manipulated as follows. Both sides 

of Roothaan-Hall equation (equation (30)) are pre-multiplied by the matrix S-1/2 

(equation (51)). 

                                        

                                          S-1/2FC  =  S-1/2SCE  =  S1/2CE                                         (51) 

  

Inserting the S-1/2 S1/2 into the left-hand side, it is shown in equation (52).  

              

                                            S-1/2F(S-1/2 S1/2)C  =  S1/2CE                                           (52) 

  

Equation (52) can be written as in equation (53) that can be solved using 

standard method. 

                                                          F’C’  = C’E                                                      (53) 

 

Where F’= S-1/2F S-1/2 and C’= S1/2C 

  

A commom scheme for solving the Roothaan-Hall equations by using SCF 

procedure is shown in Appendix Figure A1.  
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Appendix Figure A1  A common scheme for solving the Roothaan-Hall equations 

by using SCF procedure. 

  

In quantum mechanical molecular orbital calculations, it can be separated into 

two major categories. They are the ab initio and the semi-empirical methods. Ab initio 

usually refers to a calculation which uses the full Hartree-Fock/Roothaan-Hall 

equations, without ignoring or approximating any of the integrals or any of the terms 

in the Hamiltonian. By contrast, semi-empirical method reduced the CPU time during 

calculation by using parameters for some of the integrals and/or ignoring some of the 

terms in the Hamiltonian.  
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2. Basis set 

  

The basis sets most commonly used in quantum mechanical calculations are 

composed of atomic functions. For atoms, the Hartree-Fock equations are usually 

solved numerically if it is assumed that the electron distribution is spherically 

symmetrical. For example, in case of the hydrogen atom, the analytical approximation 

to its successful solution has the form, as shown in equation (54).   

                                                    

                                                   ),()( φθψ lmnl YrR=                                                  (54) 

 

Where Y is a spherical harmonic and R is a radial function. The radial function 

obtained for hydrogen atom cannot be used directly for polyelectronic atoms due to 

the screening of the nuclear charge by the inner shell electron. Slater has suggested a 

simpler analytical form for the radial function, universally known as Slater–type 

orbitals (STOs) (equation (55)).   

                                      

                                     rnn
nl ernrR ζζ −−−+= 12/12/1 ])!2[()2()(                                       (55) 

  

Unfortunately, Slater–type orbitals for many electron atoms are not suitable in 

implementation in molecular orbital calculation, because some of integrals are 

difficult to evaluate. It is common in ab initio calculations to replace the Slater 

orbitals by Gaussian function. The Gaussian function is shown in equation (56). 

                                         

                                         )exp(),( 2rzyxrg cba αα −=                                               (56) 

  

It is found that replacing a Slater type orbital by a single Gaussian function 

leads to an unacceptable errors. However, this problem can be overcome by 

representing each atomic orbital as a linear combination of Gaussian function, as in 

equation (57). By using a basis set of contracted Gaussian functions, each basis 
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function is a fixed linear combination (contraction) of Gaussian functions 

(primitives). 

                                                 μμ
μ

φψ i

K

i c
1=

∑=                                                              (57)

  Some commonly used of basis sets are described as follows.  

  

2.1 Minimal basis set 

       

      A minimal basis set is a relatively inexpensive one which contains just the 

number of functions that are required to accommodate all the filled orbitals in each 

atom. For instance, hydrogen and helium has a single s-type function. STO-nG are all 

minimal basis sets using a contraction of n primitive Gaussian functions to represent 

each orbital. 

 

2.2 Split valence basis set 

 

      Because a minimal basis set uses only a contraction for each orbital, to 

improve this problem, more than one function (i.e. double, triple, etc.) is used for each 

orbital. A basis set which uses two functions for each of minimal basis set of valence 

electron is described as a double zeta basis set, for example 3-21G, 4-31G and 6-31G. 

 

2.3 Polarized basis set 

 

      This type of basis set was performed by adding polarization function, ex. 

p-type or d-type function. The use of polarization basis function is indicated by an 

asterisk (*). For example, 6-31G* refers to a 6-31G basis set with polarization 

functions on the heavy (i.e. non-hydrogen) atoms. 
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2.4 Diffused basis set 

 

     To include a significant amount of electron density away from the nuclei 

center such as anions and molecule containing lone pairs, diffused function, denoted 

by +, was added to increase the amplitude or size of Gaussian basis function. For 

example, 3-21G+ basis set contains an additional single set of diffuse s- and p-type 

Gaussian functions. 

   

3. Møller-Plesset perturbation theory (MPPT) 

 

The difference between the exact energy (determined by the Hamiltonian) and 

the HF energy is known as the correlation energy, as shown in equation (58). 

                              

                                      Ecorrelation   =   Eexact - EHF    <   0                                           (58) 

 

This difference is referred to as the electron correlation energy and is 

attributable to the neglect in HF theory of the instantaneous interactions (correlations) 

between electrons. Several approaches are known that try to calculate the correlation 

energy, i.e. Configuration Interaction (CI), Møller-Plesset Perturbation Theory 

(MPPT) and Multi-Configuration SCF (MCSCF or CASSCF). 

 

Møller-Plesset perturbation theory treats electron correlation as a perturbation, 

V, on the Hartree–Fock problem and both the wavefunction and the energy are 

expanded in a power series of the perturbation, as shown in equation (59)-(61). 

 

                                                   VHH HF λ+=                                                        (59) 

Where λ is a parameter that can vary between 0 and 1  

                                )(

0

)2(2)1( ... n
i

n

n
iiHFi ψλψλλψψψ

=
∑=+++=                                 (60) 

                                )(

0

)2(2)1( ... n
i

n

n
iiHFi EEEEE λλλ

=
∑=+++=                                  (61) 



 

 

126

 The Møller-Plesset calculation is specified using the level of theory used (i.e. 

MP2, MP3) together with the basis set. For example, MP2/6-31G* indicated a 

second-order Møller-Plesset calculation with 6-31G* basis set.  

 

4. Density functional theory (DFT) 

 

Density functional theory (DFT) is presented by Hohenberg and Kohn. The 

basis for DFT is the Hohenberg–Kohn theorem that states that the exact ground state 

energy of a molecular system is a functional only of the electron density (ρ) and the 

fixed positions of the nuclei. The energy functional E(ρ) can be written in terms of its 

composite parts as follows. 

                   

                     )()()()()( ρρρρρ xcHCKE EEEEE +++=                               (62) 

 

Where )(ρKEE  is the kinetic energy, )(ρCE  is the electron-nuclear interaction term, 

)(ρHE is the electron-electron coulombic energy, and )(ρxcE  contains the exchange 

and correlation contributions. 

 

 All of the electron-electron interactions are contained within HE  and 

xcE terms. Hohenberg and Kohn also proved that the exact electron density is the one 

which minimizes the energy, thereby providing a variational approach for finding the 

density.  

 

Molecular docking 

 

An important method widely used in drug discovery is molecular docking 

(Halperin et al., 2002). Molecular docking is a computational method attempting to 

predict the three-dimensional structures of receptor-ligand complexes and to evaluate 

the relative affinity of these bound ligands. Consequently, the aims of this method are 

to identify correct poses of ligands in the binding pocket of a protein and to predict 
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the affinity of their correct poses (Krovat et al., 2005). In molecular docking, two 

proposes are needed in its procedure. They are docking algorithm used to generate a 

large number of possible structures and scoring function used to identify which are 

the most interest (Leach, 1996; Böhm, 2002; Brooijmans and Kuntz, 2003).  

 

1. Docking algorithm 

 

The first step in molecular docking method is to search the configurational and 

conformational degrees of freedom by using docking algorithm. The docking 

algorithm can be categorized by using degree of freedom. In rigid docking, the search 

algorithm finds the various position of ligand in the active site of receptor using 

translational and rotational degrees of freedom. To perform conformationally flexible 

docking, torsional degree of freedom of ligand is added to explore it in the active site 

of receptor.    

 

1.1 Rigid docking 

  

       Rigid docking fits a rigid ligand into a rigid active site. The usual 

approach of this algorithm has been to generate a discrete model of the binding site 

consisting a set of points that define its spatial extensions with special emphasis on 

surface properties. Atoms of ligands are then matched onto these receptor points. The 

first docking program using this technique is DOCK program (Kuntz et al.,1982). 

DOCK program represents a binding site as overlapping spheres. Ligands are then 

matched to sphere centers by using clique technique, as shown in Appendix Figure 

A2. 
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Appendix Figure A2  DOCK algorithm. Atoms are matched to a binding site 

represented as a collection of overlapping spheres.  

Source: Leach (1996) 

 

1.2 Conformationally flexible docking 

 

      Docking by using rigid docking is fast but highly inaccurate for ligands 

with rotatable bonds, therefore the flexibility of ligands have been considered in 

docking algorithm, as called conformationally flexible docking. It can be divided in 

three types, i. e. systematic, stochastic and deterministic searches.  

  

 1.2.1 Systematic search 

 

          This algorithm is based on a grid of values for each formal degree of 

freedom. Each of these grid values is explored in a combinatorial fashion during a 

search. An example of a systematic search is the anchor-and-grow or incremental 

construction algorithm. In this algorithm, the ligand conformers are not an external 

pre-processing step. Their conformers are generated within the boundaries of the 

binding site. Ligands are generally divided into rigid (anchor) and flexible parts. 

Conformers are generated by growing the ligand from an anchor fragment. The 

procedure is described as follows. Firstly, one or more anchors with flexible parts are 

defined by perception of rotatable bonds. Secondly, the anchor fragment is docked 

into the active site. Finally, the flexible parts are added sequentially with systematic 
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scanning of torsional angles. The anchor-and-grow or incremental construction 

algorithm is implemented in several docking programs, e. g. DOCK, FlexX, and 

Hammerhead.  

  

 1.2.2 Stochastic search 

 

          Because of the combinatorial fashion in incremental construction 

algorithm, it is appealing idea to search the whole orientational and conformational 

space in one process, e.g. stochastic search. Stochastic search algorithms make 

random changes, usually changing one degree of freedom of the system at a time. 

Advantage of the stochastic search algorithms is the less complicated data structure 

requirement. Examples of stochastic searches are Monte Carlo (MC) methods and 

evolutionary algorithms. 

 

          In Monte Carlo (MC) algorithms, a whole ligand is usually 

represented by a string of real value variables describing translation, rotation and 

variable torsional angles. Random changes in these variables form the basis of these 

algorithms. After each move, the structure is minimized, and the energy of the new 

structure is determined. Several docking programs using the Monte Carlo (MC) 

algorithms are AutoDock, ICM, MCDOCK, ProDock, and PRO_LEAD. 

 

  Evolutionary algorithms are stochastic methods using to find the 

energy minimum. Evolutionary algorithms involve generation of an initial population 

of ligand conformations. They did not include crossover process, a process that swaps 

large regions of the “parents” during evolution. When these algorithms include 

crossover process, it is known as genetic algorithms (GA). The common feature of 

evolutionary and genetic algorithms is a cyclic variation-selection process. “Parents” 

breed “offspring”, and the best of each generation according to a fitness measure 

becomes the parent of the next optimization cycle. The general procedure of GA is 

shown in as shown in Appendix Figure A3.   The examples of programs using these 

algorithms are GOLD, GA-DOCK, and AutoDock. 
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Appendix Figure A3  Genetic algorithm (GA) procedure. 

 

 1.2.3 Deterministic search 

 

                           In deterministic searches, the initial state determines the move that 

can be made to generate the next state, which generally has to be equal to or lower in 

energy than the initial state.  Examples of deterministic searches are energy 

minimization methods and molecular dynamics (MD) simulations. 

 

2 Scoring function 

 

If it is assumed that docking algorithm have performed very well in searching 

the conformational space in the binding site, accurate scoring function is considered 

to be the most important and challenging step (Seifert et. al., 2003). Scoring function 

is a function giving an estimate of binding of a molecule or molecular fragment in a 

given orientation and conformation (called a pose) in the binding site. The scoring 

function can be categorized into three main classes, i.e. force field-based methods, 

empirical scoring functions and knowledge-based method. 
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2.1 Force field-based methods 

 

       The force field-based scoring functions use the molecular mechanics force 

fields for the estimation of binding affinity. The interaction energies (van der Waals 

and electrostatic) between the receptor and ligand are computed. The overestimation 

of complex stability can be partially ascribed to the neglect of solute entropic terms. 

This scoring function can also added the empirical terms to take into account the 

entropy and solution changes. The AMBER and CHARMM force field are widely 

used as a scoring function in several docking program. Examples of the programs 

implemented the force field-based scoring functions are DOCK and AutoDock 

programs.   

 

 2.2 Empirical scoring functions 

 

 The empirical scoring functions are the most widely utilized in current 

drug design/discovery software. The empirical scoring functions are based on the 

assumption that the binding free energy (ΔGbinding) is a sum of interactions multiplied 

by weighting coefficients (ΔGi), as shown in equation (63). The energy contributions 

in scoring function usually contain individual terms for hydrogen bonds, ionic 

interactions, hydrophobic interactions, and binding entropy. 

),( 'lliibinding rrfGG Δ∑≈Δ  

Where each fi is a simple geometrical function of the ligand coordinate rl and 

the receptor coordinate rl’. Most empirical scoring functions are derived by evaluating 

the functions fi on a set of protein-ligand complexes and fitting the coefficients (ΔGi) 

to experiment binding affinities of these complexes. The relative weight of each 

energy contribution depends on the training set. General problems of empirical 

scoring functions are that they are difficult to know what each term exactly accounts 

for and to access where errors come from. Binding free energy estimations can only 

be successful if the molecules make similar interactions to the ones in the training set 

complexes. Examples of the programs implemented the empirical scoring functions 

are FlexX, GOLD, AutoDock and LUDI.   

(63)



 

 

132

2.3 Knowledge-based methods 

 

 The knowledge-based scoring functions use the structural data of protein-

ligand complexes to observe frequencies of atom-atom interactions. Force and 

potentials are collected to get a score for their binding affinities, as called potential of 

mean force (PMF). The major different with the empirical scoring function is that no 

binding data are needed. This is an advantage of knowledge-based scoring functions 

that they can be derived from large training set. Such knowledge-based approaches 

have their foundation in the inverse formulation of the Boltzmann law, as shown in 

equation (64). 

                                             Eijk   =   -kTln(pijk) + kTln(Z)                                        (64) 

 

Where the energy function (Eijk) is called PMF for a state defined by the variables i, j, 

and k, pijk is the corresponding probability density, and Z is the partition function. The 

second term of the sum is constant at constant temperature T and does not have to be 

regarded, since Z = 1 can be chosen by definition of a suitable reference state leading 

to normalized probability densities, pijk. Variables i, j, and k can be chosen to be 

protein atom-types, ligand atom-types, and their inter-atom distance. The reference 

state is defined as the state where protein and ligand do not interact each other. PMF 

and DrugScore are the examples of knowledge-based scoring functions. 

 

Up to now, there is no single scoring function that can correctly rank every 

protein-ligand complex because the relative contribution of different protein-ligand 

interactions may vary between structural families (Krovat et al., 2005). The scoring 

functions still need the improvements to enhance the reliability of discrimination 

correctly docked from misdocked conformation or consensus scoring that is a 

combination of two or three scoring function has been proposed (Kontoyianni et al., 

2005). 
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APPENDIX B: Ultrasensitive Reverse Transcriptase Assay 

 

To measure the activities of the 32 selected compounds for inhibiting the 

reverse transcriptase activity of wild-type, K103N and Y181C HIV-1 RT, an 

ultrasensitive reverse transcriptase assay is used by Assistant Professor Dr. Arunee 

Thitithanyanont and coworkers at Pr-615 virus laboratory, Department of 

microbiology, Faculty of Science, Mahidol University. 

 

From transfection plasmid, molecular clone of wild-type, K103N and Y181C 

HIV-1 RT in RT sequence are generated. These molecular clones are sensitive to the 

drugs. The methods are separated into three parts, i.e. reverse transcription (RT), real-

time polymerase chain reaction (PCR), and the measurement of %inhibition of RT 

and  IC50.  

 

1. Reverse transcription 

 

      The preparation of master mix contains 5x Buffer, DTT, dNTP, EMCV 

primer, RNase-inhibitor, EMCV RNA template, RNase-free water and NP40. The 

master mix is added to each tube of standard enzyme (AMV reverse transcriptase (10 

units/µl), QIAGEN), wild-type HIV-1 RT, K103N HIV-1 RT, and Y181C HIV-1 RT.  

Standard enzyme, wild-type HIV-1 RT, K103N HIV-1 RT, and Y181C HIV-1 RT are 

prepared as following. Standard enzyme (AMV reverse transcriptase) is 10 fold 

diluted and used at 106, 107, and 108 nanounits/µl for making standard curve. For 

wild-type, K103N, and Y181C HIV-1 RT, they are 10 fold diluted and used at 107 

nanounits/µl. They are added with the compounds for testing HIV-1 inhibition. The 

mixture of the master mix, AMV-RT of HIV-1 RT and the compounds are incubated 

in the water bath at temperature 42 oc for an hour. In this step, RT activity of AMV-

RT and HIV-1 RT will convert EMCV RNA template to EMCV cDNA. If the 

compound has inhibitory affinity for RT, EMCV cDNA in the tube will be decreased. 

After an hour, RT activity is degraded by the incubation in heat block at temperature 

95 oc for 5 minutes. 
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2. Real-time polymerase chain reaction (PCR) 

 

The master mix consisting of 10x Buffer, MgCl2, dNTP, Probe, EMCV 

forward and backward primers, hot tag DNA polymerase and distilled water are 

prepared. The products from reverse transcription are added to the master mix. They 

are performed real-time PCR in rotor gene for two hours for increasing the number of 

EMCV cDNA by DNA polymerase. Finally, the numbers of EMCV DNA product are 

detected by probe. 

 

3. The measurement of %inhibition of RT and IC50 

 

RT activities of wild-type, K103N and Y181C are detected by comparing 

with RT activity of AMV RT. The %inhibition of RT of the selected compounds are 

calculated by the following formula. 

 

100
1

)11(% *

**

x
RTHIVblankofactivityRT

compoundaddedRTHIVofactivityRTRTHIVblankofactivityRTRTofinhibition
−

−−−
=  

 

Where  HIV-1 RT* = wild-type or K103N or Y181C HIV-1 RT 

 

        %inhibition of RT and the concentration of compound (M) are plotted the 

non-linear regression by using GraphPad Prism. The IC50 is then calculated by the 

following relationship. 

 

)101/(1 )( 50 SlopeMLogICY −+=  

 

Where  Y = %inhibition x 0.01 
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APPENDIX C: Oral Presentations and Poster Contributions to Conferences 

 

Oral Presentation and Proceedings 

 

1. Patchreenart Saparpakorn, Pornpan Pungpo and Supa Hannongbua. Interaction 

Energy and Bound Conformational Prediction of HIV-1 Reverse Transcriptase 

Inhibitor: Nevirapine Derivatives by Using Molecular Docking. The 7th 

Annual National Symposium, On Computational Science and Engineering 

(ANSCSE 2003), Mar 23-25, 2003, Department of Chemistry, Faculty of 

Science, Chulalongkorn University, Bangkok, Thailand. 

 

2. Patchreenart Saparpakorn, Supa Hannongbua and Didier Rognan. Virtual 

screening of K103N and Y181C HIV-1 reverse transcriptase based on 

nevirapine and some NNRTIs. RGJ-Ph.D. Congress VI, Apr 28-30, 2005, 

Jomtien Palm Beach Hotel, Pattaya, Thailand. 

 

3. Patchreenart Saparpakorn, Supa Hannongbua and Didier Rognan. Design of 

nevirapine derivatives insensitive to the K103N and Y181C HIV-1 Reverse 

Transcriptase Mutants. In the proceeding of The 3rd International Symposium 

Computational Methods in Toxicology & Pharmacology Integrating Internet 

Resources, Oct 29- Nov 2, 2005, Shanghai, Republic of China, page 47. 

 

4. Patchreenart Saparpakorn, Jae Hyoun Kim and Supa Hannongbua. Binding 

study of Polycyclic Aromatic Hydrocarbons (PAHs) and Alkylphenols (APs) 

with Fulvic acid (FA), Humic acid (HA) and Soil Organic Matter (SOM). In 

the proceeding of The 10th Annual National Symposium, On Computational 

Science and Engineering (ANSCSE 2006), Mar 22-24, 2006, Department of 

Chemistry, Faculty of Science, Chiang-Mai University, Chiang-Mai, Thailand 

page 122-127. 
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Poster Contribution to Conferences 

 

1. Patchreenart Saparpakorn, Supa Hannongbua and Didier Rognan. Virtual 

screening of K103N and Y181C HIV-1 reverse transcriptase mutants based on 

nevirapine and some NNRTIs. The 15th European Symposium on Quantitive 

Structure - Activity Relationships & Molecular Modelling, Sep 5-10, 2004 at 

Istanbul, Turkey. 

 

2. Patchreenart Saparpakorn, Supa Hannongbua and Didier Rognan. Virtual 

Screening of K103N HIV-1 Reverse Transcriptase Mutant Based on PNU-

142721. The 2nd Asian Pacific Conference on Theoretical and Computational 

Chemistry, May 2-6, 2005 at Chulalongkorn University, Bangkok, Thailand. 

 

3. Pornpan Pungpo, Patchreenart Saparpakorn and Supa Hannongbua. 

Elucidating inhibitory models of efavirenz analogues as potent HIV-1 reverse 

transcriptase inhibitors by 3D QSAR and docking studies. The 2nd Asian 

Pacific Conference on Theoretical and Computational Chemistry, May 2-6, 

2005 at Chulalongkorn University, Bangkok, Thailand. 

 

4. Pornpan Pungpo, Oradee Pankwang, Patchreenart Saparpakorn, Peter 

Wolschann and Supa Hannongbua. Theoretical investigations on potent HIV-1 

reverse transcriptase inhibitors of efavirenz analogues by using conformational 

analysis, molecular docking and 3D-QSAR studies. The XIIth International 

Congress of Quantum Chemistry (XII-ICQC2006), May 21-26, 2006, Kyoto 

TERRSA, kyoto, JAPAN. 

 

5. Suwipa Saen-oon, Mayuso Kuno, Thanyada Rungrotemongkuol, Peerapol 

Nunrium, Patchreenart Saparpakorn and Supa Hannongbua. Drug-enzyme 

interaction; structural information for inhibitor design. The XIIth International 

Congress of Quantum Chemistry (XII-ICQC2006), May 21-26, 2006, Kyoto 

TERRSA, kyoto, JAPAN. 
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