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APPENDICES

APPENDIX A: Theoretical Background

The Theory of Quantum Chemical Calculations

The quantum mechanical methods are based on solving the time independent
Schrédinger wave equation and are used to determine the electronic structures of atom
and molecules. They can be divided into two categories: ab initio and semiempirical
methods. Ab initio methods such as Hartree-Fock (HF) or molecular orbital (MO)
theory, configuration interaction (CI) theory, perturbation theory (PT), and density
functional theory (DFT) can have accuracy in structure and energy predictions when
compared with experimental. However, the weak point of ab initio calculations is
extremely demanding in computer resources, especially for large molecular systems.
Semiempirical quantum chemical methods lie between ab initio and molecular
mechanics (MM). Like MM, they use experimentally derived parameters to strive for
accuracy; like ab initio methods, they are quantum-mechanical in nature.
Semiempirical methods are computationally fast because many integrals neglected.
The error is compensated through the use of experimentally derived parameters. Table
A1 attempts to show the advantages and the disadvantages of MM, semiempirical and

ab initio methods.
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Appendix Table A1  Synopsis of molecular calculations.

Method Advantages Disadvantages Best for
Ab initio -Useful for a broad -Computationally -Small systems
-Uses quantum range of systems expensive -Electronic
physics -Are not depend on transitions
-Mathematically experimental data -Systems
rigorous: no -Transition states and requiring high
empirical parametes | excited states can be accuracy.

Semi-empirical
-Uses quantum
physics

-Uses experimental
parameters

-Uses extensive

approximations

Molecular
Mechanics

-Uses classical
physics

-Relies on force
field with embedded
empirical

parameters.

calculated.

-Less demanding
computationally than
ab initio methods.
-Calculates transition
states and excited

states.

-Computationally
‘cheap’, fast and
useful with limited
computer resources.
-Can be used for
biomolecules and
biomolecule

complexes.

-Requires ab initio
results or
experimental data
for parameters.
-Less rigorous than

ab initio methods.

-Electronic
properties are not
Calculated.

-Ab initio or
experimental data
for parameters are

required.

-Medium-sized
systems
(hundreds of
atoms).
-Electronic

transitions.

-Large systems
(thousands of
atoms) and more
-System or
processes that do
not involve bond

breaking.




62

The time independent Schrodinger equation for a molecule (n-electron and N-

nuclei system) is
HWY(7,R) = E¥(7,R) (20)

The molecular wavefunction, ¥ (7, R), depends on the coordinates of all electrons in

the system (r) and nuclear coordinates (R). When the wave function () is known, all

physical observables of interest can be calculated.

Mostly, the time-independent Schrodinger equation is too complicate to be
solved directly. Consequently, approximations have to be introduced to make
calculations of various molecular properties possible. The Born-Oppenheimer
approximation is the assumption that the electronic motion and the nuclear motion in

molecules can be separated as shown in equation (21).

W, R) = v (7, R (R) @1)

where H is Hamiltonian operator (in atomic units) which compose of the kinetic

operator, T, and potential operator, V, that is;

H=T+V
N M N M N N M M
H=Yivi-Yy Lwviyylysl yyifs (g
o2 Ao12M, i=1 A=1 A i=1 j>i lij A=IB>A Rs

where the Laplacian operator, V?, is ;

o> o° 0o

Via—4+—+
ox* oy’ o0z’
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The motion of the nuclei is separated out from the motion of the electrons. Equation

(22) can be rewritten as

H=-

Mo
A=

2M V124 +Hel (23)
1 A

The electronic wavefunction depends upon the nuclear positions but not upon
their velocities, i.e., the nuclear motion is so much slower than electron motion that
they can be considered to be fixed. Thus, the nuclear-nuclear repulsion term (the final

in equation (22)) appears as a constant inH ;. From (21), (22) and (23) can obtain;

—_ —_ M —_ -
H\P(Fﬂk) = H lr//elec (’7’ R)ﬂnucl (R) = [_ Z 1 Vil + Hel ]V/elec (F’R»nucl (R)
A=1

2M

M
- [_ 2;4 Vi +E€1]W61€C(F’R>’”nucz(1§):EWezec(faE»m,d(E):Ew (24)
= y

The nuclear wave function,y ., describes the vibrational, rotational and

translational motion of the nuclei.

The influence of the nuclear derivative on the electron wave function () is

considered that neglect (i.e. the nuclei move slowly compared with the electrons) Thus

equation (24) can be separated into two equations, an electronic part:

Hp . (’7=R): Eel(R»el (?aﬁ)’ (23)
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where

, QM NN MM
R AW I D I 1 3 2o
i= 1 i=1 A=1 A i=1 j>i A=1B>A
and a nuclear part:
Hnuchnucl (ﬁ) = EWnucl (R)a (27)
where
M
1 _
Hnucl == M ?A el (R) (28)

A=1

Some of the computational approaches have been used to solve the
Schrédinger equation. To make the computations feasible, some approximations are
used. There are two main procedures, ab initio calculation and semiempirical methods
to solve the Schrodinger equation. In an initio calculations, a model is chosen for the
electronic wavefunction and equation (20) is solved using the values of the
fundamental constants and atomic number of nuclei as input. The accuracy of this
approach depends on the model chosen for wavefunction. For large molecules,
accurate ab initio calculations are computationally expensive. Thus, semiempirical
methods have been developed to treat such large molecules. Semiempirical methods
make use of a simiplified form for the Hamiltonian and adjustable parameter obtained

from experimental data.
1. The Hartree Fock approach

The starting point of many ab initio quantum chemistry methods is Hartree-

Fock method. The third term (L) in equation (26) is the crucial complication in all
I

electronic structure calculations. This complication can be neglected by assuming that
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the electrons are non-interacting. This implies that the n-electron equation can be

separated into n one-electron equations.

H, = > () (29)

(i) = [—%vf _fZ_j (30)

4=1 Ty

where h(i) is the core Hamitonian for electron i. The total wavefunction is product of

one-electron wavefunctions:

v =y, Uy, 0).v.(n) @D

The electronic wavefunction must obey the Pauli principle so the electron spin

is taken into account. The products of the spatial orbitals and the spin functions (a(m)
and B(co)) is called spin orbitals, ¢, (i) . The overall wavefunction is written in terms of a

Slater determinant, which has the antisymmetric properties:

8,(1) ¢,0) - ¢.0)

v = ()" ¢’f,(_2) %(2) 32)

8,(n) ¢,(n) - ¢.(n

which commonly is written like:

4,(0.4,(2).-..4.(n)) (33)

‘l//> _ (n!)—l/Z
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The pre-factor (n!)fl/zis a normalisation constant, and the {¢ } are assumed

orthonormal.

A product wavefunction of equation (33) is sought, with the electron-electron
repulsions treaed in an average way. Each electron is considered to be moving in the
electrostatic field of the nuclei and average field of the other n-1 electrons. The spin
orbitals are found by using variation theory which involves minimizing the Rayleigh

ratio.

~(yHw)

ST )

>E (34)

exact

E. is identifined with the electronic energy of ground state of the atom and molecule

for the selected nuclear configuration R.

The application of this minimization procedure leads to Hartree Fock equation

for the individuals spinorbitals. The Hartree-Fock equation for spinorbital is,

fi9.() =¢,9,(1), (35)

where g, is the spinorbital energy and f; is the Fock operator:
fi=h+> U.)-K, D}, (36)

where h; is the core Hamiltonian for electron 1. The Coulomb operator, J,, and

exchange operator, K, are defined here in term of spin orbitals as follows:

. ) 1 (37)
J, (e, (1) = j, j¢u(2)r—¢u(2)dxz ¢, (1)
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e (38)
K, (g, () = joy [4.(2) -4, (2)dx, 14, (1)
_ 82
]0_47z50
fi=h+2 U, M=K, M} (39)

The Coulomb operator take into account the Coulombic repulsion between
electrons, and the exchange operator represent the effects of spin correlation. The sum
in equation (39) represents the average potential energy of electron 1 due to the
presence of the other n-1 electrons. HF equations are solved by self-consistent
procedure, a trial set of spin orbitals is formulated and used to construced the Fock
operator, then HF equation are solved to obtain a new set of spin orbitals which are
used to construct a new Fock operator. The cycle of calculation is repeated until a
convergence criterion is satisfied (Appendix Figure Al). However, the solution for
spin orbitals for molecular system is computationally complex. Thus C.C.J. Rothaan
and G.G. Hall suggested using a known set of basis functions with which to expand
the spin orbitals. For the restricted closed shell, the Hartree-Fock equation for the

spatial function y,(a) occupied by electron 1 is

Sy, D) =¢,y,0), (40)

where f; is the Fock operator expressed in terms of spatial wavefunction:
fi=h+ 22,0 - K, ()] (4D

Each spatial wavefunction ;s a linear combination of basis function ¢:
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S (42)

where ¢ ; are unknown coefficients. The problem of calculating the wave function has

been transformed to computing of the coefficients. When equation (42) is substituted

into equation (40), equation (43) is obtained.
M M
fi2cd,D=¢,2¢c.6,0 (43)
J= J=1

Multiplication of the both sides of equation (43) by ¢ and integration over ry.

We can get equation (44).
20| 47018, = 2,3 e, [ 4 (0, (D (44)

S, the overlap matrix, and F, the Fock matrix, are defined as equation (45) and

(46), respectively.
S; = [ ¢ (g, ()dr (43)
Fy = [4'() /i, (D, (46)
The equation (44) becomes

M M
ZE.‘/‘CM =£,2.5,¢ (47)

Equation (44) can be rewritten in matrix form:

FC=5Ce, (48)
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where ¢ is and MxM matrix consiste of elements c;, and € is an MxM diagonal matrix
of the orbital energies. This equation can not be solved directly because the matrix
element Fjj involve integrals over the Coulomb and exchange operators which
themselves depend on the spatial wavefunctions. The self consistent field approach is

used to solve equation (48).
Fy =y + 2, [ )| ), (49)
I,m

where 4 , core-Hamiltonian matrix, is defined as

B, = [ 4 (R0 (1) (50)

The matrix P is the density matrix or charge- and bond-order matrix,
le = 22 Clj,{ Cmu (5 1)

When /=m, Py is the electron density on atom; when / #m, P, is the bond order

between / and m. The term (y|lm) in Equation (49) signified the two-electron repulsion

integrals, defined as
(5lim)= [ dnrg; (g, (2)r' 67 (2)g, (2) (52)

Two electron integral was considered to be one of the greatest problem in
quantum chemistry, but the one-electron matrix elements h;j is evaluated only once
because they remain unchanged during each iteration, but P;, needs to be re-evaluated

at each iteration.
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Choose set Formulate set of trial
of basis coefficients cj, (and
functions 6; therefore wavefunctions
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Overlap Fock
matrix, S |==| Fan (48) | €= | a4ix F
1 o

Energies, € C ? 0 |Xss
S, —» | Convergence? | Yss
{ coefficients, Cj, ] {

Appendix Figure A1 A Summary of the iteration procedure for a Hartree-Fock

self-consistent field calculations.

Source : Atkins (2005)

2. Basis Set

A complete set of basis function is used to represent spin orbitals exactly. The
use of an infinite number of basis functions is not computationally feasible, a finite
basis set is always used and the error due to the imcompleteness of basis is called the
basis-set truncation error. A critical computational is to keep the number of basis
function low and to choose them cleverly. The basis set used in quantum mechanical
calculations are composed of atomic functions. The approximation involves expressing
the molecular orbitals as linear combinations of set of one-electron functions known as

basis function. An individual molecular orbitals is defined as:
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(I)i = ZcpiXp > (53)
n=1

where the coefficients ¢ ; are known as molecular orbital expansion coefficients. The

basis functiony, ...y, are also chosen to be normalized. A complete basis set consists
of STOs with all permitted integral values of n, I, and m; and all positive values of the
orbital exponents, C (zeta). STO basis functions are centered on the atomic nucleus.
For diatomic and polyatomic species, STOs are centered on each of the atoms.
However, the evaluation of the many two-electron integrals in molecules with three
and more atom is impractical for STOs. Therefore, Gaussian-type orbitals are
introduced by S.F Boys in 1950. They play a major role in ab initio calculations to
make then computationally feasible. Gaussian functions have the general form:

gla,7F)=cx"y"z'e ™, (54)

where 1 is of course composed of X, y, and z. a is a constant determining the size
(radical extent) of the function. When n=m=1=0, the Cartesian Gaussian is an s-type
Gaussian; when n+m+l=1, it is a p-type Gaussian; when n+m+l=2, it is a d-type

ar

Gaussian, and so on. In Gaussian function, e ™ is multiplied by powers (possibly 0)

of x, y, and z and a constant for normalization, so that:

J&' =1 (55)

allspace
Thus, ¢ depends on o, I, m, and n.

Here are three representative Gaussian functional (s, py and dy, types,

respectively):
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7w
12805 .
e
(204807 .
gxy(a,r): T xye (56)

The advantage of GTOs is much easier to compute, but GTOs does not cusp
while STO has cusp. To alleviate this problem, several GTOs are grouped together to
form what are known as contracted Gaussian functions. Each contracted Gaussian
functions(y;) are linear combinations of primitive Gaussians(g; ) like these are used to

form the actual basis functions; the contracted Gaussians have the form:
2, =2.d,8;, (57)
P

where the d’s are fixed constants within a given basis set. Note that contracted

functions are also normalized in common practice. The use of contracted Gaussian
functions reducing the number of coefficient c;; to be in HF calculation leads to large
saving in computer time with litlle loss of accuracy if the contracted Gaussians are
well-chosen. The spatial orbitals are then expressed as a linear combination of the

contracted Gaussians:
V=20, (58)
j

The simplest type of basis set is a minimal basis sets in which one function is
used to represent each of the orbitals of elementary valence theory. For example, a
minimal basis set for H,O consists of seven functions, two basis functions to represent
the two H1s orbitals and five functions to represent the 1s-, 2s-, 2px-, 2py, 2p,-orbital

of oxygen. However, a minimal basis set results in wavefunctions and energies that are
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not very close to the Hartree-Fock limit.

Split Valence Basis Sets

In split valence basis set, each atomic orbital is represented by two basis functions

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

example, hydrogen and carbon are represented as:

H: 1s, 1s’
C: 1s, 2s, 2s’, 2px, 2py, 2p2, 2p’x, 2p’y, 2p’Z

In the (9s5p)/[3s2p] contraction sheme, nine s-type and five p-type primitive
Gaussians are contracted into three (one basis function for 1s and two basis function
for valence 2s-orbital) and two basis functions (two for each of the each of the three
2p-orbitals), respectively. Therefore, the contraction scheme reduces the total number
of basis functions from 24 (five p-type primitives for each of 2py, 2py and 2p,) to nine.
This reduction achieves decrease in computer time because the number of two-electron
integrals to be evaluated is proportional to the fourth power of the number of basis

functions.

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
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beyond what is required for the ground state to the description of each atom.
For example, polarized basis sets add d functions to carbon atoms and f functions to

transition metals, and some of them add p functions to hydrogen atoms.

So far, the only polarized basis set 6-31G(d) is used. 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 set 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.

Diffuse Functions

c (o)« c2®:@

Diffuse functions are large-size versions of s- and p- type functions (as
opposed to the standard valence-size functions) which allow orbitals to occupy a larger
region of space. Basis sets with diffuse functions are important for systems where
electrons are relatively far from the nucleus: molecules with lone pairs, anions and
other systems with significant negative charge, systems in their excited states, systems
with low ionization potentials, descriptions of absolute acidities. The 6-31+G(d) basis
set is the 6-31G(d) basis set with diffuse functions added to heavy atoms. The double
plus version, 6-31++G(d), adds diffuse functions to the hydrogen atoms as well.
Diffuse functions on hydrogen atoms seldom make a significant difference in

accuracy.
High Angular Momentum Basis Sets
Even larger basis sets are now practical for many systems. Such basis sets add

multiple polarization functions per atom to triple zeta basis set. For example, the 6-31G(2d)

basis set adds two d functions per heavy atom instead of just one, while the
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6-311++G(3df,3pd) basis set contains three sets of valence region functions, diffuse
functions on both heavy atoms and hydrogens, and multiple polarization funtions:3 d
functions and 1 f function on heavy atoms and 3 p functions and 1 d function on
hydrogen atoms. Such basis sets are useful for describing the interactions between

electrons in electron correlation methods.

3. Electron correlation

The HF ground state wavefunction is not the exact wavefunction, and it does
not consider the instantaneous Coulombic interaction between electrons. Thus the HF
method ignores electron correlation. A great deal of modern work in the field of

electron structure calculation is aimed at taking electron correlation into account.

The HF method yields a finite set of spinorbitals when a finite basis set
expansion is used. In general, a basis with M members results in M spatial
wavefunction and 2M different spinorbitals. Many Slater determinants can be formed
from 2M different spinorbitals by promoting many electrons from occupied orbitals to
virtual orbitals. The difference between exact energy and HF limit is called the

correlation energy.

3.1 Configuration interaction (CI)

The exact ground-state or exited-state wavefunction can be assumed as
linear combination of all possible n-electron Slater determinants arising from a
complete set of spinorbitals. Therefore, the exact electronic wavefunction ¥ for any

state of the system can be written in the form

Y=Cy®,+ ) CID+ Y CHDI + .. (59)
a,p a=b
r=q

CI accounts for the electron correlation neglected in the Hartree Fock method. CI is

popular method for the calculation of accurate molecular wavefunction and potential
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energy surface, and it is variational. The limited CI calculations are the lack of size-
consistency. In configuration interaction calculation, the ground —or excited-state wave
function,¥, for state s is represented as a linear combination of n-electron Slater

determinants (equation 60).
Y, =>C., (60)

where the sum is taken over a finite number L of determinants @ ; with expansion

coefficients Cj; for the state s. The expansion coefficients Cj; are determined

variationally by minimizing the Rayleigh ratio using ¥ as the trial function.
3.2 Moller-Plesset many-body perturbation theory

One important feature of CI is that it is variational but one disadvantage is
Its lack of size-consistancy. Purturbation theory provides an alternative systematic
approach to finding the correlation: whereas its calculations are size consistent, they
are not variational in that it does not in general give energies that are upper bounds to
the exact energy. The application of PT to system composed of many interacting

particle is called many-body perturbation theory (MBPT).

The zero-order Hamiltonian H” in MPPT, is the sum of the one-electron

Fock operators defined in equation (61).
HOZHHF:Zfi (61)

The HF ground-state wavefunction @ is an eigenfunction of Hyr and that its

eigenvalue equals the sum of the occupied spinorbitals energies. The perturbation H"

is given by
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HY=H-Y T, (62)

The HF energy Enr associated with the ground-state HF wave function @ is the

expectation value.

E, = <CD0‘HHF +HO ‘CD0> (63)
It is easy to show that Egr is equal to the sum of the zero-order energy £.” and the
first-order energy correction E\”

E., =E” +E (64)

Therefore, the first correction to the ground-state energy is given by second order

perturbation theory as

g 21§03 ablpg)pglab) ©5)
40 va €.t éE -&,-¢,

where
(abla)= 7o [ (05 2)-=4, (D, ), = o[ 6 06 (2) 4, ()6, (2)d . (66)

¢, and ¢, are occupied spin orbitals and ¢,and ¢, are virtual spin orbitals. The second-

order energy correction in MPPT is called MP2. In general, Bond lengths of bonds
involving hydrogen computed using MP2 are in good agreement with experimental.
The third- and fourth-order energy corrections are denoted MP3 and MP4. The higher

orders of perturbation theory are second more complicated.
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3.3 The coupled-cluster method

Another popular ab initio method, like MPPT, is size-consistent but not
variational, it is called the coupled-cluster method. The CC method introduces the
cluster operator C, which relates the exact electronic wavefunction ¥ to the HF

wavefunction @

Y=cD,, (67)

where the exponectial operator e© is

1
2

1

C*+—
3!

e“ =1+C+ C’+... (68)

The effect of the cluster operator C on @ is to give a linear combination of slater

determinants in which electrons from occupied spinorbitals have been excited to
virtual spinorbitals. In particular, C is the sum of the one electron excitation operator
C,, two-electron excitation operator C,,..., N-electron excitation operator Cx The

effects of the excitation operators are

¢, =foq>5 (69)
a’p

C,d, =D thiok (70)
a,p

and likewise for Cs to Cy; the ¢7 are called single-excitation amplitudes, ¢/ double-

excitation amplitudes, and so on. Two approximations are widely made in CC

applications. First, a finite basis set is used in the determination of ®,. Second, the

expression for the cluster operator C is truncated to include only specified electron

excitation operators.
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4. Density Functional Theory

The ab initio methods start with the Hartree-Fock approximation in that HF
equations are first solved to find spinorbitals that can then be used to construct
configuration state functions. They have limitations. The accurate calculations with
large basis sets on molecules containing many atom and many electrons is difficult to
perform. Density functional theory (DFT) is popular among quantum chemists. DFT
begin with the concept of the electron probability density. One reason for the
popularity of DFT is that it takes into account electron correlation while being less
demanding computationally than, for example, CI and MP2. It can be used to do
calculations on molecules of 100 or more atoms closely with experiments than HF

calculations. The electronic energy E is functional of electron density and is denoted

E(p).

In fact the algorithms of the approach, in which the electron density is
described in terms of one-electron basis functions, are very similar to the single-
determinant HF algorithm. While the concept of expressing part or all of the molecular
energy as a functional of the electron density goes back to the early days of quantum
theory, Density Functional Theory (DFT) was put on a rigorous theoretical foundation

by the Hohenberg-Kohn theorem. It states that there exists unique density p that yield

the exact ground energy of system. The subsequent work of Kohn and Sham laid the
basis for practical computational applications of the DFT to real systems. W. Kohn
and L. J. Sham showed that the exact ground state electronic energy E of an n-electron

system can be written as

hz
2m

4 . Nz 1 . r)p(r
ZI% (r)Viy, (r)dn, —Jozr—’p(n)dn +EJOIMdndrz +Ex [Pl

¢ il =1 'y ">

E(p)=-

(71)

where the one-electron spatial orbital y,(i=1, 2,...,n) are the Kohn-Sham orbitals. The

exact ground-state electron density is given by
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2
9

P) =Yy r) (72)

where the sumation is done over all the occupied Kohn-Sham (KS) orbitals; p is
known. The first term on the right in equation (71) represents the kinetics energy of
electrons; the second term represents the electron-nucleus attraction where the sum is
over all N nuclei with index I and atomic number Z;; the third term represents the
Coulomb interaction between the total charge distribution at r; and r; the last term is
the exchange-correlation energy of the system, which is also a functional of the density
and takes into account all non-classical electron-electron interactions. One of the four
terms, Exc is not known how to be obtained exactly. The KS orbitals are found by
solving the Kohn-Sham equations, which are derived by applying the variational
principle to the electronic energy E(p) with the charge density given by equation (72).

The KS equations for the one-electron orbitals . (7,)

{_ivf _joi&"'joj.p(r»drz +VXC(”1)}‘//i(”1) =&y, (n), (73)

2m, = r

where g; are the KS orbital energies and exchange-correlation potential, Vxc, is the
function derivative of the exchange-correlation energy. The KS equation is solved by a
self consistent fashion. Stating with the electron density is guessed by using
superposition of atomic densities. Next V. as function of r is computed. The set of KS
equations is then solved to obtain an initial set of KS orbitals. This set of orbitals is
then used to compute an improved density from equation (72), and the process is
repeated until the density and exchange-correlation energy have converged. Then the
electronic energy is computed from eqation (71). The computational time required for
a DFT calculation scale as the third power of the number of basis functions. Therefore,

DFT methods are computationally more efficient than HF method.
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4.1 Exchange-correlation functionals

The obtaining approximate forms for the functional for the exchange-correlation
energy have been developed. This functionals are often separated into an exchange
functional (representing exchange energy) and a correlation functional (representing

dynamic correlation energy).
Exc(P) =Ex(p)+Ec(p) (74)

In the local density approximation (LDA), the exchange correlation functional is
Exc(p) = [ ey [p(r)dr (75)

This equation is an approximation for gas with constant density. However, the
accuracy of this method decreases with varying electon density in the system and
many molecules, In LDA, the exchange functional and correlation functional depend
only on p but not on any derivatives of p. Therefore, to account for the inhomogeneity
of electron density, a non-local correction involving the gradient of p is often added to
the exchange-correlation energy given in equation (73). Thus the LDA with gradient

corrections is called the generalized approximation (GGA).

A variety of exchange-correlation functionals such as B3LYP, BLYP,
BP91 and PBE have been developed for use in DFT calculations. For example, the
popular B3LYP functional is a combination of the gradient-corrected exchange
functional developed by A.D. Becke and the gradient-corrected correlation functional
developed by C. lee, W. Yang, and R.G. Parr. Some of the functional such as B3LYP
represent hybrid DFT calculations that use the Hartree-Fock correction in conjunction
with density functional correlation and exchange. The B3LYP functional looks like

this:

ESNYP —a B +(1-a,)EY +a AE? + EY"™ +a AEL"" (76)
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wherea,, =0.80, a,, =0.72 and a. =0.81, which are values fitted for a selected set

of molecules to reproduce the heat of formation. The term E}" is calculated using the
Kohn-Sham orbitals in the manner of the HF procedure by computing the exchange

integrals. The B3LYP functional often uses AE}"" = EZ"" — BN,

5. Semi-empirical Calculations

Ab initio methods were not be applied routinely to molecules with several
dozen atoms, but semiempirical methods are fast enough to treat also larger systems.
Ab initio represent a more theoretically pure approach. Semiempirical methods use
many approximation and neglection, which are compensated by a parametization using

experimental data.

In semiempirical methods, valence electrons are treated only while the core
electrons are included in the nuclear core. Moreover, two-electron integrals are set to
zero in the treatment. The main implication of this is that the Roothaan-Hall equations
are simplified: FC = CE. The valence-electron Hamitonian H, for a closed-shell

molecule with n, valence electrons is

ny 1 . ny 1 (77)

where 4! is the core Hamiltonian for valence electron i given by

n’ (78)

2m

e

A\ 2 V.eff
h =- Vi+7V,

and V" is the effective potential energy for valence electron i resulting from the

potential filed of the nuclei and all the inner-shell electrons. The Fock matrix elements

are as follows:
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Fy =h) + 3B, [llim)]- (imp) (79)

1
i 2

There are a large number of semiempirical methods in use today such as
MINDO/3, MNDO, AM1, PM3, PM5, and MNDO-d which have roughly the same
structure. Semiempirical methods are thus seen to be well balanced: they are accurate
enough to have useful predictive powers, yet fast enough to allow large systems to be

studied. All the semiempirical methods contain sets of parameters.

MNDO method was modified based on the neglect of diatomic differential
overlap (NDDO); this theory only neglects differential overlap between atomic orbitals
on different atoms. The Austin Model 1 (AM1) and PM3 are based on MNDO (the
name derives from the fact that PM3 is the third parametrization of MNDO, AM1
being considered the second). AM1 and PM3 modify the core-core repulsions just
outside bonding distances. PM3 has two Gaussians per atom, while AM1 has two -
four Gaussians per atom. In AM1 a sum of Gaussians is employed to better represent
the core repulsion behaviour at van der Waals distances. PM3 uses a similar core

repulsion function, but differs in the parameterisation procedure.

One advantage of methods parameterised using experimental data is their
implicit inclusion of electron correlation effects. However, it must be kept in mind that
these methods are parameterized for molecules in the ground state at 298 K. Therefore,
the calculated results are dependent on experimental data. That means that
semiempirical methods would not be expected to perform well on unusual types of
molecules for which no experimental data are available, e.g. for systems far from their
ground state equilibrium. In addition, the results from semiempirical methods should
further be compared to the results of higher-level ab inito or density functional theory.
Results are diffent for diffent methods. Some methods cannot calculate weak

interaction like hydrogen bonding.
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6. Molecular mechanics

Molecular mechanics (MM) methods, known as force field methods, are ideal
for modelling such large systems. These methods employ a potential that ignores the
electron distribution of a system and instead merely considers the positions of the
nuclei within the system. The resulting potential energy function known as a force
field is based on the interactions between the nuclei within the system and takes into

account molecular processes.

Molecular mechanics force field are constructed and parameterized by
comparison with a number of molecules. This force field then can be used for other
molecules similar to those for which it was parameterized. To make a molecular
mechanics calculation, a force field is chosen and suitable molecular structure values
(natural bond lengths, angles, etc.) are set. The structure then is optimized by changing
the structure incrementally to minimize the strain energy and spread it over the entire
molecule. This minimization is orders of magnitude faster than a quantum mechanical
calculation on an equivalent molecule so that it is reasonable to use molecular
mechanics force field instead of quantum mechanical calculation for molecular
dynamics simulations. Up to date, there are a number of different MM potentials that
are in common use for biomolecular including the CHARMM, AMBER, GROMOS
and OPLS potentials.

Molecular mechanics is a classical mechanical model that represents a
molecule as a group of atoms held together by elastic bonds. Molecular mechanics
looks at the bonds as springs which can be stretched called bond stretching.
Compressed, bent at the bond angles, twisted in torsional angles and non-bonded
interactions between atoms are also considered. The sum of all these forces is called
the “force field” of the molecule. Many of the modeling force fields can be interpreted
in terms of a relatively simple four component picture of the intra- and inter-
molecular forces within the system. Energetic penalties are associated with the
deviation of bonds and angles away from their reference and equilibrium values, there

is a function that describes how the energy changes as bonds are rotated, and finally
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the force field contains terms that describe the interaction between non-bonded parts of
the system. More sophisticated force fields may have additional terms, but invariably
contain these four components, so that it can be writing the general equation of the

total energy of motion to be shown as:
Vtot = Vbond + Vangle + Vtorsion + Vvdw + Velec (80)
6.1 Bonded interactions

Bonds stretching: The interaction between two atoms directly bonded to
each other is assumed to be harmonic. Bond stretching energy can be represented as

following,

E=Yk(r—n)? (81)

n=l1

where r is the length of the ith bond (A)
ro is the equilibrium length for the ith bond (A)
kp is the bond stretching constant (kcal/mol (A)%)

Bond angles: The interaction between three connected atoms is also
assumed to be harmonic. Angle bending energy is a function of angular displacement.

The bending energy equation is also based on Hooke’s law
i 2
E=Yk,(0-6,) , (82)
n=1

where 0 is the angle between two adjacent bonds (degree)
09 is the equilibrium value for the ith angle (degree)

ke is the angle bending constant (kcal/mol (degree)?)
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Dihedral (Torsion) angles: There are four atoms connected by three
bonds, so that if we look straight down the second bond, the dihedral angle is the angle
between the first and third bonds. The energies associated with dihedral angles are
treated using a cosine series. The torsion energy is modeled by a simple periodic

function.

E= Y All+Cos(nt-¢)), (83)

torsions

where A is the torsional barrier (kcal/mol)
ntis the periodicity

¢ 1s the torsional angle
6.2 Non-bonded interactions

The non-bonded energy represents the pair-wise sum of the energies of all

possible interacting non-bonded atoms i and j;

E=Y Y r” ) qu, (84)

i J i Ty

where the first term of the right-hand side of the equation (84) is the Lennard-Jones
potential energy function that represented the van der Waals attraction and repulsion
between atom i and j. The second term is the electrostatic interaction between atom i

and j.

Van der Waals attraction: Van der Waals attraction occurs at short range,

and rapidly dies off as the interacting atoms move apart.

Repulsion: Repulsion occurs when the distance between interacting atoms

becomes even slightly less than the sum of their contact distance.
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Electrostatic interactions: Electrostatic energy dies out slowly and it can

affect atoms quite far apart.
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Different Interaction between Single Mutant and Double Mutant
HIV-1 RT Complexed with Efavirenz Inhibitor ; ONIOM Method

Srivub*, Pornthip Boonsri, Peerapol Nunrium and Supa Hannongbua®*

Ltroductmn

The human Immunsdellclency virus typel reverse transer) i1 RT) Oyl
! Ty
Is essential enzyme In the life cycle of the virus and s an 3.

T

KT inhibitor (NNRTI), s one af the most potent and selective inhibitors with
high activity against HIV-1 RT. Mutations of residues in binding pecket of Ll
KT reduce the sensitivity significantly, The most common KT mutation th a
confer resistance 1o NNRTIs such 15 K103, YIS1C. In order to understa
the basis for the resilience of efavirenz against single mutation (K103N and

and double mutation (K103N/Y181C), therefore, quantum chemic
calculations and twe layered ONIOM method (0 M) were applied 1o

ular Interaetion between efavirenz and the binding

site of the HIV-1 RT.

of solvent accessibly

4 viAL Y KI3NY181C
SIM 4 gies of efuvirens with individ
Jevel af
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The model was obtained from erystal structure of efavirenz bound to HI RT for both K103N
Y181C mutant types from the Protein Data Bank with the PDR entry codes 11KV and 11K
‘Whereas the double mutant type wus modeled from FDB entry code 1IKY by rey i i with
cysteine 181 to generate K103NY181C mutant type. The system was adopted by ng 121 amino

i nz which assumed to be in their neutral form, s All amino acids

- and -NHCH, at the N- and at the C- nrmlnnlq with thei
y drogen atoms were added 1o

generate the completed structure of model and their positions were opltimized with semiempirical
method (PA3) These structures were used as the starting geometry for all caleulations.

he internction energy (1 i i individunl residues were determined by

uantum chemical o s al B3LYP/6- ' v whi defined in Eq. (1)

mTlm‘W = Elﬂ'\'v)}h' E v EW [.I’I”‘:.

Where: INT is the interaction energy [ v
X, s the individunl residues, EFZ s efavirens inhibitor i

The
Two layered ONIOM2 was
binding sit shown in Fig. I
layer {reglon A) was treated at BILYP/6. !mld! 3
PM3 level af u!ruh: m L mizs W e i X-ray structure. |ill|||i|1!
energy calculation fren . performed using the
ONION . (2}

e
w0 aan
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{optimized packet) - |E (optimized efavirenz)|

E (High, A} Is the Internction energy In the reglon A,
AAE (law, AB-A} Is the Interaction energy betnren the reglons A and

o istussion al the low level,

The Interaction between efavirens and Lys101 ks the strongest Interaction, which Is the makn contributer (’ oy
Tor both single- and double mutant systems as shown in Table 1. The interaction between efavirens and Jonclusujﬂs
K101 can exhibit moderate hydrogen bonding between benzoxine-2-one (-NH and —C=0) and the
i 3 101 s shown
surrounding the binding pocket of the The Interaction between cfavirenz and 101 bs the strongest Interaction, which Is the

In Fig 3. Moreoves avirenz with residu
vpe. The ONIOM2 calculations were main contributor far both of the wild hpl: and mutant systems,

single mutant type are more attractive than the deulle mutant

frvirens: bound Into t AIV-1 RT binding packet. The
combinations of B3LYP/6- ) 1G{d):PM3 methods were performed. The binding
energhes of afuviresis b the bindlag poc - AE A), the Interaction enery
In the reglon A and AAE {low, AB-A}, the Intersction energy between the reglons A and B as shown In
Table 2. It Is found that AAE (lew, AB-A) for the single- and double mutant types are nat significantly
different. The maln difference energy was obtalned from Interaction in reghon A. This results canse from
the effect f mutation from Lys100 to Asn103 which is unfavorable surfsce contact as shown In Fig, 1.

The maln difference energy was obtalned from Interaction In reglon A. This results come
rom the effect of mutation from Lys103 to Asn103 which is unfavorable surface contact,
therefore, efavirenz drop inhibiting efficlency against the K103N and K1 181C ol
HIV-1 RT. Finally, efavirenz is higher inbibitory affinity agalas Y1810 mutstion
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I ntroduction
The human immunodeficiency virus type1 reverse transcriptase (HIV-1 RT}.
which is an essential enzyme in the life cycle of the virus, is an

Results

hr H.\‘PH‘GN»@ -#m@‘ﬂtm methods [in keabmal

target for the development of new drugs. Efavirenz is a non-nucleoside RT
inhibitor (NNRTI) which has high acﬂwty against HIV-1 RT. However, the
efficacy of highly potent NNRTIs is limited by drug-resistant mutant. The
Y181C mutation is the most HIV-1 RT d with
resistance to NNRTIs. In order to understand the basis for the resilience of
the efavirenz at molecular level and to help the design of further improved
anti-AlD agents, ONIOM method was applied to study the nature of
particular interactions bet the efavi and bindi site of
the HIV-1 RT[1,2,3]

Methodology
The model was obtained from crystal structure of efavirenz bound to
HIV-1 RT [[(Wild type; 1FK3), (Y181C; 1JKH]]. The system was adopted
g of 22 at which was that
their nwtral forms (Figure 2). All amino acids were terminated by capping
with an acetyl group{CH,CO-) and a methyl amino group (-NHCH,) at the
N-and C-terminals, respectively (Figure 1). Their bonds and torsion angles
were assumed to be same as X-ray structure. Hydrogen atoms were added

Fig. 4. Attractivs intersetions (ree) and
Féeractions (e} of sfavirens weh

Individual residue (X (A1 wild type ard 8]
¥i8iC

to the I of the model and their positions were
d with semi pirical method (PM3). These structures Table 2. Compamtaon of g sewrgy e B YIIC type o HIV-A AT, complen
were used as the starting try for all The interacti v Fabouted S90S CHNOH micul. i
energy (INT) L favi and the individual residues was d ined he
by using at BILYP/6-31G(d,p) and _ Mathocs AE_ | AEpign A) | (MEAB-A)
MP2/6-: 3161d.p] level of theory which is defined in equation [1). OSROMRR | Widtpe | 748 85 2
FEC AT a8
OrIOMER. Wi type 1888 o
INT, grvesny = By wrvexy = Egry = B oo (1) SRR T i | e 25 :
THICAMIA Widtpe | Tam o 1813
where: INT is the interaction energy. ERPR IR NUANND. [Tvwic | arm a4 om
Xi is the individual residues, EFV is Efavirenz inhibitor. e L A (Ve et U S s oM | em |
haLil 1845 as ~Ho0e
OraJMC om 1@
P23 G ] BILYPS-3 00 p] PAD 'o'i"' ™ I;?‘h
Exparizar Brndng lass 38 foid
Binding g bound to the HIV-1 RT binding pres=——

of
pocket were performed using three-layer ONIOM calculations. On the basis
of ONIOM method shown in scheme 1, the total energy of the entire system
was obtained from three and five independ: energy calculath in
ONIOM2 and ONIOM3 methods as following equation (2) and (4),
' respectively. The binding energy of efavirenz bound to its binding pocket of
HIV-1 RT was calculated with various bined two- and th I
ONIOM methods are defined as following equation (6] and (7). Parﬁal
optimization was performed by fixing the heavy atoms to represent the real
structure from X-ray.
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Fig. 4 shows the graphical tation of the and repulsi

interactions. It is |:Iea||y seen that there are more attractive interactions
and the lhe hlndlng site of the HIV-1

RT for both wild lrpe and Y181C mutant type. I
and residues in binding pocket of HIV-1 RT for both wild type and Y181C
rrMant type are different only Vallne with position at 179 as shown in Table

1] and K101 for both the wild
lype and vmc mulanl type were calculated at MP2/6-31(d,p) levels and it
shows the -15 g energy diff
between wild lype and Y181C mutant type for all ONR.‘MS calculations is 1
keal/mol. The mutation of Y181 to smaller side chain cystei
does not have much effect on binding of efavirenz to the binding pocket of
HIV-1 RT.

anclusions

The blnding mlgy dmnnu between the wild type and its Y181C mutant
ly 1 kealimol. Additionally, Interactions between
efavirenz and residues in the binding pocket of HIV-1 RT for both wild type
and Y181C mutant type are different only at V179. In summary, efavirenz is
high inhibitory affinity against for both the wild type and Y181 mutant type.
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I ntroduction %sults

The human immunodeficlency virus typel reverse tramscriptase (HIV-1 RT) s essemtial

Table 1. Interaction energles of efvirens and TIBO with indévidual residues (in keal mol), cabeuilate st the
BILYP6- 31G(d) and MPL6-31g(d) level of theory

enzyme in the life cycle of the virms and is an attractive target for the of new -
drug Efavirenz and TIBO are mon-nucleoside RT Inhibitor (NNRTI) with hiﬂi activity Interaction energy of efavirens with individual | Interaction energy of TIBO with
agaimd HIV-1 R However, the eMicacy of these highly potent inhibitors is limited by rlmg- resitues (keal/mol) individual residues(kcal/mol)
resistant mutants. The most common HIV-T RT | with | BILYP6-3gid) | MPZ6 Mgid) | BILYP6 Mgidp) | MPZ63gidp)
NNRTIs arc the Lysi03Asn (K103N) and Tyri81Cys (YI81C) substitutions. In order w i i 5
wnderstand the basis for the resili of these at lar level and o help the mk,} \\Iﬂrppe 'I.wn yisic \\'lld\»e' KI3N | Y810 \\Iklly]n Yisic | Wild type | VI81C
design of further improved amii-AlID agents therefore, combined guanium  chemical Y [T | 3o » L
calculations or ONIOM method were applied to sudy the nature of particular i 7% 084
between these inhibitors and the bimling site of the HIV-1 RT. nis | | ETETH 1450
124 .7 [0
Methodo]ogy = o -

The model were obtained from crystal structure of efavirens and TIBO bound ta HIV-1 RT
for both wild.lypf. mutant lypﬂ (YIEIC and KI0IN). The system of interest for the
hetween these in the binding pocket of the RT were

well defined l‘or bath the wild-type and mutant type which msumed to be in their neutral
form, see Fig. 2 and 3. All amino acids were terminated by capping with CH,CO0- and -
NHCH, at the N- and at the C-terminals (Fig 1), which their bonds and torsion angles
avimed (o be the same as in X-ray structure. Hydrogen atoms were added o generate the

completed structure of the model and their positions were op
method (PMI). These structures were used as the starting geometry for lll calclltt[nm '.I.'h
interaction energy (INT) between theses inhibitors and the individual residues were

determined by quantum chemical caleulations st BILYP6-31gid) and MP26-3g(d) level of
theary. Binding energy calculations of efavirenz and TIBO bound to the HIV-1 RT binding
pocket were performed using two- and three-layer ONIOM calcalations (ONIOM2 and
ONIOMI). ONIOM2 focused on the direct interaction between these inhibilors and residues

Y181C orfand K103N in the HIV-1 RT binding site. To include more important
to the binding internctios, the three-layered ONIOMY was then applied. The high level of
theory calculations was used by the HF, BILYP and MP2 methods and semiempirical (PM3)
method was used as the low level of theory (o treal the real system. The system was divided

into twe parts. During optimization backbone were fived as in the X-ray structure.

Hu. Attraciive internciians = s
wild type, (1) Efavirons bn K1O1E mstunt and (E} Efovirons in VESIC mtans HIV-1 BT .

Tabde 2. The HE With BSSE Correction for the TIDO sl HIV-1 RT
Comples by Various ONIOM2 und GNIOMS Meibads

e, (10 . TEDC b VESIE monstnet, () Ko

Tabde 3, The BE With BSSE Cerrection for the efavirens and HIV-1
RT Complex by ONTOME Methad

BE {kenl'mel)
Methods [Wikd-type|  VISIC | "ABE
mutant
ONIDMZAS 1390 5.5 236
ONIOM2B 1359 41 926
ORIOAC [T | & | ea
oD IEABECECD

Sehematis anpremration of the sdepted sadel B 1. Sshomatis represent sl
of sfuvirwnt bound 1n the HIV-L T Making 97w of TEHO bwsrnd s the HI |wl-.-|.-. - @

cussion

BE (keal'mol)
Methods (Wi ppe] vIBIC | Kamw
| milant | ytamt
ONIOMZA [ wm | s [ 2
ONIOM2B [ 2006 | asar | s

“Nen BSSE comecton. *ATE = BE gy o W 000 e

T gy = KT & DRV BT, ~ KON BT, K (Inbilbor,

stab@izstion energy of efavirens binding fo Iis bisding pocket. In K

Two and three layer ONIOM calculstions were applied to detemmine the BE of TIBO to the HIV-1 RT binding pocket of both
wild-type and VISIC wmtand type, These results clestly show that the mutation of YIS1C as compared with the wild type
decreases the stabllestbon mergy of TIBO binding to lis binding pocket. Comgparison of the complex dructures miggests ihat the
VISIC mustation eliminates Faverable contacts of the aromatlc ring of the tyosdne snd the bound  Ihibilor, reducdng ihe dability
of TIBO binding. Clearly, there are more repubdve inteructions between TIBO with residue warrounding the binding pocket. For
bimding energy of efavirene, comparison between wild iype and mustant type (K103, VISIC) was perfonned by using two layered
ONIOM methed. The reslts clearty show that twe major nastants, K103% and V18]

stmall repubsdon between efavirens and Asil03. The interaction between these Inhibllors and hsl01 bs the strongest ints

* s compared to the wild type decrease ihe
103N tmutand , the rephecement of Lysl03 by Awl03 creates 2
eraction,

for both wild type

Conclusions

shown in Table 1,

1. The binding energies of efavirens and TIRO to binding pocket in mutants (K1035 or YIE1C) as compared to (he wid fype
pockels.

decrease the stabilization energles of these Inhibltors binding to their binding
2- The Interaction of TIBO and efuvirenz inhibitors with lys101 b the strongest Interaction for bath wild type and mutant
e m
pitivln o iy
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