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Abstract

Response properties using Kohn-Sham density functional theory (KS-DFT) [1,2]

have been studied extensively for the past several decades. As a result, different

methods have been proposed to study the response properties of molecules and a

vast amount of data for the response electric properties, namely, dipole polariz-

abilities, first-hyperpolarizabilities etc., of certain prototype molecules is available

[3]. Study of molecular response properties can be highly useful in marking out the

molecules which could be candidates for applications concerning non-linear optical

(NLO) materials [4].

Despite the enormous amount of data available for such properties, the ones

using rigorous numerical and analytic methods are mostly available for smaller

molecules or use smaller basis sets or both. Rest of the available data uses the crude

energy based, finite field approach, which could be highly inaccurate for higher order

energy derivatives. There is, therefore, a need to explore computationally feasible

methods, which can handle large molecules with reasonable accuracy.

The objective of this thesis is to put forward a computationally simplified im-

plementation of the analytic response approach using the coupled-perturbed Kohn-

Sham (CPKS) method in DFT for application to larger molecules in combination

with finite-field method. We will focus mainly, on the implementation for response

electric properties of the molecules. Additionally, we would like to emphasize the

scope of the method proposed by us. Our objectives are the following:

1. Outline a clear method for calculation of the response electric properties viable

for application to large molecules.

2. Test our method for studying the response properties of some prototype

molecules followed by comparison with benchmark ab initio results for un-

derstanding the accuracy of our results. The feasibility of our method for

stretched internuclear distances will also be explored.
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3. Carry out the implementation of our proposed formalism in the deMon,

which is a software based on DFT for calculation of polarizability and first-

hyperpolarizability of molecules.

4. A further implementation on similar lines for the dipole-quadrupole polariz-

abilities of molecules.

5. Application for some large molecules using reasonably larger basis sets to

showcase the feasibility of our method for larger molecules.

The organization of the dissertation work will be as follows:

Chapter 1

In chapter 1, we will review the basic DFT [1] and give some details about the

exchange-correlation functionals followed by the response theory for obtaining the

molecular response properties. Few of the developments concerning the response

approach and response properties in the area of DFT that have already taken place

will be reviewed. We will then discuss the motivation for our present work.

Chapter 2

In chapter 2, we will give a detailed account of the formalism proposed by us,

towards developing a simplified linear response approach to DFT for calculating

response electric properties, namely, polarizability and first- hyperpolarizability of

molecules [5]. Its implementation in the deMon software will also be discussed. The

implementation of our method in the deMon-KS, version 3.5 [6], which we tested

for some prototype molecules, namely, HF, BH, CO and H2O [5], (presented in

chapter 3) would be discussed in brief. The details of the recent implementation

in deMon2k [7] would also be presented. The advantages of the implementation of

our formalism for the molecular response property calculation using DFT would be

highlighted in this chapter.

Chapter 3

In chapter 3, we will discuss the results of polarizability and first-hyperpolarizability

obtained using the deMon-KS. The results for HF and BH molecule at different in-

ternuclear distances for different basis sets and exchange-correlation functionals and

those for equilibrium geometries of CO and H2O molecule will be thoroughly dis-

cussed [5]. We will focus on issues like the behaviour of DFT away from equilibrium

bond distances and certain other implications of the results.

Chapter 4

In chapter 4, we will present the extension of our method to the calculation of
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dipole-quadrupole polarizabilities [8]. The details of the implementation for closed

shell cases would be discussed. Also, we will present in this chapter, some results for

polarizability and hyperpolarizability from our method in comparison with another

approximate CPKS method [9] developed by a research group in Mexico. However,

we added the hyperpolarizability module to their program. In this chapter we will

also discuss details about their CPKS implementation as against our implementa-

tion of the CPKS method to the DFT. Additionally, We would also like to discuss

the scope of our proposed formalism for DFT.

Chapter 5

In chapter 5, we will study two sets of molecules using our method. The first set

of system is Sodium atom clusters of even number [5]. We will study the Na2,

Na4, Na6 and Na8 clusters using our method and also compare them with ab initio

calculations. The second set of molecules is para-nitroaniline and its derivatives,

which are a highly interesting set of molecules as they are candidates for NLO

materials study. We will compare the results with benchmark ab initio calculations.

We would discuss the results for the above calculations to emphasize the advantages

of our method for property calculations for larger molecules using reasonably large

basis sets.
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Chapter 1

Introduction

The area of non-linear optics (NLO) has been in the limelight for the past few

decades due to the development in the field of laser technology. These develop-

ments have further advanced the research on potential NLO materials. As a result,

the calculation of molecular response properties have been gaining considerable at-

tention. These calculations can be highly intuitive in giving cue for identification

of technologically and mechanically important materials for NLO applications.

Electric properties, in particular, have been studied for a wide variety of atoms,

molecules and clusters in the past using a spectrum of different approaches. Den-

sity functional theory (DFT) has been widely popular for calculation of electronic

structure and properties of such molecules. The popularity is due to the exact-

ness of the theory in principle and the simple working equations due to the use of

electron density as a basic variable in the entire framework of the theory. Further,

electron correlation effects and basis sets are known to play an important role in

the determination of these molecular response properties. However, as the size of

the system under study and basis set size increases, it becomes utterly impractica-

ble to use the more rigourous ab initio methods. Although, the Hartree-Fock (HF)

theory provides an option in terms of computational feasibility it lacks the effects

of dynamical electron correlation. DFT on the other hand, can take care of this

problem with relative ease. It takes care of the electron-correlation effects and at

the same time scales similar to the HF theory in terms of the computational time.

This is due to the Kohn-Sham (KS) method in DFT, which further transforms the

working equations to single-particle form thus converting the theory into a prac-
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tical tool for large scale applications. In this thesis, we present a simplified linear

response approach for studying the response electric properties of molecules using

KS-DFT.

1.1 Wavefunction Theory

Obtaining the solutions of the Schrödinger eigenvalue equations have been the pri-

mary goal of quantum mechanics. For an isolated N-electron atomic or molecular

system in the Born-Oppenheimer nonrelativistic approximation, this is given by,

ĤΨ = EΨ (1.1)

where, E is the electronic energy, Ψ=Ψ(x1, x2, . . . xn) is the wavefunction which

describes the state of the N-electron quantum-mechanical system and is a function

of the space-spin coordinates, xi, of all the electrons of the system, and H is the

Hamiltonian operator which constitutes the following terms:

Ĥ = −
N
∑

i=1

1

2
∇2

i +
N
∑

i=1

ν(ri) +
N
∑

i<j

1

rij

(1.2)

where, the first term is, T, the kinetic energy (KE) operator, last term is Vee, the

electron-electron repulsion energy operator, the middle term is Vne, the nuclear-

electronic interaction operator, where, the external potential due to the nuclei can

be given as,

ν(ri) = −
∑

α

Zα

riα

(1.3)

and Eq. 1.2 could be more compactly written as,

Ĥ = T̂ + V̂ne + V̂ee (1.4)

The total energy is obtained after adding the nuclear-nuclear repulsion energy, Vnn

to the electronic energy, E after solving the Schodinger equation. The Vnn term is

a constant for a fixed arrangement of the nuclei and could be added before or after

the calculation. When the system is in a state Ψ, which may or may not satisfy
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the Schrödinger equation, the average of many measurements of the energy or the

expectation value of the energy is given by,

E[Ψ] =
〈Ψ|Ĥ|Ψ〉

〈Ψ|Ψ〉
(1.5)

Since, each measurement of energy gives one of the eigenvalues of H, we have,

E[Ψ] ≥ E0 (1.6)

Thus, energy computed from the guess wavefunction is an upper bound to the

true ground state energy, E0. There are different ab initio theories namely the

more rigourous theories like the coupled-cluster theory (CC), Moeller-Plesset (MP)

perturbation theory, configuration interaction (CI) theory, etc., which attempt to

solve the Schrödinger equation.

1.1.1 Hartree-Fock Theory

Hartree-Fock (HF) theory [1, 2] is the simplest of the ab initio methods due to

its single-particle equations and is the starting point for understanding the other

much complex theories. We describe here the HF theory in brief. The electronic

Hamiltonian in the HF framework is,

Ĥ = T̂ + V̂ne + J −K (1.7)

Although the KE is written in terms of a non-interacting operator for the sake

of simplifying the equations, the electrostatic coulomb interaction, J, is obtained

in an average manner. The exchange energy term, K, accounts for the interaction

between the electrons of parallel spin, however, the interaction between the electrons

of opposite spin (correlation energy contribution) is missing in the HF theory. The

energy, E is a functional of the wavefunction which is approximated as a single

Slater determinant constructed using an orthonormal set of single-electron spin-

orbital functions. The method of Lagrange undetermined multipliers is used to

solve the HF matrix eigenvalue equation for stationarity of the energy functional.
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In the process the spin-orbitals are varied under the constraint that the spin-orbitals

form an orthonormal set.
∫

Ψ(i)Ψ(j) = δ(ij) (1.8)

The Euler-Lagrange equation for stationarity of the energy is,

∂E = ∂〈Ψ|Ĥ|Ψ〉 − E∂〈Ψ|Ψ〉 = 0 (1.9)

At the end one thus obtains a Slater determinant corresponding to the best set

of spin-orbitals and consequently the minimum energy or the ground state energy

of the system. An elaborate discussion of the HF theory could be found in the

chapter 3 of the book by Szabo and Ostlund [3]. The alternative to using the 3N-

dimensional wavefunction is to use methods based on the electron density. Unlike

the wavefunction the electron density not only has a physical significance but is

also a measurable quantity.

1.2 Density Theory

The idea of using the 3-dimensional electron density as a basic variable for study-

ing an N-electron quantum-chemical system originated in 1920’s as a result of the

independent works of Thomas and Fermi. The model used statistical considera-

tions to approximate the electronic distribution in an atom and is known as the

Thomas-Fermi (TF) model [4, 5]. The original papers were translated into English

by March in 1975 [6].

1.2.1 Thomas-Fermi Model

In this approximation the electrons are treated as independent particles forming a

uniform electron gas and the electron-electron repulsion energy arises solely due to

electrostatic interactions. The KE corresponds to a noninteracting system with the

electron density, ρ(r). The TF energy functional can be written as:

ETF [ρ(r)] = CF

∫

ρ
5

3 (r)dr − Z
∫

ρ(r)

r
dr +

1

2

∫ ∫

ρ(r1)ρ(r2)

|r1 − r2|
dr1dr2 (1.10)
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and,

CF =
3

10
(3π2)

2

3 = 2.871

where, the first term is the KE, second term is the external potential and the last

term is the classical coulomb energy term. The energy functional is then minimized

under the constraint that the electron densities should integrate to the total number

of electrons in the system to obtain the ground state electron density of the system.
∫

ρ(r)dr = N (1.11)

The TF method has been used in the past for calculations for atoms and molecules

and a quite a bit of literature is available [7, 8, 9]. The early works have been re-

viewed by Gombas and by March [10, 11]. The applications to atoms and molecules

have been reviewed by March (1981) [12]. The TF method was found to give a

very crude description of the electron density and the electrostatic potential. Lieb

and co-workers have researched the TF method and proved a number of theorems

[13, 14, 15, 16]. It was shown that the TF scheme is exact in the limit of infinite

nuclear charge.

However, the TF model has a number of deficiencies; some severe ones include

the infinite charge density at the nucleus. Also, the charge density does not decay

exponentially away from the nucleus of the atom. The method does not account for

binding of atoms to give molecules or solids. The model lacks the shell structure

in the atom. All these and a few other defects have led to the modification of the

model. There were subsequent modifications to the TF model by Dirac, wherein,

an exchange term was added to the TF equations [17]. This additional exchange

energy term, KD, was given to be,

KD[ρ] = Cx

∫

ρ
4

3 (r)dr (1.12)

where,

Cx =
3

4

(

3

π

)

1

3

= 0.7386

This model was called the Thomas-Fermi-Dirac (TFD) model. Von Wiezsacker

added a gradient term to the KE term of the TF model. This model came to be
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known as Thomas-Fermi-Weizsacker (TFW) model [18]. The review by Lieb on

TF and related theories of atoms and molecules could be seen for more information

on this topic. Despite the flaws in the TF model, it came to be known as the

first approximation to the exact description of the ground state of any system in

terms of the density; this turns out to be a density functional description, where,

all properties of a system can be expressed in terms of the electron density, ρ, i.e.

the number of electrons per unit volume, as it varies through space. The charge

density or electron density can be expressed in terms of the wave function as:

ρ(r1) = N
∫ ∫

|Ψ(x1, x2, . . . , xN )|2ds1dx2 . . . dxN (1.13)

where, ρ(r1), is a simple non-negative function of the three variable, x, y, and z,

integrating to the total number of electrons, N.

1.2.2 The Xα Method

Slater proposed a new method called the Xα method which is a combination of the

HF model and the TFD model [19]. Here, Slater uses the TDF exchange potential

with a numerical prefactor, α, which appears as a parameter in the theory and

employs the KE part of the HF model. He thus put forth a simplification to the

integro-differential equations of the HF model. His idea was to keep the KE as in

HF model, and instead, apply a statistical approximation to the exchange part of

the potential. This corrects the deficiency of the TFD model, and, at the same

time, simplifies the HF model drastically. Techniques for solving the Xα equations,

choosing α values, and many calculated results, are described in detail in the reviews

of Slater, Johnson and Connolly, and in the book by Slater [20, 21, 22, 23]. The

TFD and the Xα methods have been compared in detail by Slater [24] and the

article by Gasper [25] justifies the α=1 value. The Xα method may be regarded as

a density functional scheme with neglect of correlation and with approximation to

the exchange energy.
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1.2.3 Density Matrix Theory

If the density contains all the information about the system and can determine

all properties, then the first-order reduced density matrix should hold even more

information about the system. The formal expression of the first order reduced

density matrix or the one-matrix in terms of the wavefunction is:

γ1(x
′
1, x1) = N

∫

Ψ⋆(x1, x2, . . . , xN )Ψ(x1, x2, . . . , xN)dx2dx3 . . . dxN (1.14)

The diagonal elements of the one-matrix, γ1, are the electron density; as a result the

trace of the one-matrix gives the number of electrons of the system, whereas, the

second-order density matrix, γ2, normalizes to the number of electron pairs. The

idea is to have a whole new theory, which can be constructed using density matrices

alone. And, since, the basic Hamiltonian has only one-electron and two-electron

operators, the first-order and second-order reduced density matrices should suffice

for construction of the energy expression where all the terms and the energy itself

is a functional of the density matrix. In fact the γ1 can be obtained from γ2 by

quadrature as:

γ1(x
′
1, x1) =

2

N − 1

∫

γ2(x
′
1x2, x1x2)dx2 (1.15)

The reduced density matrices γ1 and γ2 are co-ordinate space representation of the

operator γ̂1 and γ̂2 acting, respectively, on the one- and two-particle Hilbert spaces.

The eigenfunctions of γ̂1 are called the natural spin orbitals and the eigenvalues are

the occupation numbers. It is because of Eq. 1.15, the second-order density matrix

alone, is needed to obtain the energy expression, which can be integrated over spin

to get the expression in terms of the spinless density matrices [26, 27, 28]. So,

now, the equations need to be minimized with respect to the second-order density

matrix only. As a result, a lot of research has been done in the hope to avoid

the 4N-dimensional Ψ [29, 30, 31, 32, 33, 34, 35, 36, 37]. Even the HF theory has

been reworked in the density matrix language by Lowdin [38]. However, the major

obstacle in implementing this idea, was realized pretty much in the beginning.

The trial γ2 must correspond to some antisymmetric wavefunction, Ψ. This is the
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N-representability (discussed later) problem for the second-order density matrix.

1.3 Density Functional Theory

Despite the TF and other models propagating the use the of electron density based

theories, the actual justification for using the electron density as a basic variable

and expressing energy as a functional of the ground state electron density came

from the landmark papers of Hohenberg and Kohn (HK) in 1964 [39]. The idea of

the energy being a functional of the exact ground state electron density was based

on the following theorems.

1.3.1 The Hohenberg-Kohn Theorems

Hohenberg and Kohn put forth two theorems, the first HK theorem said that, for

a non-degenerate ground state of an electronic system the electron density, ρ(r),

uniquely determines, within a trivial additive constant, the external potential, ν(r).

The simple proof for this theorem can be found illustrated on p. 51 of reference

[40]. Since ρ determines the number of electrons N (by simple quadrature from

eqn. 11) and the ν(r), it fixes the Hamiltonian H of the system and thus determines

the ground state wavefunction Ψ and all other electronic properties of the system

including the KE, T[ρ], potential energy V[ρ] and the total energy E[ρ]. We now

write Eν instead of E to make the dependence on ν explicit.

Eν [ρ] = T [ρ] + Vne[ρ] + Vee[ρ]

=
∫

ρ(r)ν(r)dr + FHK [ρ] (1.16)

Here, the FHK [ρ] is a universal HK functional of ρ(r) and is independent of the

external potential, ν(r). It depends only on the number of electrons and constitutes,

FHK [ρ] = T [ρ] + Vee[ρ] (1.17)
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The Vee contains the classical repulsion term J[ρ],

J [ρ] =
1

2

∫ ∫

1

r12
ρ(r1)ρ(r2)dr1dr2 (1.18)

and the non-classical term, the major part of which, is the exchange-correlation

energy. Once the form of FHK [ρ] is known, the exact ground state energy of the

system could be determined. However, the exact form of the universal HK func-

tional is not known. The first HK theorem is thus merely an existence theorem for

the energy functional.

The second HK theorem gives an energy variational principle or a variational

bound to the energy functional, which means, for any given trial density, ρ̃(r) such

that, ρ̃(r) ≥ 0,
∫

ρ̃(r)dr = N , and ρ(r) is non-negative, the energy functional is

always greater than or equal to the exact ground state energy, E0.

It can be seen that the determination of the form of the FHK [ρ] is the crucial

part in construction of the energy functional for obtaining the exact ground state

energy. Since, the form of the FHK [ρ] is unknown, lot of research has been directed

towards finding the best approximation for it in the hope to take advantage of the

formal exactness of the theory for obtaining the exact ground state energy of the

system.

1.3.2 The v- and N-representability problem

When we say that the ground state electron density can give all the electronic

properties of the system, the electron density has to be v-representable and all

functionals of the density are defined only for v-representable electron densitites.

The electron density may or may not be v-representable. An electron density is

v-representable if it is associated with an antisymmetric ground state wavefunction

of a Hamiltonian of the form in Eq. 1.2, corresponding to an external potential ν(r).

It is this unique mapping between the v-representable density, ρ(r) and the ground

state wavefunction Ψ that facilitates in obtaining all the electronic properties of

the state.
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From the second HK theorem, we have for all v-representable densities,

Eν [ρ0] = E0 ≤ Eν [ρ̃] (1.19)

where, Eν [ρ0] is the ground state energy of the Hamiltonian with ν(r) as the exter-

nal potential and ρ0 the ground state electron density. As mentioned earlier, not

all electron densities are v-representable, and infact, many resonable densities have

been shown to be non-v-representable by Levy and Lieb in 1982 [41, 42]. This is a

serious problem that needs to be countered. It was later discovered that, the elec-

tron density in the functionals and the variational principle can be made to satisfy

a much weaker condition called the N-representability by formulating the DFT in

a different manner. N-representability is a pre-requisite for the v-representability

condition and any reasonable density that can be obtained from some antisym-

metric wave function is N-representable. The works of Gilbert and Harriman, in

particular, could be referred for more details about the N-representability [34, 43].

1.3.3 Constrained-search formulation of Levy

The N-representability of the electron density now poses a new problem. We found

a one-to-one correspondence between the ground state wave function, Ψ0 and the

ground state electron density, ρ0. ρ0 can be obtained from Ψ0 by simple quadrature,

but, the reverse is not as trivial, since, the ρ0 can be obtained from an infinite

number of antisymmetric wavefunctions, which do not necessarily correspond to

any ground state and yet give the same density. The answer is simple [44, 41, 45],

and the constrained-search formulation of Levy can be used to understand it. Since,

the external potential is a simple functional of the density, we have,

Eν [ρ] = FHK [ρ] +
∫

ν(r)ρ(r)dr ≥ Eν [ρ0] (1.20)

which means that, among all the wavefunctions giving the ground state density

ρ0, only the ground state wavefunction, Ψ0, minimizes the expectation value of

〈T̂ + V̂ee〉.

〈Ψρ0
|T̂ + V̂ee|Ψρ0

〉 ≥ 〈Ψ0|T̂ + V̂ee|Ψ0〉 = FHK [ρ0] (1.21)
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So, we have, FHK [ρ0], the universal functional of the v-representable density,

FHK [ρ0] = Min〈Ψ|T̂ + V̂ee|Ψ〉 . . . for Ψ → ρ0 (1.22)

where, the Levy’s constrained-search approach requires a search to be done over

all the antisymmetric wavefunctions that give the electron density, ρ0, for FHK [ρ0]

to give a minimum. Thus, Levy’s method not only proves the first HK theorem,

but also, gets rid of its initial limitation that, the density should correspond to a

non-degenerate ground state. With this constrained-search, only the wave function

corresponding to the ρ0 would be selected out of the set of degenerate wavefunctions.

Here, the variational search is over the space of trial wavefunctions, which give the

density ρ0 as against the search for a minimum of the energy functional, where, the

only constraint is on the normalization of the wavefunction.

Levy’s method, thus, saves the task of scanning the entire N-particle Hilbert

space for searching the ground state wavefunction. As the set of trial wavefunctions

chosen are antisymmetric, it adheres to the N-representability criterion, and, as

long as the ρ0 is obtained from an antisymmetric wavefunction, we need not bother

about the v-representability of the electron density on the domain of variation in

the HK variational principle. The method thus, gives us freedom from explicitly

searching for a v-representable density and we can simply take into account the

N-representability, which requires nothing more than the non-negativity, proper

normalization, and continuity of the trial electron densities.

1.3.4 Kohn-Sham Method

The true practical applicability of the DFT for rigourous calculations came after

Kohn and Sham proposed a clever indirect approach to the KE functional, T[ρ] in

1965 [50]. The energy functional has the form as in Eq. 1.16 and the FHK [ρ] in

Eq. 1.17 would be referred to as F[ρ] hereon. The ground state density minimizes

the E[ρ] and thus, satisfies the Euler-Lagrange equation.
[

∂E[ρ]

∂ρ

]

= µ = ν(r) +
∂F [ρ]

∂ρ(r)
(1.23)
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where, µ is the Lagrange multiplier associated with the constraint of Eq. 1.11 µ is a

measure of the escaping tendency of the electronic cloud and is called the chemical

potential. It is a constant, through all space for the ground state of a system.

We now discuss the general idea of the Kohn-Sham (KS) method. The exact

form of the KE functional and the electron density in terms of the natural spin

orbitals, φi, and their occupation numbers, ni, are,

T [ρ] =
N
∑

i=1

ni〈φi| −
1

2
∇2|φi〉 (1.24)

ρ(r) =
N
∑

i=1

ni

∑

s

|φi(r, s)|
2 (1.25)

The φi and ni, are the eigenfunctions and eigenvalues of the first order reduced

density matrix, γ1 of Eq. 1.14, respectively. Here, the ni’s require to be 0 ≤ ni ≤ 1,

by the Pauli’s principle. However, there are infinite possibilities for the above two

expressions, of the KE functional and the electron density, of an interacting N-

electron system. Kohn and Sham proposed to put ni = 1 for N orbitals and ni = 0

for the rest of them, thus, simplifying the expressions of KE functional and the

electron density to,

Ts[ρ] =
N
∑

i=1

〈φi| −
1

2
∇2|φi〉 (1.26)

ρ(r) =
N
∑

i=1

∑

s

|φi(r, s)|
2 (1.27)

where, Ts[ρ] constitutes the major part of the exact KE. It corresponds to a non-

interacting system, whereas, the ρ(r) corresponds to an interacting system. The

above description of Ts[ρ] and ρ(r) fits exactly with the determinantal form of

the wavefunction for a noninteracting system of N-electrons. However, a similar

problem of a unique decomposition of ρ(r), which we touched upon earlier, but here,

in terms of the orbitals to give a unique value of Ts[ρ] comes up. To address this,

KS invoked a corresponding reference noninteracting system with the Hamiltonian,

Ĥs =
N
∑

i

(

−
1

2
∇2

i

)

+
N
∑

i

νs(ri) (1.28)
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where, νs(ri) does not contain the electron-electron repulsion term and the ground

state electron density is ρ(r) of Eq. 1.27. This ρ(r) requires to be noninteracting v-

representable; which means there needs to exist a noninteracting ground state with

this ρ(r). It turns out, however, that the Ts[ρ] of Eq. 1.26, can be defined for any

density obtained from an antisymmetric wavefunction. Although, Ts[ρ] is uniquely

defined for any density, it is not the exact KE, T [ρ], but an exact component of it.

The theory thus is of independent- particle form and yet exact. The F[ρ] can now

be separated into the following components as,

F [ρ] = Ts[ρ] + J [ρ] + Exc[ρ] (1.29)

where, the exchange-correlation energy, Exc[ρ] contains the non-classical part of the

electron-electron repulsion energy and the remaining smaller part of the KE, i.e.,

T [ρ] − Ts[ρ]. The T [ρ] is the exact KE.

The KS potential is defined as,

νeff (r) = ν(r) +
∂J(ρ)

∂ρ(r)
+
∂Exc[ρ]

∂ρ(r)

= ν(r) +
∫

ρ(r′)

|r − r′|
dr′ + νxc(r) (1.30)

where, νxc is the exchange-correlation potential,

νxc =
∂Exc[ρ]

∂ρ(r)
(1.31)

Rearranging the Eq. 1.23, the Euler equation now becomes,

µ = νeff (r) +
∂Ts[ρ]

∂ρ(r)
(1.32)

ρ(r) that satisfies Eq. 1.32, can be obtained from a given νeff (r) by solving N

single-particle equations of the form,

[

−
1

2
∇2 + νeff(r)

]

φi = εiφi (1.33)

where, the ρ(r) is constructed using Eq. 1.27. Since, νeff (r) depends on ρ(r),

Eq. 1.33 needs to be solved self-consistently.
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Eq. 1.30, 1.31 and 1.33 along with the expression for ρ(r), i.e., Eq. 1.27

constitute the KS equations. However, for molecules an introduction of a basis is

required, where, the molecular orbitals, φi’s, are written as linear combination of

the atomic orbitals (LCAO) in terms of contracted Gaussian functions, χ’s, centered

on atoms.

φi(r) =
N
∑

µ

Cµiχµ(r) (1.34)

The electron density can now be written as,

ρ(r) =
N
∑

µ

N
∑

ν

Pµνχµ(r)χ∗
ν(r) (1.35)

where, Pµν is the density matrix. The single particle KS-DFT equations in Eq. 1.33

now gets transformed to the Kohn-Sham (KS) matrix equation.

HC = SCE (1.36)

where, H is KS operator matrix in the AO basis, C is the coefficient matrix, the S

is the overlap matrix and E is the energy matrix.

The total energy can be obtained by substituting the Eq. 1.29 for F[ρ] in that

for E[ρ] below,

E[ρ] =
∫

ν(r)ρ(r)dr + F [ρ] (1.37)

The review articles on DFT are informative and make for an interesting reading

[46, 47, 48, 49].

1.4 Exchange-Correlation Functional

The exchange-correlation functional, Exc[ρ], as mentioned earlier constitutes the

non-classical part of the electron-electron repulsion term and a small part of the

kinetic energy. The exchange-correlation term in the energy expression decides

the accuracy of the DFT calculations. However, its exact form is unknown and

a number of approximations are available and this makes an interesting topic of

research in itself, which is being pursued by many researches.
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The simplest approximation for the Exc[ρ] is, the local density approximation,

LDA, first proposed by Kohn and Sham [50], which approximates the electron

density of the system as a homogeneous electron gas, where, the energy per particle

is estimated separately for the exchange and the correlation terms and the exchange-

correlation energy functional for the LDA is,

ELDA
xc [ρ] =

∫

ρ(r)(εx(ρ) + εc(ρ))dr (1.38)

The exchange part, εx(ρ), is given by the Dirac exchange [17] term and the corre-

lation term by the analytic form put forth by Vosko, Wilk and Nusair [51] in 1980.

There is also the spin density analog of the LDA called the local spin-density (LSD)

approximation.

Although, it is well known that the LDA suits best for cases with slowly

varying density, there are hundreds of application of the LDA to the atoms and

molecules [52] which show inhomogeneity in their electronic distribution. In spite

of the fact, that, the binding energies from the LDA are overestimated by about

10%, the quantities that involve difference of energies tend to come out quite good.

The LDA thus, has a tendency to over bind. This is mainly due to the mutual

cancellation of errors between the exchange and correlation terms. However, LDA

is not accurate for chemical applications, which require the determination of energy

differences with considerable precision. To improve the LDA approximation, one

needs to have a functional that includes the gradients of the electron density. The

gradient-corrected functional are of the form,

EGGA
xc =

∫

f(ρ(r),∇ρ(r))dr (1.39)

These functionals reduce the errors considerably in comparison to the LDA. How-

ever, there are too many such functionals in use in the literature, each of them yield-

ing different energies for the same system, which, unlike in the ab initio methods,

make benchmarking in DFT difficult. These functionals could in general be clas-

sified as, the functionals constructed holding LDA as a precursor, i.e., whose con-

struction is based on the uniform electron gas [53, 54, 55, 56, 57, 58, 59, 60, 61, 62],
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and the semi-empirical functional [63, 64, 65, 66, 67, 68, 69], which contains one

or more parameters fitted to a particular finite system or class of systems. Such

functionals are called generalized gradient approximations (GGAs) in the literature,

even though it originally meant only the functionals constructed from LDA [57].

Among the earlier developed functionals, the PW91 [60] derived from the LDA con-

tains no empirical input, and the Becke [70] exchange and the Lee-Yand-Parr [71]

correlation functional (BLYP) constructed from the Colle-Salvetti correlation en-

ergy formula [72] belong to the category of semi-empirical functionals, and are still

popular. The GGAs provide significant improvements upon the results obtained

from the local schemes and their introduction have led to development of a large

number of exchange-correlation functionals. However, for describing many of the

chemical aspects of molecules the accuracy of the GGAs are not sufficient, which

means that, the functionals need to be improved further. The GGAs could be fur-

ther improved by mixing different functionals together along with the HF exchange

to obtain a new functional. This is the basic idea of the hybrid exchange-correlation

functionals and B3LYP is an example of one such commonly used hybrid functional.

Unlike in the HF theory, the electron-electron repulsion term in the DFT has the

self-interaction which is basically the interaction of an electron with itself. This

term is zero in case of HF and other ab initio methods. There are therefore, self-

interactions corrected (SIC) exchange-correlation functionals. An example is the

SIC-method of Perdew et al. [74], which determines the self-interaction corrected

exchange-correlation energy. Then, there are the class of meta-GGAs, which have

a dependence on the higher order derivatives of the electron density and/or the

kinetic energy density in addition to the electron density and its gradient.

1.5 Gaussian basis sets

In modern quantum chemistry programs for electronic structure and property cal-

culations, Gaussian type functions (GTFs) [75] centered on atoms are used in the
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LCAO framework given in Eq. 1.34 to describe the AOs in a molecule. The actual

orbitals are more correctly described by the Slater type orbitals (STOs), however

use of GTOs offers simplification in the calculations, which makes it the obvious

choice for quantum chemical calculations. This can be justified by the fact that, the

product of two Gaussians is a Gaussian. However, the loss in accuracy decreases,

as more number of primitive Gaussian functions are added to obtain a contracted

Gaussian function for describing the orbitals. The GTO has the form,

φGTO(x, y, z) = Nxlymzne−ζr2

(1.40)

where, N is the normalization constant, x, y, z are the atom-centered cartesian

coordinates, l, m, n are positive integers which more or less describes the angular

momentum of the orbital, r is the radial distance to the atomic center, and ζ is

a positive orbital exponent. A large exponent gives a more dense and compact

description, whereas a small exponent gives a diffuse description for the orbital.

The coefficients of expansion are used in the Eq. 1.34 to obtain the contracted

Gaussian orbital. Spherical orbitals are usually given by, l=m=n=0, a px orbital is

given by, l=1, m=n=0, a dxy orbital is given by l=m=1, n=0, etc. Alternatively,

the description can be improved by having more primitive Gaussians in the linear

combination. Also, polarization and diffuse functions are added to the basis set to

improve the performance of the basis set. For a more detailed reading about the

basis sets one could refer to the chapter 3, section 3.6 of Ref. [3] and Ref. [76].

1.6 Response Properties

Response properties of molecules have been a topic of extensive research and a lot

of literature is available for different kinds of properties both static and dynamic

using different theoretical approaches. A change in the environment of a molecule

has an effect on the structural and electronic property of the molecule. Especially,

in case of a weak external perturbation the effects on the electronic distribution of

the molecule, is manifest in the response property of the molecule. The response
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property is basically the derivative of energy with respect to the perturbation con-

cerned. The properties can, in general, be classified as electric, magnetic, etc.

depending on the perturbation. In principle, to obtain the response properties of

a particular order one would require to evaluate explicitly the corresponding order

derivative of energy with respect to the perturbation concerned. This may, how-

ever, be too complicated and time consuming depending of the nature of the theory

being used. Calculation of the energy derivatives can be done in two ways. The

preferred method is the finite difference formulae. An alternative method consists

of calculating a number of energy values close to the point, where, the derivative

is to be evaluated, and fitting an analytical approximation, usually a polynomial

to the points. However, the method has a lot of numerical instabilities, unless the

number of points greatly exceeds the order of derivatives sought. The analytical

calculation of energy derivatives has two advantages over the numerical procedure.

It is usually more efficient and more accurate numerically. However, the main disad-

vantage of analytical derivative methods is the significant amount of programming

involved to implement them. There have been lot of approaches to obtain the re-

sponse properties reported in literature. In the following section, we describe the

general response approach for the response electric properties, before we review

other approaches reported in literature.

1.7 Response Approach

In presence of a weak external electric field perturbation, molecular Hamiltonian

tends to have a explicit dependence on the perturbation. The Hamiltonian, in

general, could be written as,

H(F ) = H(0) − µiFi −
1

3
θijFij − . . . (1.41)

where H(0) is that for the unperturbed molecule and µi =
∑

a earai and θij = θji =

1
2

∑

a ea(3rairaj − r2
i δij) are the dipole and quadrupole moment operators; i and j

span the x, y, z directions, Fi is the electric field component and Fij is the electric
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field gradient, which denotes the non-homogeneous nature of the electric field and

so on. The energy of such a system would also have a dependence on the field, F

and can be expanded in a Taylor series as,

E(F ) = E(0) − µ
(0)
i Fi −

1

2
αijFiFj −

1

6
βijkFiFjFk

−
1

3
θ

(0)
ij Fij −

1

3
Ai,jkFiFjk −

1

6
Bij,klFiFjFkl − . . . (1.42)

where, µ
(0)
i is the permanent dipole moment, αij is the dipole-dipole polarizabil-

ity (referred to as polarizability), βijk is the dipole-dipole-dipole hyperpolarizabil-

ity (referred to as dipole first hyperpolarizability)and so on. Similarly, θ
(0)
ij is the

quadrupole moment, Ai,jk is the dipole-quadrupole polarizability and Bij,kl is the

quadrupole-quadrupole polarizability and so on . . . Thus, the above expansion of

energy demonstrates different orders of the molecular polarizabilities describing the

distortion in the molecule by the external electric field and field gradient. Some

details on theory and experiments for determining these quantities could be found

in Buckingham [77].

1.7.1 Linear Response Approach

When the external electric field perturbation is uniform and homogeneous, the

Hamiltonian retains only the linear response term and can be given as,

H(F ) = H(0) − µiFi (1.43)

This involves the dipole moment operator which was described earlier in this sec-

tion. Now, the induced dipole moment µi(F ) could be expanded to obtain the

dipole-based response properties namely, the polarizability, αij , dipole first hyper-

polarizability, βijk, and so on.

µi(F ) = µ
(0)
i +

∑

j

αijFj +
1

2

∑

j,k

βijkFiFjFk + . . . (1.44)

The dipole moment of the molecule is the first derivative of ground state energy

of the molecule with respect to the electric field perturbation at the zero field, the
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polarizability is the second derivative of energy and the first hyperpolarizability is

the third derivative of energy with respect to the electric field at zero field. These

all can be expressed as,

µi = −

(

∂E

∂Fi

)

F=0

(1.45)

αij = −

(

∂2E

∂Fi∂Fj

)

F=0

(1.46)

βijk = −

(

∂3E

∂Fi∂Fj∂Fk

)

F=0

(1.47)

Alternatively, the first derivative of energy could also be obtained as the expectation

value of the dipole moment operator as,

< µi >=
∑

ab

Pab〈φa|µ̂i|φb〉

〈φa|φb〉
(1.48)

The indices a and b run over the atomic orbitals, µ̂i is the dipole moment operator

for direction i, where i spans the x, y and z directions and µi is the ith component

of the electronic dipole moment and Pab is the orbital density matrix. For the exact

wavefunction, the Hellmann-Feynman theorem holds [78, 79],

∂E(F )

∂F
= 〈ψ|

∂H(F )

∂F
|ψ〉 (1.49)

The first derivative of energy with respect to the electric field is equal to the expec-

tation value of the derivative of the Hamiltonian. This also shows the equivalence

of the first derivative of energy to the expectation value of the dipole moment in

case of electric properties.

Further, explicit evaluation of the subsequent derivatives of the energy with

respect to the electric field for obtaining the response properties is not a simple

task. Wigner’s (2n+1) rule states that the 2nth and/or (2n+1)th order perturbation

contributions to a non-degenerate energy can be evaluated from a knowledge of the

wavefunction through nth order [80]. This means that we can evaluate upto third

order properties if the first-order response could be obtained. This is true when the

first-order response is obtained in a variational manner.
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To obtain properties up to third order, there are techniques based on per-

turbative schemes, in which, the calculations are done independent of the electric

field perturbation and the response involves the coupling of the excited states. The

field dependent methods include the finite-field and the coupled schemes. The first

order-response of the wavefunction can be obtained through a coupled Hartree-

Fock scheme, which is equivalent to, the derivative of the equation of stationarity,

with respect to the external perturbation, written in an orbital basis. Here, the

Hamiltonian has a field dependence and the coupled equations have an implicit

dependence on the first-order response, and, as a result, they need to be solved

iteratively for self consistency. The solution is the first order response of the wave-

function in terms of the derivative of the coefficients of the orbitals. Although,

the coupled-perturbed Hartree-Fock (CPHF) equations dates back to more than 25

years ago [81], the implementation was done nearly 10 years later by Pople et. al

[82] for closed shell SCF wavefunctions. In 1983, Pulay presented the second and

third derivatives of variational energy expressions for the multiconfigurational SCF

(MCSCF) wavefunctions [83]. Explicit expression for the second and third order

derivatives have been worked out by Pulay in the 1983 paper. Semi-empirical mod-

els have also been used for calculation of the response electric properties. These

models have been described extensively in literature [84, 85, 86, 76]. The derivatives

were computed using different techniques for numerical differentiation [87, 88, 89].

And, the development of the electronic structure codes that evaluate such energy

derivatives analytically, was possible only after the original work of Pulay concern-

ing analytic gradient techniques [90]. A number of other articles on this subject

appeared later [91, 92, 93]. The CPHF method is equivalent to the random phase

approximation (RPA) [94] or the Time-dependent Hartree-Fock (TDHF) [95, 96]

for static calculations within a given basis. Note that the Eq. 1.46 and Eq. 1.47

are defined for a static field limit, whereas, formally the hyperpolarizability has a

frequency dependence and incorporating field dependence in the CPHF is a non-

trivial extension of the methodology. Therefore, majority of the derivative-based
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NLO calculations were reported at zero frequency. The review on second order

optical nonlinearities by Kanis et. al (Ref. [97] and references therein) makes for an

interesting reading. Implementations include the coupled-cluster (CC) and TDSCF

procedures of Sekino and Bartlett [98, 99], the popular CPHF approach of Karna

and Dupuis in HONDO program [100], and the TDHF based perturbative scheme

of Rice, Handy and co-workers [101]. The correlation effects in these methods are

of variable rigour. Rice and Handy also developed a time-dependent MP2 theory

[102]. Multiconfiguration RPA and second order polarisation propagator methods

were introduced by Yeager et. al [103] and by Oddershede et. al [104]. The theory

has been extended to the CC by Koch and Jørgensen [105]. Calculations of dipole

polarizabilities of rare gas and other closed shell atoms by Stott and Zaremba [106]

and Mahan [107] are often cited as the first implementation of the static density

functional response theory. Most earlier density functional calculations of molec-

ular response properties have been for atoms of spherical symmetry. Both the

above DFT implementations were developed for systems with spherical symme-

try and neither are suitable for the Density Functional calculations of response

properties. Colwell et. al have implemented the calculation of static molecular

dipole polarizability and hyperpolarizability in the CADPAC package [108]. A lot

of studies are reported on the molecular dipole polarizabilities and hyperpolariz-

abilities, and it may not be possible to refer to all of them here. Some of the

studies for molecules [119, 120, 121, 122, 123, 124, 125, 108, 126] and a previous

study for atoms and solids [127] have found DFT to give properties that are often

significantly better than HF. Some other papers concerning the CPKS have also

appeared [128, 129, 130, 131, 132, 133, 134, 135, 136]. The dynamic response prop-

erties can be obtained using the framework of TDDFT, a formal foundation for

which has been laid Ghosh and Deb [109, 110], Bartlotti [111, 112], and Runge,

Gross, Kohn and others [113, 114, 115, 116, 117, 118]. However, the correlated

frequency-dependent programs are algebraically complicated and expensive and re-

quire large basis sets. It is unlikely that these theories are going to be practical for
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studying the NLO properties of large systems. This makes us go back to alterna-

tive methodology involving the time-independent framework of DFT. In this thesis

we would be mainly concerned with the static dipole polarizability and the dipole

first- hyperpolarizability of closed shell molecules. The method for obtaining the

dipole-quadrupole polarizability would also be presented (in chapter 4) in addition

to the one for dipole polarizabilities (in chapter 2).

1.8 Motivation and Objective

There has been tremendous advancement in the field of NLO materials and the

experimental techniques available to study them. Further, progress in the develop-

ment of many such technologically important processes in areas like, optical infor-

mation processing, telecommunications, integrated optics, optical computers, laser

technology, etc. is based on the understanding of molecular properties of the con-

stituent materials. DFT among other theoretical methods has been used to study

molecular properties of such materials leading to designing of new NLO materials

with potential for NLO applications. Determination of the first and second order

polarizabilities, in particular, play an important role in understanding the response

of the molecule to an external weak electric perturbation. Materials with high sec-

ond order responses are considered important for NLO applications. The study

of dipole-quadrupole polarizability could also prove useful. This all, motivated us

to put forth a linear response approach to the DFT, for obtaining the linear and

nonlinear electric polarizabilities of molecules.

In the KS-DFT formalism the complete analytic approach, to obtain the first

order response of the electron density for molecules, requires the solution of the

CPKS equations. The CPKS equation involves, the complex evaluation of the

functional derivative of the exchange-correlation term in the construction of the

derivative KS operator matrix. Since, there is an implicit dependence of the KS

operator matrix on the derivative coefficient matrix, the CPKS equations need
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to be solved in an iterative manner. However, this could take a long time and

involves complicated algebra for obtaining the functional derivatives. The analytic

CPKS formalism could be useful, in obtaining highly accurate values of response

properties of small or reasonable sized molecules. Nevertheless, for large molecules,

the computational time and effort shoots up drastically. As a result, this approach is

not feasible for large scale applications. This, motivated us to put forth a formalism,

which would not only simplify the procedure, but also, make the entire process of

obtaining the solution of the CPKS equations faster. Our method, as well as, its

implementation and some interesting results obtained are presented in this thesis.

The implementation would now make it easy to harness the benefit of our single-

step method for the response electric property calculations of large molecules using

large basis sets, which is a bottleneck in case of complete analytic CPKS for larger

systems.

1.9 Organization of the Thesis

Chapter 2: In chapter 2, we present the details of a new formalism proposed

by us, towards developing a simplified linear response approach to DFT for cal-

culating the response electric properties, namely, dipole polarizability and dipole

first-hyperpolarizability of molecules. The formalism is an approximation to the

fully analytic coupled-perturbed Kohn-Sham (CPKS) method for obtaining the re-

sponse of the electron density for molecules in the KS-framework of DFT, using the

deMon DFT package. The algorithm for our earlier implementation of our method

in the deMon-KS; the older version of the deMon software would be discussed in this

chapter. We tested our method using small prototype molecules, namely, HF, BH,

CO and H2O, which would be discussed in the following chapter. The implementa-

tion of our method in the new version of deMon2k, as the old version (deMon-KS)

is no longer used extensively by the scientific community, would also be presented

in this chapter. The motivation as well as the advantages of our implementation in
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the new version of deMon will also be highlighted.

Chapter 3: In this chapter, we present the polarizability and hyperpolariz-

ability results for the HF, BH, CO and H2O molecules using different exchange-

correlation functionals and basis sets. We discuss our results in comparison with

those available from experiments and other DFT as well as ab initio methods. The

calculations for HF and BH have also been done at different internuclear separations

around the equilibrium bond distance. In this chapter we will discuss the effect of

basis sets and the functionals on the polarizability and the hyperpolarizability of

the molecules. The feasibility of our method using DFT for bond distances away

from equilibrium will also be focused upon.

Chapter 4: In this chapter, we present the extension of our formalism for

the calculation of dipole-quadrupole polarizability of molecules. The algorithm and

the implementation for this property in deMon2k will be discussed. We will also

present a comparison of results of polarizability and hyperpolarizability using our

earlier implementation in deMon2k with the analytic CPKS method developed by

a research group in Mexico. However, the hyperpolarizability module has been

added to their program by us. Here we would also discuss about the analytic

implementation as against our simplified approach. We would also emphasize on

the future scope of our method in general, for obtaining the response properties of

molecules.

Chapter 5: The possibility of large scale applications using our formalism

discussed in Chapter 2 motivated us to implement it in the new version of the

deMon2k software. The technical details of our implementation in the deMon2k

for faster and more efficient calculations of the electric properties of molecules

has been discussed in the earlier chapter. Two sets of calculations are presented

in this chapter. We present the calculations for even number alkali metal atom

clusters. We study the polarizability and first-hyperpolarizability results of Na2,

Na4, Na6, and Na8, Sodium atom clusters using our method. We also analyze the

mean polarizability per atom values graphically for each of the clusters and try
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to understand the structure property relationship. We have carried out HF and

MP2 benchmark calculations for comparison. We also study the NLO properties

of the para-nitroaniline molecule (PNA) and its substituted derivatives using our

method. We study how the methyl substitutions at various position and sites in the

PNA molecules affects the polarizability and the first-hyperpolarizability values of

the molecule. We compare our results with available MP2 results. In addition to

studying the subtitution effect we attempt to understand the performance of our

method for these prototype organic molecules.



Chapter 2

The Non-Iterative Approximate

CPKS Formalism

Abstract:

In this chapter we present the non-iterative approximation of the coupled-

perturbed Kohn-Sham (NIA-CPKS) procedure proposed by us for obtaining the

response of the electron density. This density response is further used for obtaining

the response electric properties up to the third-order. In this chapter, we describe

the theory involved and present the technical details of the implementation of our

method in the deMon density functional software. This initial implementation in

the old version of deMon will be described. We recently implemented the NIA-

CPKS method in the new version of deMon. We will discuss the advantages of the

implementation of the NIA-CPKS. The overall merit of the method will also be

highlighted in this chapter.

2.1 The NIA-CPKS method

In the presence of a finite external perturbation, the molecule experiences a change

in its electronic distribution, which, in turn is reflected in its properties. In this

thesis, we would be dealing with electric field perturbation for closed shell cases

only. Introduction of Gaussian basis centered on atom, for molecules, transforms

the DFT equations into the Kohn-Sham (KS) matrix equation. This allows the

evaluation of the coefficients of expansion of the KS orbitals in terms of the con-

tracted Gaussian orbitals (atomic orbitals). These orbitals can directly give the
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electron density. Thus, to study the response molecular electric properties, the

response of the molecule to the electric field perturbation in terms of the electron

density can be obtained through the derivative of the density with respect to the

electric field. This derivative electron density or the density response could be ob-

tained variationally. The variational equations when transcribed in a basis involves

the derivative of the KS matrix, and can be shown to be equivalent to the CPKS

equations. The CPKS equations are the derivative of the KS matrix equations with

respect to the electric field. The unperturbed KS matrix equation is,

HC = SCE (2.1)

where, H is the KS operator matrix, C the coefficient matrix, S the overlap matrix

and E is the energy matrix. In the presence of a static uniform external electric

field the Hamiltonian would have a explicit dependence on the field. We have

considered only the linear response term in the Hamiltonian for this thesis. The

perturbed Hamiltonian would then be,

H(F ) = H(0) + µF (2.2)

where, F is the electric field perturbation, H(0) is the ground state Hamiltonian

operator, and µ is the dipole moment operator. The second term in the above

equation is the linear response term. The energy in turn would have a dependence

on the field and can be expressed as a Taylor series expansion,

E(F ) = E(0) −
∑

i

µiFi −
1

2

∑

i,j

αijFiFj

−
1

6

∑

i,j,k

βijkFiFjFk . . . (2.3)

where, E(0) is the unperturbed energy, µi are the dipole moment components, αij

and βijk are the dipole polarizability, and first- hyperpolarizability tensor compo-

nents respectively. Each of the i, j and k corresponds to the x, y and z directions.

Similarly, the induced dipole moment component can be given as,

µi(F ) = µi +
∑

j

αijFj +
1

2

∑

j,k

βijkFiFjFk + . . . (2.4)
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where, µi is the permanent dipole moment and the other quantities are similar to

those in the expansion for the perturbed energy above. The electron density can

also be given as a Taylor series expansion,

ρ(r) = ρ(0) +
∑

i

(

∂ρ(r)

∂Fi

)

0

Fi +
1

2

∑

ij

(

∂2ρ(r)

∂Fi∂Fj

)

0

FiFj + . . . (2.5)

To obtain the linear response of the energy functional with respect to the external

perturbation, we employ a variational principle. This allows us the use of the

(2n+1) rule [137]. The nth order explicit derivative of the functional, E(n), contains

the unperturbed and all mth order derivatives of density (m≤n). For example,

the explicit first derivative of the functional, E(1), contains ρ(0) and ρ(1). The

stationarity of the functional with respect to the unperturbed density can be given

by,
∂E(1)

∂ρ(0)
= 0 (2.6)

The above condition yields an equation for the first derivative of ρ with respect

to the unperturbed density, ρ(0) obtained from the unperturbed DFT equations.

Progressive use of the stationarity of E(n) with respect to ρ(0) for (m≤n) yields up

to nth order density. These variational conditions allow us to evaluate up to the

desired (2n+1)th order of energy. For example, the ρ(0), ρ(1) determines the energy

derivatives E(2) and E(3) obtained by the use of the stationary condition.

∂

∂F

∂E(0)

∂ρ(0)
= 0 (2.7)

The derivative of the stationary equation with respect to the field when written in

a basis is equivalent to the CPKS matrix equation which gives the response density

or the first derivative of density. The CPKS matrix equation can be given as,

H ′C(0) = S ′C(0)E + SC ′E + SC(0)E ′ (2.8)

where, the primes denote the first derivatives with respect to the electric field. The

C ′ in the CPKS equation can be written in terms of a new matrix U ′ as,

C ′ = C(0)U ′ (2.9)
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Pre-multiplying the Eq. 2.8 by C(0)† and substituting for C ′ we get a simplified form

of the equation for the U ′ matrix and the element of the occupied-virtual block of

the U ′ matrix is given as,

U ′
ia =

∑

µν

C†
µiH

′
µνCνa/(εi − εa) (2.10)

where, the suffix i spans the occupied molecular orbitals (MO), suffix a spans the

virtual MOs and µ, ν are the indices for the atomic orbitals (AO), the C and the

ε are the coefficient matrix and the eigenvalues respectively, of the unperturbed

DFT calculation, H ′ is the derivative KS-operator matrix in the AO basis. The

virtual-occupied block of the U ′ matrix is put negative of the occupied-virtual block

and the remaining elements of the matrix are zero. This is similar to the CPHF

procedure [92], for the closed shell cases using the Hartree-Fock (HF) theory, except

that, DFT involves the exchange-correlation term in the CPKS equations in place

of the exchange term in the HF theory. The derivative coefficient matrix C ′ is

obtained from Eq. 2.9. Using this, the derivative density matrix, P ′, which is the

first order response of the electron density is obtained using the expression below.

P ′
µν =

∑

i

(C ′
µiCνi + C ′

νiCµi) (2.11)

The derivative KS-operator matrix, H ′, in case of electric field perturbation

consists of the two-electron and the response term. The H ′ has an explicit depen-

dence on the C ′ and as a result the CPKS equations need to be solved in an iterative

manner, i.e. for every iteration the derivative KS-operator matrix in the AO basis

has to be reconstructed using the C ′ of the earlier iteration. The two-electron term

in the H ′ constitutes the complicated functional derivative of coulomb as well as

the exchange-correlation term with respect to the electric field perturbation, which

is an algebraically complicated and time consuming step in the completely analytic

CPKS method. Also, this needs to be done till the self-consistency is attained.

We have proposed a simplified approach to the completely analytic CPKS

method for the closed shell cases which yields a single step solution of the CPKS
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equations [145, 146, 147, 148]. We construct the first derivative of the KS-operator

matrix, H ′ with respect to the electric field in a numerical manner, using the

finite field approximation. This is done by evaluating the KS-operator matrix at

different field values around zero field and plugging in these matrices in the finite-

field expression for the first derivative to obtain the approximated derivative KS-

operator matrix. This numerically obtained derivative KS-operator matrix, H ′, the

coefficient matrix, C(0) and the eigenvalues, ε of the unperturbed DFT calculation

when put in Eq. 2.10 leads to a single step solution of the CPKS matrix equation.

The U ′ matrix is the solution of the CPKS matrix equation and carries the

information of the response of the electron density to the external perturbation

which would be passed on to the derivative density matrix via the C ′. The Eq. 2.9

could now be used to obtain the C ′ matrix or the derivative coefficient matrix.

The C ′ along with the C(0) matrix from the unperturbed DFT calculation when

put in Eq. 2.11 gives the derivative density matrix, P ′. This derivative density

is obtained for the x, y and z directions by constructing the H ′ matrices for the

respective directions using the finite-field method mentioned above and solving the

single-step CPKS equation. DFT uses a variational principle for obtaining the

energy and also the analytic CPKS method gives the response of the density in a

variational manner. The first-order response properties obtained by taking explicit

derivatives of the energy with respect to the perturbation or an expectation value

for the corresponding property turn out to be equivalent when the theory is exact

or variational in nature, as deduced from the Hellman-Feynman theorem [78, 79].

Also, as described above we make use of the (2n+1) rule [83] for higher energy

derivatives. Thus, the first order response in the form of derivative density matrix

obtained from the solution of the CPKS matrix equation can be used to obtain the

second order as well as third order response properties, namely, dipole polarizability

and the first hyperpolarizability. The dipole polarizability is obtained as,

α = Trace(µP ′) (2.12)

The third derivative of energy, i.e. the dipole first- hyperpolarizability is obtained
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as,

β = Trace(H ′P ′P ′) (2.13)

where, H ′ is the derivative KS-operator matrix in the MO basis. We have thus

described the NIA-CPKS formalism in this section of the chapter. The implemen-

tation of our method in the deMon would be discussed in the following sections of

this chapter.

2.2 About the deMon software

The software package for density functional theory (DFT), by the name ’deMon’,

has been used for implementing the work presented in this thesis. The name de-

Mon, stands for, densité de Montréal. The earliest version of deMon was described

in Alain St-Amant’s thesis [138] from which evolved the deMon-KS set of programs

[138, 139, 140] that is used in this thesis. The transformation and modification of

the deMon-KS further led to the new version of the deMon called the deMon2k

[141]. The deMon2k software has a variety of features and can be used for a

range of calculations, namely, geometry optimization, transition state search, single-

point energy calculations, molecular dynamic simulations (MD), Time-dependent

DFT (TDDFT), calculation of properties like polarizabilities, hyperpolarizabili-

ties, NMR, IR and Raman spectra and intensities, and thermodynamic data of

atoms, molecules and solids. It has interfaces for visualization packages like Molden,

Molekel and Vu and is portable to various computer platforms and operating sys-

tems. Several developments and implementations in deMon ranging from analytical

to numerical schemes for properties and a variety of applications are available.

The deMon set of programs is a modern density functional theory (DFT)

package based on the Kohn-Sham (KS) method and uses the linear combination

of atomic orbitals (LCAO) framework with Gaussian type orbital (GTO) basis

sets centered on atoms. Although both deMon-KS and deMon2k are based on the

KS method the structure of the two programs is quite different from each other.
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The KS self-consistent field (SCF) energy expression using the KS orbitals and the

electronic density can be given as,

ESCF =
∑

µ,ν

PµνHµν +
1

2

∑

µ,ν

∑

σ,τ

PµνPστ 〈µν||στ〉 + Exc[ρ] (2.14)

where, P is the density matrix, H is the core Hamiltonian operator matrix, the sec-

ond term involves the electron repulsion integrals and the last term is the exchange-

correlation energy.

The deMon set of programs is different from various other DFT packages as it

uses an auxiliary basis and follows the variational fitting procedure of Dunlap et.

al [142, 143] for estimation of the coulomb energy. The auxiliary basis are used for

fitting of the charge density, where the approximate density, ρ̃(r) is expanded in

primitive Hermite Gaussians k(r) centered on atoms as,

ρ̃(r) =
∑

k

xkk(r) (2.15)

The calculation of the coulomb repulsion integrals which scales as N4 is avoided

in deMon by using the auxiliary function density as described above. Hence, only

three-center electron repulsion integrals (ERIs) are required for the SCF and energy

calculation. Using the LCAO in the Gaussian orbital framework for expansion of

the ρ(r) and the ρ̃(r) the SCF energy expression is approximated as,

ESCF =
∑

µ,ν

PµνHµν +
∑

k

xk

∑

µ,ν

Pµν〈µν||k〉

−
1

2

∑

k,l

xkxl〈k||l〉 + Exc[ρ̃] (2.16)

The exchange-correlation energy as well as potential can be obtained from the ap-

proximated density, ρ̃ by using an auxiliary basis. However, for high accuracy,

especially, in case of calculation of sensitive properties like frequencies and polar-

izabilities the use of density in the orbital basis is recommended for calculation of

the exchange-correlation energy and potential. Additionally, deMon uses a grid for

the numerical integration of the exchange-correlation energy and potential. The

tolerance of the grid indicates the accuracy of the numerical integration of the di-

agonal elements of the exchange-correlation potential matrix. The tolerances for



34

the grid can be chosen from, 10−4, 10−5 and 10−6 a.u. respectively. Alternatively,

the tolerance of the grid can be specified in the input. There are also separate op-

tions for the electrostatic moments calculations, which gives the dipole, quadrupole

and octupole moments of the system. The finite-field α, β and γ calculations are

also available in deMon2k. In the deMon-KS the dipole and quadrupole moments

are available, however, the polarizability calculations are absent. For more details

of the keywords and their purpose one could refer to the deMon2k manual and

the references therein [144]. The use of the auxiliary basis and the grid options

are similar in both deMon2k and deMon-KS. However, the deMon2k being an im-

proved version of the deMon-KS is more accurate and efficient implementation of

the program. Other than the minor improvements and new keywords introduced

in the deMon2k, it also includes few other implementations, namely, TDDFT, MD,

etc., which were missing in the deMon-KS.

2.3 Implementation of the NIA-CPKS method in

deMon

Initially we implemented the NIA-CPKS in the old version of deMon Software,

deMon-KS Module, Release 3.5, Copyright 1998 by the University of Montreal and

the authors [138, 139, 140]. We implemented it in the following way. Here, we

carried out perturbed DFT calculation at symmetrically placed field values around

zero field for the x, y and z directions for obtaining the perturbed KS-operator

matrices at the different field values in the three directions. The derivative KS-

operator matrix was constructed numerically for each of the directions by plugging

in the perturbed KS-operator matrices in the finite-field 5-point approximation

for the first derivative. We used the following expression for construction of the

derivative KS-operator matrix, H ′.

H ′ =
(H(−2) − 8 ∗H(−1) + 8 ∗H(+1) −H(+2))

12 ∗ f
(2.17)
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where the values in parenthesis after H are the placement of the field values around

zero field, and the f is the field interval. We introduced a CPKS module to the

deMon-KS program for obtaining the density response. The H ′ matrix, the eigen-

values and eigenvectors of the unperturbed calculations are required as input.

Our recent implementation in the deMon2k (deMon 2004, Version 1.07) [141],

has been done for the use of cartesian orbitals and the density could be obtained

either using an auxiliary basis (through fitting) or orbital basis for obtaining the

exchange-correlation functional. However, the density in the orbital basis is the pre-

ferred choice for the response property calculation [144]. An keyword for finite-field

polarizability calculation in the deMon2k turns on the self-consistent perturbation

(SCP) calculations after the unperturbed DFT calculations. Thus, the induced

dipole moment are calculated for each of the SCP calculations. The finite-field

step value can be chosen in the input. The SCP calculations are done for the x,

y and z directions. deMon2k gives the finite-field polarizability tensor components

using the induced dipole moment values evaluated at the end of each of the SCP

calculations. The perturbed KS-operator matrices from these SCP calculations are

plugged into the finite-field three-point expression for the first derivative to obtain

the derivative KS-operator matrix for the x, y and z directions. The three point

formula used is,

H ′ =
H(+1) −H(−1)

F (+1) − F (−1)
(2.18)

where, H ′, is the derivative KS-operator matrix and the values +1 and -1 in paren-

thesis, denote the symmetrically chosen field values and F is the magnitude of the

the electric field. This numerically constructed derivative KS-operator matrix is

put into the CPKS equation, which has been introduced as a separate module. It

includes expressions for Eq. 2.10, Eq. 2.11, and for the calculations of the polar-

izability tensor elements. CPKS matrix equations are solved for the x, y and z

directions and the solution is the derivative density matrix, P ′
x, P

′
y and P ′

z for the

three directions respectively. The trace of the product of the density matrices with

the dipole moment integrals give the polarizability tensor components. The first
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hyperpolarizability is calculated using the P ′ and H ′ matrices. That completes the

description of the implementation of NIA-CPKS method in the deMon2k [148].

2.4 Advantages of the NIA-CPKS

implementation

The key advantage of the method is the simplification from the iterative scheme to

the single step procedure. The analytic construction of the derivative KS-operator

matrix is a tedious and time consuming step in the complete analytic procedure. It

also involves working out as well as programming of the algebraically complicated

functional derivatives of the exchange-correlation term in the KS operator matrix.

This has been successfully and cleverly avoided in our method.

Additionally, the exchange-correlation part of the KS-operator matrix can be

evaluated using, either, the auxiliary basis or the orbital basis, for fitting the density.

Since, the derivative KS operator matrix is constructed numerically, both alterna-

tives for obtaining the density now becomes available for the response property

calculation.

The implementation of the NIA-CPKS would now make it easy to harness

the benefit of our single-step method for response property calculations of large

molecules using large basis sets, which is even now a bottleneck in case of complete

analytic CPKS. The NIA-CPKS method thus expands the possibility of using the

simplification for large molecules, clusters and systems of the like.



Chapter 3

Some test calculations from our

approximate CPKS method

Abstract:

In this chapter, we present linear and nonlinear electric properties of HF, BH,

CO and H2O using a density functional response approach, which is a combination

of numerical and analytical technique and is thus a simplification of fully analytic

method. The implementation of the method in deMon-KS is described in the ear-

lier chapter. Our method is tested using molecules HF, BH, CO and H2O, which

are marked by high degree of electron correlation and for which extensive ab initio

benchmark results are available. Further, we have made a study of possible incor-

poration of non-dynamical electron correlation by studying HF and BH at several

internuclear distances. The polarizability and first hyperpolarizability values have

been obtained using different exchange-correlation functionals and Gaussian basis

sets. The permanent dipole moment values are also reported.

3.1 Introduction

Molecular properties [149] are basically the response of the molecular system un-

der study to the corresponding perturbation in electric or magnetic fields. These

properties can be calculated either by numerical differentiation (i.e. the finite field

approach) or, preferably, by analytic approach. When the perturbation is an elec-

tric field the corresponding molecular property is the electric property. Electric
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properties [98, 150, 151, 152, 153, 154, 155, 156] have been of interest in the recent

past as a result of the development of lasers and new experimental techniques and

the fact that these properties give information about the system under study. The

fully analytic response approach for calculating the electric properties of molecules

has been developed for the Hartree-Fock method [92, 157] and the highly correlated

methods like the coupled-cluster (CC) [158, 159, 160, 161] in the recent past.

The implementation of the linear response approach to the Kohn-Sham (KS)

density functional theory (DFT) would be highly useful for studying the effects

of a static homogeneous electric field perturbation on the electronic distribution

in the molecule in the ground state. There have been efforts in the field of DFT

to develop such analytic approaches for obtaining the response atomic [162] and

molecular properties, however, those are complicated and computationally expen-

sive. For the DFT the implementations of the complete analytic approach are

available for the LDA using auxiliary basis for fitting the density, also, the TDDFT

dynamic response implementations could be used for obtaining frequency depen-

dent polarizabilities. In the time-dependent framework, this would give the static

dipole polarizability in the ground state at zero frequency. Most of these calcula-

tions have been restricted only to the use of numerical finite field approach. Our

method described in the earlier chapter is relatively simple and yet retains the

accuracy of the response properties obtained due to its numerical-analytical im-

plementation. In addition, owing to the variational nature of DFT, there exists

an inherent (2n+1) rule for the energy derivatives [137], and thus, the Hellmann-

Feynman [78, 79] theorem holds true, as a result, the first order response of the

electron density is used to evaluate the second and third order response proper-

ties, namely, dipole polarizability and first hyperpolarizability using fully analytic

expressions.

Our method, as described in chapter 2, is a step towards the fully analytic

method for calculation of static molecular electric properties (namely, polarizability

and first hyperpolarizability) for the closed-shell molecules. Using Gaussian basis
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sets centered on atoms, the DFT equations can be transformed into the Kohn-

Sham matrix equation, which allows evaluation of the coefficients of expansion of

Kohn-Sham orbitals in terms of the contracted Gaussian orbitals (atomic orbitals

(AO)). These orbitals directly provide us the electron density of the system. The

first derivative of the density with respect to the external perturbation is derived

variationally. This variational equation, when transcribed in a basis involves the

derivative of the Kohn-Sham matrix, and can be shown to be equivalent to the

coupled-perturbed Kohn-Sham (CPKS) equation. The density derivative can be

obtained from the derivative of the coefficients of the Kohn-Sham orbitals in this

basis. In our procedure described in chapter 2, we used the finite field approximation

for construction of the derivative Kohn-Sham matrix and subsequently solve the

analytic CPKS equations for obtaining the coefficient derivatives. We obtain up to

third order energy derivatives from the knowledge of the first order density.

To explore the efficacy of the implementation of our method for different cases,

we have chosen different molecules. HF is a prototype test molecule for which full

configuration (FCI) and coupled-cluster (CC) results are available for comparison.

We present the results for the HF at various internuclear distances. BH is known

to have strong effects of quasi-degeneracy around the equilibrium distance. Prop-

erties of BH have been studied at different internuclear distances of B-H. We have

also carried out calculations for CO, which is known to have prominent effects of

electron-correlation. Calculations for the equilibrium geometry of water molecule

are also presented. Our results using different exchange-correlation functionals

employing relatively good basis sets are benchmarked against extensive coupled-

cluster (CC) level and the experimental results wherever available. We now give

the method used and the computational details of the calculation followed by results

and discussion.
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3.2 Method

The general analytic variational approach to calculate properties is now discussed.

The application of an arbitrary uniform electric field to a molecule results in dis-

tortion of the molecule in response to the field. The energy of the molecule can

then be expanded as a power series in the field, F, if the field is small.

E(F ) = E(0) −
∑

i

µiFi −
1

2

∑

i,j

αijFiFj

−
1

6

∑

i,j,k

βijkFiFjFk (3.1)

In the above equation i, j and k span the x, y and z directions, the first term is the

energy of the molecule in the absence of the electric field perturbation, µi, is the

static dipole moment, αij is the dipole polarizability, βijk is the first hyperpolariz-

ability and so on . . . Alternatively, the above static response properties can also be

defined by expanding the field-dependent dipole moment as,

µi(F ) = µi +
∑

j

αijFj +
1

2

∑

j,k

βijkFiFjFk + . . . (3.2)

where the first term on the right hand side is the permanent dipole moment, and

the rest of the terms are as described above. Both the above definitions of the

properties are equivalent since the Hellmann-Feynman theorem stands true for the

exact solution of the Schrodinger equation and even for the approximate solutions

depending on the nature of approximations used. To obtain the higher derivative

of the energy functional with respect to the external perturbation (electric field),

we use the variational principle to calculate the first-order derivative of density. As

described in chapter 2, this is obtained by making the variational DFT equations

stationary with respect to the electric field, F.

∂

∂F

∂E

∂ρ
= 0 (3.3)

The above stationary equation can be transcribed in the Kohn-Sham framework

using orbital derivatives with respect to the electric field. The first derivative of
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density can be written in terms of the KS orbital derivatives. On introduction

of the atomic orbital basis, the above equation transforms into the CPKS matrix

equation and provides us with the first derivative of the coefficients of KS orbital in

the AO basis. This, in turn, provides us with the first- order derivative of density.

The CPKS equations are equivalent to the derivative of the Kohn-Sham matrix

equation with respect to external perturbation. Further, the use of the (2n+1)

rule simplifies the formula for second and third energy derivatives. The second and

third energy derivatives with respect to external fields can be written in terms of

only the unperturbed density and its first derivative with respect to field, which

are obtained by the first derivatives of the coefficients of the Kohn Sham orbital in

the basis.

3.3 Computational details

The exchange correlation part of the KS operator has been obtained by fitting it in

terms of Gaussian functions, as already available in the deMon-KS [140] system of

programs. Following this approach, the complete analytic approach would involve

fitting the derivative of the KS matrix as well. The step of fitting the derivative

of exchange-correlation part of KS operator is a difficult as well as computation-

ally extensive. As a first step toward this analytic approach, we have devised a

method, which is a mixture of numerical and analytical procedure. In this, the step

of fitting the derivative of exchange-correlation part is by-passed by constructing

the derivative of the Kohn-Sham matrix using a finite field approximation. The el-

ements of the derivative Kohn-Sham matrix are computed as a difference between

the elements of the Kohn-Sham matrices calculated at suitably chosen electric field

values around zero field, namely, +0.002 a.u., +0.001 a.u., -0.001 a.u. and -0.002

a.u. through the deMon-KS [140] system of programs. Using this derivative Kohn-

Sham matrix, the derivative of the molecular orbital coefficients in terms of the

atomic basis is obtained analytically by solving the CPKS equation in a single-
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step. The coefficient derivatives lead to the first-order density. We can then obtain

up to the third-order property through the knowledge of the first-order density. The

dipole moment, which is a first-order property, can be simply calculated through

the ground state density. The CPKS code for obtaining the response of the density

was written and integrated with the deMon-KS code. Using the first-order density

the formulas for the second-order and third-order properties were coded.

We present calculation of properties of molecules, namely, HF, BH, CO and

H2O in this chapter, for which high quality ab initio results are available. The

selection of molecules would also serve as a test of the method. In addition, we have

used the method to examine the properties of HF and BH at different internuclear

distances, where non-dynamic electron correlation will be important.

Hydrogen fluoride is a prototype molecule for which coupled-cluster (CC) and

full CI results are available for comparison. We carried out calculations for Re,

0.75Re, 1.5Re and 2.0Re bond distances. Four different exchange-correlation func-

tionals and three different basis sets were used for the calculations. The functionals

chosen were PW91 [60] exchange and correlation, PW86 [56, 57] exchange and cor-

relation, B88 [70] exchange with PW91 correlation and B88 [70] exchange with P86

for correlation. The basis sets used were i) double zeta DZ basis set of Dunning, ii)

double zeta with p and d polarization functions DZP basis set of Dunning and iii)

Sadlej. We have employed (5,1; 5,1) auxiliary basis for the hydrogen atom and (5,2;

5,2) auxiliary basis for the fluorine atom for the HF calculations. The calculations

at different bond distances, 0.75Re, 1.0Re, 1.5Re and 2.0Re, are also presented.

Boron mono-hydride is an ideal small system for study and assessment of the

method in critical quasi-degenerate situations. Thus our study involving calculation

of dipole moment, polarizability and first hyperpolarizability has been presented for

BH at Re, 0.75Re, 1.5Re and 2.0Re BH distances. We have chosen a contracted

Gaussian basis of triple-zeta with two polarization functions, TZ2P quality, in which

different ab initio results are available for comparison. The full basis consists of

10 primitive s and 6 primitive p functions contracted to 5s and 3p type functions
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for boron, augmented by two contracted d functions out of 4 primitive functions

(with two primitives in each) [163]. For hydrogen, 6s and 4p functions have been

contracted to 3s and 2p functions. In addition, we have employed auxiliary basis

(5,1; 5,1) for hydrogen and (5,2; 5,2) for boron for fitting exchange-correlation part.

Similarly CO represents an interesting system, where electron correlation plays

an important role in determining the sign of the dipole moment. In this case,

however, the molecule has been studied only at the equilibrium geometry. Three

different basis sets have been used for the study. One of them is an extensive basis

consisting of 12 primitive s and 8 primitive p functions contracted to 8s and 6p

functions augmented by 3 uncontracted d functions (12s 8p 3d)/ [8s 6p 3d] for

each of C and O atom [163]. An auxiliary basis (4,4; 4,4) has been employed for

DFT exchange correlation fitting throughout our calculation for CO. Standard ab

initio results from CCSD, Brueckner orbital-based CCD, CCSD (T), and BCCD

(T) have been presented in the above orbital basis for comparison. Calculations on

CO molecule have been performed with a second basis which is of valence triple-zeta

with polarization (TZVP) quality for both C and O, primitive 10s, 6p set contracted

to 4s and 3p functions with one d function left uncontracted and denoted as VTZP

[123]. This basis set, optimized for DFT methods by Godbout et al. [164] has been

taken from the deMon-KS basis set library. The third set of calculations on CO

has been performed with the VTZP basis of Godbout et al. with one uncontracted

s and d field induced polarization (FIP) functions added to it for both carbon and

oxygen atoms, the exponents of which have been taken from Ref. [123]. We denote

this basis set as VTZP+. In these two bases, available finite field DFT results

through deMon using (4,4; 4,4) auxiliary basis for both carbon and oxygen atoms

with LDA functional and analytic CPHF results from HONDO7 [165] have been

presented for comparison [123].

Two sets of calculations have been carried out for the H2O molecule. In the

one using Sadlej basis set of Ref. [166] we have used auxiliary bases (5,1; 5,1)

and (5,3; 5,3) for the hydrogen and the oxygen atoms respectively for fitting the
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exchange-correlation. The geometry used in this calculation for water molecule was

an O-H bond distance of 0.957 Åand an H-O-H bond angle of 104.5 degrees. In the

second set of calculations we have used the VTZP and VTZP+ basis sets mentioned

earlier. The VTZP+ basis was obtained by augmenting the VTZP basis with one

uncontracted p FIP function for hydrogen atom and two uncontracted s and d

FIP functions for oxygen atom. The exponent of the functions added was taken

from Ref. [123]. The auxiliary basis sets used were (3,1; 3,1) and (4,4; 4,4) for the

hydrogen and oxygen atoms respectively. The geometry of the water molecule used

for the second set of calculation was taken from Ref. [123]; an O-H bond distance

of 0.9576 Åand an H-O-H bond angle of 104.48 degrees were used.

The equilibrium distance of BH and CO used in the calculation was 2.329

a.u. and 2.1323 a.u. respectively. The nonlocal exchange-correlation functionals

used were B88 exchange [70] with PW91 correlation [60], PW86 exchange [56] with

PW91 correlation, PW86 exchange with P86 correlation [57], B88 exchange with

P86 correlation and PW91 exchange with PW91 correlation. Out of the above,

functionals BPW91 and PW86PW91 were used for the calculations of BH as well

as CO and functionals PW86, BP86 and PW91 were used for the calculations of

H2O.

3.4 Results and Discussion

We first discuss the results for the Hydrogen Fluoride (HF) molecule as presented

in tables. We present the calculation of dipole moment, polarizability and first

hyperpolarizability of HF molecule at different H-F distances. The details of the

basis sets used and the exchange-correlation functionals are given in Computational

details section. The equilibrium bond distance, Re was taken to be 1.7328 a.u. The

calculations for 0.75Re, 1.0Re, 1.5Re and 2.0Re are tabulated in Tables. 3.1, 3.2,

3.3, 3.4, respectively. The RHF calculations are also presented. All values are

given in atomic units. We have compared our values with the experimental and
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benchmark Full CI (FCI) values, wherever possible for the HF molecule.

Dipole moment

In Table. 3.2, we present the results for the 1.0Re. The experimental dipole

moment [98] value reported is 0.707 a.u. The FCI results for DZ [150] and DZP

[152] bases are 0.898 and 0.762 a.u., respectively. The available CCSD-LR [150]

calculations give 0.896 and 0.699 a.u. for DZ and Sadlej basis, respectively, whereas

a value of 0.707 a.u. has been reported from the CCSD [151] calculations for

the Sadlej basis. Our calculations predict the value of dipole moment between

0.854 and 0.868 a.u. for DZ basis, 0.728 and 0.743 a.u. for DZP basis, and 0.673

and 0.685 a.u. for the Sadlej basis using the four different exchange-correlation

functionals. Although there is no variational principle for the energy derivatives,

we see that the dipole moment values progressively decrease with increasing basis

sets. DFT method systematically improves the values compared to FCI results

in both DZ and DZP basis and we expect the same behavior for the Sadlej basis.

Comparison with the CC results in Sadlej basis shows this improvement. The PW91

and BP86 functionals seem to give better results for dipole moment with respect

to the benchmark FCI values for DZ and DZP basis. In the case of Sadlej basis, we

do not have FCI value for comparison. We therefore consider the dipole moment

value from the CCSD and CCSD-LR method as benchmark for comparison. It can

be noted that the PW86 and BP86 give results closer to the CCSD and CCSD-LR

values for the dipole moment in this basis. The dipole moment values from DFT

are lower than the RHF, FCI, and the CC values, and overcorrect the effects of

electron correlation. Table. 3.1 presents the dipole moment of HF at 0.75Re. There

are no FCI results available for 0.75Re. However, we are able to compare our results

with the values from the CCSD-LR method of Kondo, Piecuch, and Paldus [150].

The dipole moment values reported using the CCSD-LR method are 0.801 a.u. for

DZ basis and 0.567 a.u. for Sadlej [150] basis. The DFT values systematically

overcorrect the correlation effects in the dipole moments as seen before for the HF

distance of 1.0Re . The BP86 predicts dipole moment values in good agreement with
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the benchmark CC values for the 0.75Re bond distance. The results for 1.5Re are

presented in Table. 3.3. In this case we observe larger variation in values with basis

sets. The results from the CCSD-LR [150] calculations for DZ and Sadlej basis and

the FCI values for DZ and DZP basis are presented as benchmarks. Comparison

with these benchmarks reflects better performance of the BPW91 functional in case

of 1.5Re. At 2.0Re Table. 3.4, dipole moments are observed to be exaggerated in

relation to the benchmark FCI and CCSD-LR values in different basis. None of the

functionals perform well in such a case. Study of the dipole moment trends in the

paper by Kondo, Piecuch, and Paldus [150] and Ghose et al.[152] show a maximum

in the dipole moment values between 1.5Re and 2.0Re depending on the basis set.

Such a trend is missing in the DFT results. It appears that the DFT description

is unable to account for the significant multireference effects present at 2.0Re and

hence may not lead to size-consistent values.

Polarizability

The αxx and αzz components of polarizability for each bond distance are

given in the respective tables. The experimental values[98] for polarizability of

HF molecules are 5.08 a.u. for the αxx and 6.04 a.u. for the αzz component. In

Table. 3.2 for 1.0Re, the polarizability values calculated using the Sadlej basis set

are quite close to the experimental values of polarizability. The FCI values for the

αzz component are 4.14 a.u.[150] and 4.50 a.u.[152] for DZ and DZP basis sets,

respectively. Kondo, Piecuch, and Paldus [150] have predicted the αzz component

of polarizability from their CCSD-LR method to be 4.179 a.u. using DZ basis and

6.521 a.u. using the Sadlej basis. In comparison with the FCI values for the DZ

and DZP basis sets and the CCSD-LR values for the Sadlej basis, our values remain

overcorrected due to correlation effects. However, the BPW91 and BP86 functional

calculate the αzz component of the polarizability to a reasonable accuracy. For

the 0.75Re bond distance in Table. 3.1, the αxx component varies from 0.883 to

1.017 a.u. for DZ basis and is ∼2.0 a.u. for DZP basis. The Sadlej basis, however,

gives a value nearly 2.5 times greater than the value obtained from the DZP basis.
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There is no benchmark comparison available for this. The αzz component from the

CCSD-LR method is predicted to be 1.899 a.u. for DZ basis and 4.547 a.u. for

the Sadlej basis. There is no benchmark available for the DZP basis. Comparing

with the CCSD-LR values in DZ and Sadlej basis, we observe that the DFT values

are generally in good agreement and the BP86 functional provides the best agree-

ment. We also observe that the DFT method overcorrects the effects of electron

correlation.

In Table. 3.3 for 1.5Re, the values for the αxx components vary within 0.02

a.u. and lie between 0.5 and 0.6 a.u. for the DZ basis and around 2.0 a.u. for DZP

basis. For the Sadlej basis, the values for the αxx component range from 6.971 to

7.801 a.u. for the four functionals. In this case, no benchmark values are present.

For the αzz component of polarizability, FCI or CCSD-LR values are available for

comparison. We again observe a general tendency of the DFT method to overcorrect

the effect of electron correlation. In this case the deviation of all the functionals

from FCI or CCSD-LR values is generally higher. The values of perpendicular and

parallel components of polarizability for 2.0Re are presented in Table. 3.4. For

the perpendicular component there is no benchmark value available. In the case

of parallel component, we observe that our results are in very good agreement

with the benchmark FCI or CCSD-LR values. This is in contrast to the dipole

moment values at this distance. In the case of the Sadlej basis, there is somewhat

larger variation with CCSD-LR values. However, for this basis no FCI results are

available. Compared with CCSD-LR, the electron correlation is overcorrected in

the DFT method. On the other hand, such effects are nonexistent for the DZ basis,

where our results agree very well with FCI values. All the functionals provide

very reliable results. In general, we observe an increasing trend of polarizability

for the important parallel component as the HF bond is stretched. This is in

agreement with the FCI or CCSD-LR trend. The values generally tend to increase

as we progress to higher basis. This trend is expected until they saturate with the

experimental value.
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Hyperpolarizability

The βzzz component of the first hyperpolarizability for the HF molecule has

been calculated at various bond distances. FCI, CCSD, and CCSD-LR values for

1.0Re are available for comparison for the DZ basis, whereas there are CCSD and

CCSD-LR values for comparison with Sadlej basis results. The results from the

DZ and Sadlej bases do not show any trend. Moreover, the values seem to be

overcorrected and are higher than the FCI values, except for the PW91 functional,

which gives lower value than the FCI one. However, general agreement of the val-

ues is quite satisfactory. There are no benchmark results for comparison with the

hyperpolarizability values from the DZP basis. The CCSD-LR values for the zzz

component of hyperpolarizability for 0.75Re in Table. 3.1 have been predicted to

be 24.929 a.u. for DZ basis and 22.225 a.u. for the Sadlej basis. There are no

FCI results available for comparison for the 0.75Re bond distance. The hyperpo-

larizability values for the DZ and Sadlej bases are overestimated. There is a huge

difference between the benchmark CCSD-LR or FCI values and our values of hy-

perpolarizability for the 1.5Re and 2.0Re bond distance. None of the functional

recovers the results at the stretched distance with any accuracy. This may be due

to the inability of the DFT method to account for the multireference effects and

the size-inconsistency of the functionals used.

Table. 3.5 presents the results of BH at 0.75Re, Re, 1.5Re and 2.0Re. Results of

our calculation using the present numerical finite field method using both BPW91

and PW86PW91 functionals are presented for dipole moment, perpendicular and

parallel components of polarizability and parallel components of first hyperpolar-

izability. The properties using completely numerical method are also presented

with other ab initio results. We have presented results from ECC response method

[167, 168] as benchmark for the 0.75Re, 1.5Re and 2.0Re for comparison as no other

benchmark results are available. Further at the DFT level, fully finite field re-

sults using the same functionals along with analytic CPHF values from HONDO7

program are also presented to show the efficacy of the numerical-analytical method.
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At 0.75Re, we observe that our method provides dipole moment results close

to ECC results compared to the finite field ones. The same trend is observed for at

all distances, except at 2.0Re. At 2.0Re the dipole moment value of BH predicted

by our method is better than the CPHF value, although it is quite overestimated

as compared to the ECC result. For Re, we observe that, for µz the ab initio

calculations provide near FCI results [163]. It is seen that our numerical finite field

results are also substantial improvements over the CPHF results and are, in fact,

much improved over the complete finite field results. This shows that the utility

of analytic evaluation of dipole moment improves the value significantly. We now

discuss the trends in the polarizability of the BH molecule at the different bond

distances studied. However, we are unable to discuss the perpendicular component

of polarizability for all the bond distances, except Re due to non-availability of any

benchmark results for comparison. The αxx component of polarizability for BH at

Re using our method was observed to be ∼4 a.u. less than the values from CC-based

methods and FCI values [163], whereas the parallel component of polarizability, αzz,

are overestimated by the DFT by ∼ 1 a.u. for both the BPW91 and PW86PW91

exchange-correlation functionals at 0.75Re and for the PW86PW91 functional at Re.

It is seen that the BPW91 functional overestimates the component by slightly more

than 4 a.u. as compared to the CC results and the FCI values. The αzz component

of polarizability for the BH molecule at 1.5Re and 2.0Re are less than the CPHF

value but are very much separated from the values predicted by the ECC. This may

be possibly due to the dominance of multi-reference effects at stretched geometries

that are not incorporated in DFT calculations. There is a general instability in the

βzzz values obtained by the DFT response. We hope that a fully analytic method,

in which, the derivative of the Fock operator will be obtained by complete analytic

procedure, may improve the results of β.

Table. 3.6 presents the property results of CO in the more extensive [8s6p3d]

contracted basis of C and O at Re. Though CCSD (relaxed) and BCCD provide near

experimental results of dipole moment [163], it can be seen that the present DFT
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results are nearly as accurate and have comparable values to some of the CC-based

results. It is, however, important to note that the DFT results provide correct sign

of the dipole moment, which is indeed extremely gratifying. Both the BPW91 and

PW86PW91 functionals of DFT provide quite satisfactory results for perpendicular

as well as parallel components of polarizability for CO molecule. Parallel component

of polarizability is obtained, in particular, as accurate as, extensive CC results as

well as experimental results. What is even more gratifying is the agreement of

β along the internuclear axis. Although no experimental results are available the

agreement with various CC calculations is remarkable. We have also calculated βxxz

values through our DFT response method for which no other results are available.

We have also presented the results of CO in a lower basis of TZVP quality,

which we denote as VTZP, and VTZP+ basis using BPW91 and PW86PW91 func-

tionals in Table. 3.6. The VTZP+ basis is augmented by s and d FIP functions

for both carbon and oxygen atoms. In this case extensive ab initio results were not

available. Only LDA results obtained through deMon-KS with a completely finite

field procedure are reported [123]. In both VTZP and VTZP+ basis, we observe

the correct sign of the dipole moment and significantly the correct trend of values

of our numerical-analytic procedure compared to the LDA results [123]. A closer

study shows that the dipole moment values from the TZVP basis set are closer to

the experimental dipole moment value than the TZVP+ results. Comparing the

results of the above two basis sets, one observes the stability of α values and in

general the values of β. However, the change of β values even with this marginal

change in basis can be noted.

Table. 3.7 presents the property results for H2O molecule. We have carried

out two sets of calculations for H2O. In the first set of calculation we have used

Sadlej’s polarized electric property orbital basis set [151] with (5,1; 5,1) and (5,3;

5,3) auxiliary basis sets for the hydrogen and the oxygen atoms respectively us-

ing BP86, PW86P86 and PW91PW91 exchange-correlation functionals. We have

compared our results with the available TDHF, MBPT (2), CCSD and experimen-
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tal results of Sekino and Bartlett [151]. In this the µz results from our method

are reasonably good in comparison with CCSD and experimental values. The one

from the BP86 functional is closer to the experimental value as compared that

from PW86P86 and PW91PW91. The components of polarizability and the βzzz as

well as βyyz component of first hyperpolarizability are slightly overestimated over

the CCSD and experimental values wherever applicable. The hyperpolarizability

values are however stable as compared to the β values for BH, which were highly

unstable. However, we expect the complete analytic picture to take care of these

small discrepancies in the response property values.

The second set of calculation for H2O, which was carried out using VTZP and

VTZP+ orbital basis employing (3,1; 3,1) and (4,4; 4,4) auxiliary basis for the hy-

drogen and oxygen atoms respectively are also presented in Table. 3.7 The VTZP+

basis set had an augmented p FIP function for the hydrogen atom and s and d FIP

functions for the oxygen atom. The exponents for the augmented functions were

taken from Ref. [123]. We have used BP86 and PW91PW91 exchange-correlation

functionals for calculations involving both VTZP as well as VTZP+ basis set. Com-

plete finite field LDA results from DEMON was available for comparison. In addi-

tion, we have also presented the CPHF results for comparison. The dipole moment

values from our method are observed to be better than the available LDA as well

as the CPHF values. The dipole moment values from the VTZP+ basis are in fact

closest to the experimental values as compared to the values from VTZP basis. The

values of dipole moment and the components of polarizability using the VTZP basis

set are highly underestimated and are away from the experimental values, but re-

main nearly close to each other for CPHF, LDA and our method. An overall study

shows that the VTZP+ basis set gives relatively good results of dipole moment as

well as polarizability for the H2O molecule as compared to the experimental values.

The values for the VTZP and VTZP+ basis have no comparison available and are

relatively stable.
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3.5 Conclusion and Scope

We have performed a detailed calculation of the molecular electric response proper-

ties to test our implementation of the numerical-analytical linear response approach

in the deMon-KS for HF, BH, CO and H2O molecules. The chosen molecules are

marked by high degree of electron correlation. While we have studied CO only

at equilibrium, HF and BH has been studied at different internuclear distances.

In case of water molecule, although we have carried out the study at equilibrium

geometry, two slightly varying geometries have been used in the calculations. For

CO as well as H2O molecule we find that the DFT procedure, as developed by

us, produces quite good results. Results of the B-H molecule show that the DFT

method proposed by us for produces reasonably correct values of α even at stretched

geometry. However there is instability in the β values of BH, which should be inves-

tigated later. Whereas, in case of HF molecule, we observe errors at large distances

more prominently in the β values, while polarizability values are more well behaved

until the distances we studied. The errors are observed even for the dipole mo-

ment values for the stretched bond distances of the HF molecule. In general, DFT

does not seem to give correct values for the stretched geometries of molecules as in

such cases the multireference character in the system makes a strong appearance,

whereas KS-DFT has a single determinant picture for studying the ground states.
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Table 3.1: Coupled−perturbed Kohn−Sham dipole moment, polarizability, and first hyperpolarizability values of HF moleculea

at 0.75Re (in atomic units)

DFT µz αxx αzz βzzz

DZ DZP Sadlej DZ DZP Sadlej DZ DZP Sadlej DZ DZP Sadlej

PW91 0.798 0.624 b 0.908 1.964 b 1.989 2.799 b -6.79 -6.19 b

PW86 0.794 0.607 0.555 1.017 2.078 5.539 1.989 2.673 4.994 -5.99 -6.24 -3.62

BPW91 0.787 0.606 0.564 0.964 2.046 5.002 1.934 2.685 4.718 -5.54 -5.36 -4.32

BP86 0.795 0.607 0.563 1.010 2.086 5.286 1.939 2.681 4.655 -5.62 -5.47 -9.15

RHF 0.803 0.631 0.590 0.883 1.956 3.982 1.187 2.484 3.981 -4.31 -3.82 -1.41

CCc 0.801 0.567 1.899 4.547 -4.93 -2.23

aThe molecule in the z direction; F and H atom on the negative and positive side of the z axis, respectively.
bFor the functional PW91 in Sadlej basis the DFT equations did not converge to the correct ground state.
cFrom CCSD-LR method Ref. [150].
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Table 3.2: Coupled−perturbed Kohn−Sham dipole moment, polarizability, and first hyperpolarizability values of HF moleculea

at 1.0Re (in atomic units)

DFT µz αxx αzz βzzz

DZ DZP Sadlej DZ DZP Sadlej DZ DZP Sadlej DZ DZP Sadlej

PW91 0.868 0.743 0.673 0.798 2.015 5.792 4.280 4.827 6.961 -16.61 -15.12 -6.09

PW86 0.860 0.729 0.682 0.846 2.070 6.317 4.263 4.728 7.017 -19.12 -17.73 -12.23

BPW91 0.854 0.728 0.677 0.805 2.042 5.823 4.177 4.668 6.719 -18.06 -16.71 -10.88

BP86 0.868 0.734 0.685 0.837 2.074 6.170 4.165 4.647 6.892 -18.67 -17.18 -11.09

RHF 0.936 0.805 0.757 0.739 1.983 4.457 4.002 4.359 5.742 -17.59 -14.58 -8.14

FCI 0.898b 0.762c 4.14b 4.50c -17.32b

CCb 0.896 0.699 4.179 6.521 -17.513 -9.869

CCSDd 0.707 5.164 6.327 -8.91

Expt.e 0.707 5.08 6.40

aThe molecule in the z direction; F and H atom on the negative and positive side of the z axis, respectively.
bFrom CCSD-LR method Ref. [150].
cFrom Ref. [152].
dFrom Ref. [151].
eFrom Ref. [98].
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Table 3.3: Coupled−perturbed Kohn−Sham dipole moment, polarizability, and first hyperpolarizability values of HF moleculea

at 1.5Re (in atomic units)

DFT µz αxx αzz βzzz

DZ DZP Sadlej DZ DZP Sadlej DZ DZP Sadlej DZ DZP Sadlej

PW91 0.971 0.941 0.928 0.572 2.007 6.971 11.023 11.267 13.379 -33.13 -35.03 -19.51

PW86 0.955 0.920 0.940 0.587 2.020 7.801 11.061 11.209 13.895 -38.85 -38.82 -39.94

BPW91 0.935 0.902 0.908 0.567 2.000 7.201 10.983 11.210 13.366 -39.49 -40.81 -36.56

BP86 0.973 0.935 0.945 0.583 2.021 7.779 10.974 11.142 13.573 -40.27 -40.63 -40.33

RHF 1.198 1.150 1.142 0.564 2.008 5.559 12.634 12.317 13.488 -76.81 -70.82 -68.67

FCI 0.923b 0.896c 12.47b 12.30c -2.39b

CCb 0.926 0.912 12.383 14.348 -1.012 -24.302

aThe molecule in the z direction; F and H atom on the negative and positive side of the z axis, respectively.
bFrom CCSD-LR method Ref. [150].
cFrom Ref. [152].
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Table 3.4: Coupled-perturbed Kohn−Sham dipole moment, polarizability, and first hyperpolarizability values of HF moleculea

at 2.0Re (in atomic units)

DFT µz αxx αzz βzzz

DZ DZP Sadlej DZ DZP Sadlej DZ DZP Sadlej DZ DZP Sadlej

PW91 1.081 1.079 1.167 0.488 1.928 7.977 19.122 19.452 23.334 -33.48 -34.49 -28.24

PW86 1.068 1.068 1.166 0.499 1.942 9.324 18.688 19.195 23.308 -38.57 -35.48 -39.09

BPW91 1.013 1.010 1.084 0.487 1.926 8.233 18.785 19.159 22.676 -39.31 -40.05 -58.15

BP86 1.092 1.090 1.175 0.497 1.941 9.107 18.925 19.281 23.179 -37.77 -38.09 -65.93

RHF 1.510 1.501 1.570 0.500 1.945 6.838 26.541 26.283 28.746

FCI 0.605b 0.621c 18.42b 19.20c 367b

CCb 0.640 0.820 18.531 26.189 352.68 279.80

aThe molecule in the z direction; F and H atom on the negative and positive side of the z axis, respectively.
bFrom CCSD-LR method Ref. [150].
cFrom Ref. [152].
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Table 3.5: Coupled−perturbed Kohn−Sham dipole moment, polarizability and

first hyperpolarizability values of BH molecule (in atomic units)

Bond length µz αxx=yy αzz βzzz βxxz=yyz

0.75Re

CPHF 0.966 25.25 15.53 71.5 0.2

FF (BPW91) 0.910 17.95

FF (PW86PW91) 0.905 16.40

BPW91 0.890 17.54 17.98 -12.1 11.1

PW86PW91 0.896 18.02 16.40 -10.0 36.1

ECC 0.799 16.93 -55.8

Re

CPHF 0.686 22.76 22.58 -20.9 52.5

FF (BPW91) 0.638 27.69

FF (PW86PW91) 0.621 24.11

BPW91 0.574 16.57 27.79 406.4 689.2

PW86PW91 0.580 16.49 24.11 -137.2 51.6

ECC 0.514 23.66 -51.9

CCSD (non-rel)a 0.5298 20.433 23.044 -29.04

CCSD (rel)a 0.5256 20.308 23.145 -27.70

BCCDa 0.5257 20.311 23.143 -27.53

CCSD (T)a 0.5190 20.298 23.270 -29.35

BCCD (T)a 0.5190 20.295 23.270 -29.20

Full-CIa 0.5171 20.289 23.306 -29.25

Expt.a 0.4997

1.5Re

CPHF -0.244 22.32 47.51 -118.2 19.6

FF (BPW91) -0.184 42.42

FF (PW86PW91) -0.179 43.40

BPW91 -0.278 16.30 42.42 -129.8 9.6

PW86PW91 -0.279 16.73 43.40 -128.5 9.7

ECC -0.344 62.97 -57.4

2.0Re

CPHF -1.261 26.94 83.34 56.8 -78.7

FF (BPW91) -0.826 64.13

FF (PW86PW91) -0.816 64.23

BPW91 -0.934 18.25 64.13 -150.5 -33.3

PW86PW91 -0.946 18.75 64.24 33.5 -33.5

ECC -0.262 30.16 -246.6

The molecule in the z direction; B and H atom on the negative and the positive

side of the z axis, respectively.
a From Ref. [163].
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Table 3.6: Coupled−perturbed Kohn−Sham dipole moment, polarizability and

first hyperpolarizability values of CO molecule at Re(in atomic units)

Basis set µz αxx=yy αzz βzzz βxxz=yyz

[8s 6p 3d]

BPW91 0.075 10.21 15.52 34.7 6.0

PW86PW91 0.073 10.58 15.66 27.5 5.7

CCSD (non-rel)a 0.070 11.85 15.79 29.4

CCSD (rel)a 0.040 11.76 15.50 30.3

BCCDa 0.038 11.74 15.52 30.6

CCSD(T)a 0.061 11.91 15.61 30.2

BCCD(T)a 0.058 11.90 15.62 30.4

Expt.a 0.043 11.86 15.51

VTZP

CPHF -0.120 8.79 13.79 23.0 1.05

BPW91 0.060 7.97 14.69 19.9 3.1

PW86PW91 0.052 8.18 14.85 20.3 3.3

LDAb 0.074 9.63 14.87 17.6 2.6

VTZP+

CPHF -0.102 10.93 14.36 30.9 3.9

BPW91 0.074 9.98 15.39 31.6 4.8

PW86PW91 0.073 10.35 15.50 39.8 6.7

LDAb 0.095 12.32 15.75 31.3 6.6

Expt.b 0.048 12.1 15.7

The molecule in the z direction; C and O atom on the negative and the positive

side of the z axis, respectively.
a From Ref. [163].
b From Ref. [123].
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Table 3.7: Coupled−perturbed Kohn−Sham dipole moment, polarizability and

first hyperpolarizability values of H2O molecule (in atomic units)

Basis set µz αxx αyy αzz βzzz βxxz βyyz

Sadleja

BP86 0.712 10.43 10.64 10.35 -10.9 -2.4 -15.8

PW86 0.707 10.72 10.88 10.66 -12.6 -3.7 -17.3

PW91 0.689 10.53 10.66 10.40 -6.1 -6.3 -10.3

SCF/TDHFb 0.780 7.84 9.17 8.50 -4.6 -0.6 -9.7

MBPT (2)b 0.730 10.05 9.75 -8.7 -2.4 -10.6

CCSDb 0.729 9.89 9.49 -7.3 -2.0 -10.8

Expt.b 0.721

VTZPc

CPHF 0.864 7.55 3.85 6.03 -6.6 -0.8 -15.3

BP86 0.827 7.95 4.34 6.62 -10.0 -2.5 -17.9

PW91 0.826 7.98 4.33 6.65 -7.3 -2.1 -14.5

LDAd 0.852 7.93 4.02 6.65 -9.8 -2.3 -16.6

VTZP+c

CPHF 0.793 9.03 7.64 8.28 -6.8 -0.4 -9.8

BP86 0.726 10.22 9.76 9.99 -20.7 -8.1 -14.6

PW91 0.722 10.38 10.29 10.11 -6.6 1.7 -12.0

LDAd 0.743 10.32 9.96 10.12 -17.1 -6.3 -12.9

Expt.d 0.727 10.31±0.09 9.55±0.09 9.91±0.02

aThe molecule in the positive z-direction; O atom is placed at the origin and the

two H atoms are in the yz plane. The equilibrium geometry used was ROH=

0.957 Åand θHOH= 104.58 degrees. The auxiliary basis used for the hydrogen and

oxygen atoms were (5,1; 5,1) and (5,3; 5,3), respectively.
b From Ref. [151].
c The molecule in the positive z-direction; O atom is placed at the origin and

the two H atoms are in the xz plane. The equilibrium geometry used was ROH=

0.9576 Åand θHOH= 104.488 degrees. The auxiliary basis used for the hydrogen

and oxygen atoms were (3,1; 3,1) and (4,4; 4,4), respectively.
dFrom Ref. [123].



Chapter 4

Static Polarizabilities from

CPKS methods and extension of

NIA-CPKS to dipole-quadrupole

polarizability

Abstract:

In this chapter, we present the extension of the non-iterative approximation to

the CPKS (NIA-CPKS) for the calculation of the dipole-quadrupole polarizability,

A, of molecules. Details of the formalism for calculation of Ax,yz components will

be discussed. Additionally, we compare the polarizabilities, and first hyperpolariz-

abilities of molecules obtained from our NIA-CPKS formalism, with those obtained

from a recent implementation of another approximate CPKS implementation in

which, auxiliary derivative density is used. This has been implemented in the de-

Mon2k, by a Mexican group. The hyperpolarizability module to this program has

been added by us. We will compare the results from the NIA-CPKS with the ones

from this implementation.

4.1 Introduction

A lot of attention has been focused on obtaining properties like the dipole polariz-

ability, α, and first hyperpolarizability, β, which are the fundamental characteristics

of atoms and molecules. However, the amount of literature available for higher order
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polarizabilities, namely, the dipole-quadrupole polarizability, A, is comparatively

smaller in number. Accurate values are reported for a few molecules only [169, 170].

Recently, Quinet et. al. have given an analytic procedure based on the time-

dependent Hartree-Fock (TDHF) scheme for evaluating the frequency dependent

electric dipole-quadrupole polarizability, A [171]. The higher order polarizabilities

are important in the understanding of intermolecular interactions, scattering of

electromagnetic waves, etc. [77, 172]. Maroulis has reported best/recommended A

values using a combination of Møller-Plesset scheme [169], whereas the gradient of

the dipole-quadrupole polarizability are estimated and shown to be in good agree-

ment with experiment [173]. Amos has presented a coupled-perturbed Hartree-

Fock (CPHF) scheme to evaluate the static A values. Quinet et. al also describes

a method for evaluating dynamic A values. The quantities A and ∂A/∂Q, i.e.

its derivative with respect to cartesian coordinates and vibrational normal coordi-

nates are determined within collision-induced light-scattering and high-resolution

infrared absorption spectroscopies [172, 175, 176, 177]. A, is also relevant to the

description of intermolecular interactions and dielectric properties [77, 172]. Few

other work involving the dipole-quadrupole polarizability are available in literature

[178, 179, 180, 181, 182, 183, 184, 185, 186, 187]. Hohm and Maroulis, have used

finite-field method to obtain the polarizabilities of T iCl4, ZrCl4 and HfCl4 [185].

The convergence of the Taylor series expansion of the field dependent energy, in-

duced dipole moment and the induced quadrupole moment, is faster, when weak

electric fields are used. This allows a reliable determination of the electric proper-

ties. This was shown by Hohm and Maroulis [186]. Effects of electron correlation

on the molecular properties have been obtained at the MP2 level by Helgaker et.

al [188]. Wiberg et. al have extracted induced multipole moments via MP2 density

[189].

However, most of these reported calculations are, using the ab initio theories,

and, dipole-quadrupole polarizability calculations using the DFT are scarce. We,

therefore, put forth a method which will simplify the scenario for these calculation
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in the KS-DFT framework.

4.2 Theory

As discussed, in the section 1.7, the Hamiltonian has a dependence on the electric

field in the presence of a weak static electric field. The induced dipole moment,

and quadrupole moment, can then be expanded as [77],

µi(F ) = µ
(0)
i + αijFj +

1

3
Ai,jkFij + . . . (4.1)

θij(F ) = θ
(0)
ij + Ai,jkFj + . . . (4.2)

where, the Fi and Fij are the electric field and the electric field gradient, respectively,

and the i, j and k span the x, y and z directions. The θij , in the above equation,

is given as a traceless quantity; θij = 3/2[ea(rairaj − r2
a/3δij)]. The Aij, are tensor

elements of the electric dipole-electric quadrupole polarizability, and µ(0) and θ(0)

are the permanent dipole and quadrupole moments in the absence of the external

electric field. The quantity A, describes the dipole moment induced by the electric

field gradient. This quantity can be obtained if the response of the electron density

to the external weak static electric perturbation is obtained.

4.3 Methodology

The quantity, A, could be obtained as a trace of the product of the response density

matrix and quadrupole moment integrals. The quadrupole moment operator has

been given in the earlier section. For obtaining the derivative density matrix,

we go back to the non-iterative approximation to the coupled-perturbed Kohn-

Sham (NIA-CPKS), described in chapter 2. Using exactly the identical formalism,

where, the Hamiltonian has a µ.F term, and, solving the single-step CPKS matrix

equation by plugging in the derivative of the Kohn-Sham (KS) operator matrix, the

derivative coefficient matrix is obtained. This derivative coefficient matrix, along
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with the coefficient matrix of the unperturbed calculation, gives the derivative

density matrix. The trace of the product of the derivative density matrix of the x,

y and z directions with the quadrupole moment integrals of xx, xy, xz, yy, yz and zz,

gives the corresponding tensor component of the dipole-quadrupole polarizability,

A as,

Ai,jk = Tr(P ′
i .θjk) (4.3)

where, i, j and k span the x, y and z directions, P ′, is the derivative density matrix

and θ, is the quadrupole moment integrals. We thus, obtain the tensor components

of the dipole-quadrupole polarizability using the NIA-CPKS procedure.

4.4 Polarizability and Hyperpolarizability Calcu-

lations using Approximate CPKS Methods

We, now, present a comparison between two approximate CPKS implementations.

The one described in chapter 2, and referred to as NIA-CPKS, is a single-step

solution of the CPKS matrix equations in a orbital basis [145, 146, 147, 148]. The

newly implemented approximate CPKS, proposed by the deMon developers group

in Mexico, is also a non-iterative approximation of the CPKS, and uses the auxiliary

density response (ADR) [190]. Hereon, we refer to their implementation by the

abbreviation CPKS-ADR. Both the implementations have been done in deMon2k

program.

Both the above mentioned implementations have been done to the KS-DFT

and use Gaussian basis centered on atoms. In both implementations, an auxiliary

basis is required for fitting of the coulomb integrals. The coulomb energy is evalu-

ated using a variational fitting procedure proposed by Dunlap, Connolly and Sabin

[142, 143]. There is a fitting using auxiliary basis functions of the charge density

for obtaining the exchange-correlation potential in deMon2k. The single-step NIA-

CPKS method, could be used for the fitting using the auxiliary basis, as well as

orbital basis, for evaluation of the exchange-correlation functional. Also, it is well
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known that, for sensitive response property calculations, use of the orbital density is

recommended. However, the CPKS-ADR implementation available for the analytic

polarizability tensor calculation, can be used only when an auxiliary basis is used,

for obtaining the exchange-correlation potential. Also, the CPKS-ADR has been

implemented only for the VWN functional in the deMon2k program, as against, our

NIA-CPKS implementation, which can be used for both local as well as non-local

exchange-correlation functionals. In the NIA-CPKS method the derivative Kohn-

Sham operator matrix is obtained using a finite-field approximation, whereas, in

the CPKS-ADR method, the iterative procedure is avoided by obtaining a density

matrix response, P ′, using an auxiliary density response, x′, The auxiliary den-

sity response is obtained through the solution of the matrix linear equation system

(LES) [191]. Thus, using this density matrix response, the derivative KS-operator

matrix is constructed and solved in a single step, to obtain the final density matrix

response used for the polarizability calculations. The general idea of the CPKS for

both implementations remains the same, except, for the manner in which, the KS

derivative matrix is obtained. Calculations of polarizability and first hyperpolariz-

ability from both implementations are presented in this chapter.

4.5 Computational Details

We, present polarizability and first hyperpolarizability calculations from the NIA-

CPKS and CPKS-ADR methods. The calculations were carried out using the VWN

[51] exchange-correlation functional. The A2 auxiliary basis as available in the de-

Mon2k auxiliary basis set library has been used, for fitting of the density used for

evaluation of the exchange-correlation term in the Kohn-Sham (KS) operator. We

have carried out the calculations using NIA-CPKS method for the VWN functional.

We present the results of the polarizabilities from the NIA-CPKS, for density fitted

using the orbital basis (referred to as BASIS in the tables) as well as the auxil-

iary basis (referred to as AUXIS in the tables). The calculations are reported for
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Na2, Na4, Na6 and Na8 clusters, using Sadlej [192] and TZVP-FIP1 [193] basis

sets. The xx, yy and zz components of α, and all the tensor components of β are

tabulated. The Na cluster geometries are optimized at the DZVP/A2 level using

the exchange-correlation functional of Perdew and Wang (PW86) [56, 57]. The de-

tails of the optimization could be found in section 5.4. The restricted Kohn-Sham

(RKS) scheme has been used for the response property calculations. The tolerance

on the density was set to 10−9 a.u. The grid accuracy of 10−6 a.u. and a finite-field

value of 0.001 a.u. has been used for the CPKS calculations. The hyperpolariz-

ability module was added to the CPKS-ADR program for obtaining the β tensor

components.

4.6 Results and Discussion

We present the dipole polarizability and first hyperpolarizability calculations for the

Na clusters, namely, Na2, Na4, Na6 and Na8 using the NIA-CPKS and CPKS-ADR

methods. The calculations from the NIA-CPKS method are presented using the

orbital, as well as, auxiliary basis in the tables, whereas, the CPKS-ADR values

are calculated using the auxiliary basis only. A2 auxiliary basis was used. The

calculations have been carried out for the Sadlej and TZVP-FIP1 basis sets. The

αxx, αyy and αzz components of polarizability along with mean polarizability values,

α, are presented in Table. 4.1. The experimental values, given in the Table. 4.1 were

calculated from the measurement of relative polarizabilities of Knight et al. [194]

and the absolute measurement of the atomic polarizability by Molof et al. [195].

Tables. 4.2 - table. 4.5 present the

In general, there is a decrease in the polarizability values from both methods

for each cluster, as we go from the Sadlej to the TZVP-FIP1 basis set, except, in

case of αzz component for the Na2 and Na8 clusters, which shows a slight increase.

This trend is also reflected in the mean polarizability values. It can be noted that,

for Sadlej basis, values obtained using the AUXIS option for the NIA-CPKS, are
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closer to the CPKS-ADR results, as compared to, the NIA-CPKS values obtained

using the BASIS option. This trend is more or less repeated for the TZVP-FIP1

basis, except, in case of Na4 cluster, where, the values from the BASIS option are

closer to the ones from CPKS-ADR. However, the BASIS option is recommended

for sensitive properties like polarizability calculations, where the electron correla-

tion as well as basis sets play an important role. α values seem to be underestimated

in comparison to the experimental values. The difference between the calculated

values and experiments goes on increasing as we go from the Na2 to Na8 cluster.

This is mainly, due to the temperature effects prevalent in experiments that are

missing in both the methods. Also, local density approximated VWN functional is

well known for its over-binding nature, which could be another reason for the un-

derestimation of the polarizability values. However, we observe, NIA-CPKS gives,

α values closer to the experiments. This trend is apparent for mean polarizability

values as we go to larger clusters. Another observation is, that, the α values using

the BASIS option for the NIA-CPKS method gives values closer to the experiments

as we move from Na2 to Na8 for Sadlej as well as TZVP-FIP1 basis. In general,

the Sadlej basis gives values better than TZVP-FIP1 basis.

We, now discuss the hyperpolarizability results in Table. 4.2. Na2 has zero first

hyperpolarizability, however, as seen in the tables, both methods give a finite value

for the β components, which may be due to numerical errors in the implementations

of both the methods. We see that, the error is more when the auxiliary basis are

used for fitting of the charge density, whereas, it is less when the orbital basis is used.

Also, the CPKS-ADR method shows a larger error in the βzzz values, in comparison

to, the NIA-CPKS method for both basis sets. However, the error is more in case

of Sadlej basis for both methods. The TZVP-FIP1 basis gives a relatively smaller

error in the β values for the Na2 cluster in comparison to all the other values. In

Table. 4.3, the NIA-CPKS gives negligible values for the β components for both the

basis sets using AUXIS as well as BASIS option. This trend is similar for the values

for the TZVP-FIP1 basis using CPKS-ADR method, except, for the high value of
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-20.4 a.u. for the βyyy component. The values from Sadlej basis for CPKS-ADR

method, however, show a different trend, and, are higher than the other values for

the Na4 cluster. The effect of the basis set can be clearly noted here for the CPKS-

ADR method, however, we are unable to explain them due to lack of availability

of experimental values. A general trend, that can be observed in Tables. 4.4 and

Table. 4.5 for the β values from the NIA-CPKS method is that, the values using

AUXIS approach is larger than those using BASIS approach, except, for βyxx and

βzxx components in Table. 4.4 for the Na6 cluster, and, for βyyy and βzzz components

in Table. 4.5 for Na8 cluster. Although, certain β components in Table. 4.4 and

Table. 4.5 from the CPKS-ADR and NIA-CPKS methods are close to each other,

a clear correlation between the two cannot be established due to inconsistency in

the values for the other components of β. Additionally, the values from the ADR-

CPKS method, for Sadlej and TZVP-FIP1 basis, also vary widely. However, the β

values for the Sadlej and TZVP-FIP1 basis of the Na6 and Na8 clusters are more

stable using both AUXIS and BASIS options in the NIA-CPKS method.

4.7 Conclusion and Scope

We observed that the polarizability values were underestimated by both methods,

however, for larger clusters the BASIS option of the NIA-CPKS gave better values

of α, in comparison to AUXIS approach and the CPKS-ADR values. In case of

hyperpolarizabilities, we found a numerical error in the values for the Na2 cluster.

The error was less in case of the values from NIA-CPKS method, especially, using

the BASIS option. We found, the CPKS-ADR values for β highly inconsistent for

the two basis sets, whereas, there was a relative stability in the values obtained

using the BASIS option of the NIA-CPKS method for all the sodium atom clus-

ters. Despite, the complicated nature of the CPKS-ADR, that is closer to the

analytic CPKS, the results for the polarizabilities and hyperpolarizabilities do not

show much improvement from the NIA-CPKS which is a much simpler implemen-
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tation and proves to be stable in terms of the β results. Also, the values would

improve further when a better exchange-correlation functional is chosen, which is

not possible in case of the CPKS-ADR method as this is implemented for the VWN

functional only. We found the results for β obtained from the density obtained us-

ing orbital basis for evaluating the exchange-correlation term in the KS operator

using the NIA-CPKS, led to more stable values than the ones obtained using the

auxiliary basis. The NIA-CPKS can be used for both the local as well as non-local

functionals. This is possible because the derivative KS-operator matrix is obtained

in a finite-field manner. As a result, the NIA-CPKS method is viable for large

molecules and larger basis sets.

The scope of our method lies in the single-step solution as well as the numeri-

cal approximation used for obtaining the derivative KS-operator matrix, which can

be exploited for extending our formalism for other properties, namely, the mag-

netic response properties. A similar implementation could also be done for the

time-dependent dynamic response for excited state properties. The central idea

of obtaining the derivative KS-operator matrix in the NIA-CPKS makes it highly

useful for applications to large molecules.
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Table 4.1: Dipole polarizability and first hyperpolarizability from NIA-CPKS and

CPKS-ADR methods in deMon2k(in Atomic Units)

Basis System α CPKS-ADR NIA-CPKS Expt.

values AUXIS(BASIS)

Sadlej Na2 αxx 179.54 184.04(183.95)

αyy 179.54 183.63(183.96)

αzz 312.66 315.28(316.02)

α 223.91 227.65(227.97) 251.90

Na4 αxx 781.15 781.53(775.62)

αyy 283.57 284.20(282.23)

αzz 362.80 364.63(361.34)

α 475.84 476.79(473.06) 538.62

Na6 αxx 554.99 559.23(562.44)

αyy 636.59 640.46(644.61)

αzz 682.71 687.20(692.45)

α 624.76 628.96(633.16) 816.62

Na8 αxx 675.25 677.57(689.12)

αyy 676.39 677.26(688.91)

αzz 782.91 783.21(777.76)

α 711.52 712.68(718.60) 868.75

TZVP-FIP1 Na2 αxx 155.95 158.63(157.09)

αyy 155.95 158.61(157.09)

αzz 313.40 317.17(314.27)

α 208.43 211.47(209.48) 251.90

Na4 αxx 765.29 772.69(767.82)

αyy 269.78 271.40(268.91)

αzz 354.85 357.34(353.57)

α 463.31 467.14(463.43) 538.62

Na6 αxx 548.02 552.47(553.60)

αyy 629.12 632.78(635.12)

αzz 676.78 679.00(682.10)

α 617.97 621.42(623.61) 816.62

Na8 αxx 671.05 674.63(683.30)

αyy 670.82 674.83(680.63)

αzz 784.28 782.92(781.70)

α 675.38 710.79(715.21) 868.75

aExperimental values calculated from the measurement of relative polarizabilities

of Knight et al. [194] and the absolute measurement of the atomic polarizability

by Molof et al. [195]
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Table 4.2: Dipole polarizability and first hyperpolarizability of Na2 cluster from

NIA-CPKS and CPKS-ADR methods in deMon2k using Sadlej and TZVP basis

(in Atomic Units)

Sadlej TZVP-FIP1

β-component CPKS-ADR NIA-CPKS CPKS-ADR NIA-CPKS

AUXIS(BASIS) AUXIS(BASIS)

βzxx -1.7 -2.5(0.8) 1.3 0.5(0.5)

βzyy -1.7 -2.0(0.8) 1.3 0.5(0.5)

βzzz -11.4 -4.8(3.2) 9.0 1.6(2.1)
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Table 4.3: Dipole polarizability and first hyperpolarizability of Na4 cluster from

NIA-CPKS and CPKS-ADR methods in deMon2k using Sadlej and TZVP basis

(in Atomic Units)

Sadlej TZVP-FIP1

β-component CPKS-ADR NIA-CPKS CPKS-ADR NIA-CPKS

AUXIS(BASIS) AUXIS(BASIS)

βxxx -42.6 -0.8(0.0) 3.5 0.6(0.0)

βxyy 77.3 -0.9(-4.2) 1.8 1.1(0.0)

βxzz 25.9 0.0(-0.5) 0.7 0.0(0.0)

βyxx -109.3 -1.4(-4.3) -5.1 -2.9(-2.5)

βyyy -596.5 0.2(-5.0) -20.4 -2.3(-0.6)

βyzz 36.9 1.2(-0.2) 0.6 -0.4(0.4)

βzxx -14.2 0.2(0.5) -0.3 0.3(0.0)

βzyy 69.3 0.0(0.6) -0.2 0.2(0.0)

βzzz 12.4 0.4(0.5) 0.0 0.0(0.1)
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Table 4.4: Dipole polarizability and first hyperpolarizability of Na6 cluster from

NIA-CPKS and CPKS-ADR methods in deMon2k using Sadlej and TZVP basis

(in Atomic Units)

Sadlej TZVP-FIP1

β-component CPKS-ADR NIA-CPKS CPKS-ADR NIA-CPKS

AUXIS(BASIS) AUXIS(BASIS)

βxxx -3698.3 -3796.0(-2794.4) -4000.6 -3991.8(-3390.7)

βxyy -158.3 -632.3(-290.3) -872.2 -636.0(-350.0)

βxzz -1271.5 -1229.0(-929.7) -2021.2 -1371.3(-1145.1)

βyxx 320.3 386.6(532.6) 631.8 290.4(654.8)

βyyy -2916.8 -3697.1(-2981.5) -3213.3 -3987.7(-3609.2)

βyzz -756.4 -898.4(-726.4) -437.1 -1027.2(-880.7)

βzxx 384.8 227.4(509.6) 1019.0 236.0(591.7)

βzyy -333.0 -439.8(-133.9) 374.3 -381.8(-144.0)

βzzz -3243.2 -3314.8(-2496.4) -2261.9 -3341.9(-2945.5)
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Table 4.5: Dipole polarizability and first hyperpolarizability of Na8 cluster from

NIA-CPKS and CPKS-ADR methods in deMon2k using Sadlej and TZVP basis

(in Atomic Units)

Sadlej TZVP-FIP1

β-component CPKS-ADR NIA-CPKS CPKS-ADR NIA-CPKS

AUXIS(BASIS) AUXIS(BASIS)

βxxx -710.0 -106.9(-171.5) 275.2 -195.1(-194.9)

βxyy 894.8 804.7(609.1) 1501.6 701.1(607.1)

βxzz -799.7 -629.8(-531.1) 361.8 -614.8(-542.4)

βyxx 392.8 770.4(612.5) 549.9 727.3(622.2)

βyyy 388.1 202.1(217.4) -836.6 20.0(177.6)

βyzz -1588.0 -963.2(-733.7) -960.1 -1069.2(-743.5)

βzxx 385.4 496.8(446.2) 856.9 507.5(447.7)

βzyy -33.7 -292.6(-284.2) 351.4 -318.4(-288.2)

βzzz 750.2 -166.3(-204.9) -5032.6 -206.9(-207.3)



Chapter 5

Nonlinear optical properties of some

alkali metal clusters and derivatives

of para-nitroaniline

Abstract:

In this chapter we present the studies of static dipole polarizability and first-

hyperpolarizability of two different class of systems using our implementation of the

non-iterative approximation of the coupled-perturbed Kohn-Sham (CPKS) equa-

tions in the deMon2k. A detailed study of the even number sodium atom clusters

has been carried out. We attempt to bring out the structure-property relationship

as well as the correlation and basis set effects for the Nan, n=2, 4, 6 and 8 sodium

atom clusters by comparing our KS-DFT response calculations with the benchmark

MP2 and HF calculations. Additionally, we investigate the effects of substitution,

position of the substituent and the symmetry on the nonlinear optical properties of

para-nitroaniline and its derivatives using our method. MP2 calculations are used

as benchmark.

5.1 Metal Clusters

Linear and nonlinear response electric properties, namely, dipole-polarizability and

dipole first-hyperpolarizabilities, of metal clusters have been of considerable in-

terest over the past decade [196]. The size dependence of the optical properties

[196, 197] makes the study of clusters even more interesting for understanding the
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correlation between the two. Clusters [198] are aggregates of atoms or molecules,

generally intermediate in size. Clusters of up to 40 atoms are considered to be small

sized. The properties of small clusters vary so much with size and shape that, their

correlation with number of component particles is not simple. For large clusters,

the properties approach those of the corresponding bulk material. Molecules are

characterized by having definite compositions, and, in most cases, definite struc-

tures. The properties of clusters, on the other hand, depend on the number of

atoms in the cluster and so does the most stable structure. Clusters thus, differ

from conventional molecules because of composition and structure. Clusters could

be composed of any number of particles of the same or different kind, and can be

further classified as homogeneous or heterogeneous clusters, respectively, and for

most of them, as the number of atoms increases, the number of stable structures

grows rapidly. Clusters have drawn interest for several reasons. There are powerful

ways to study them, both experimentally and theoretically. Clusters may give way

to make altogether new kinds of materials, to carry out chemical reactions in new

ways, and to gain understanding of the intermediate matter, which exists as one

goes from molecules to crystals to bulk. All these make cluster science a fascinating

field, which offers possibilities for new materials and processes.

In general, metal clusters have been studied to a reasonable extent [199]. How-

ever, the presence of a single valence electron makes the alkali metal clusters the

simplest metal cluster. Hence, it has been used as a prototype system for under-

standing the size effects in metal clusters. Here, we concentrate on sodium clus-

ters of up to 8 atoms. Polarizabilities of the sodium clusters, have been reported

using, theory [200, 201, 202, 203, 204, 205, 206, 124, 193, 207] as well as experi-

ments [207, 194, 208, 195]. Guan et al. (Ref. [124] and references therein) have

done all-electron density functional calculations for Nan (n=1-6) clusters using lo-

cal and gradient-corrected functionals. They have discussed several popular models

for studying polarizability of clusters spanning the simplest and oldest conducting

sphere model for studying the clusters to the free electron model used for studying
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the bulk alkali metals. Guan et al. have also mentioned about the quantum me-

chanical jellium sphere approximation differing from the classical sphere model due

to the fact that, the quantum mechanical density extends beyond the radius of the

classical sphere, thus the effective sphere being larger.

In the first part of this chapter, we study the correlation of response electric

properties with size for the homonuclear alkali metal clusters of Sodium using an

approximate formalism proposed by us and discussed in Chapter 2 [145, 146, 147].

We study the dipole polarizability and the first-hyperpolarizability of the even

number of Na atom clusters using local density approximation (LDA) and gen-

eralized gradient approximation (GGA) based exchange-correlation functionals in

the presence of an external homogeneous static electric field perturbation. We also

discuss the effect of electron correlation on the polarizabilities. We have done an

all-electron calculation for the optimizations as well as for the response properties.

Calculations, that consider all the electrons in the cluster, are not very common.

This is, especially, the case for ab initio calculations. There are some all-electron

optimizations available using the DFT [124, 193]. We use atomic units throughout,

unless otherwise stated.

5.2 Para-nitroaniline (PNA) and its methyl

substituted derivatives

Organic molecules with delocalized π electrons have attracted a lot of attention as

they exhibit particularly large nonlinear responses [209]. The microscopic structure-

property relationship for such molecules may lead to discovery of improved nonlin-

ear optical (NLO) characteristics in materials, thus, facilitating the designing of new

NLO molecules [97]. This all can be done through study of the polarizability and the

hyperpolarizability using computational methods. Electron-correlation effects play

a crucial role in the determination of these properties. NLO properties of a variety

of push-pull phenylenes have been studied extensively [210, 211]. The sensitivity
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of the NLO properties to the conjugation length, donor and acceptor substitutions

and effects due to symmetry in the molecule are well known [212]. Over the period,

para-nitroaniline (PNA) has been identified as a prototype system to understand

the large nonlinear responses exhibited due to the presence of donor-acceptor moi-

eties which lead to charge transfer in the PNA molecule. There are a number of

studies available for the PNA molecule [213, 214, 215, 216, 217, 218, 219, 220]. The

static response properties of the PNA and its methyl substituted derivatives have

been studied in the second half of this chapter.

5.3 General Theory

DFT [40, 221] has been widely used for molecular response property calculations.

Response property of molecule is the response of the molecule to some kind of

perturbation. For an external perturbation the molecular energy has a dependence

on the perturbation and can be expanded as a Taylor series expansion. In the

presence of a static electric field perturbation, the energy expansion becomes,

E(F ) = E(0) −
∑

i

µiFi −
1

2

∑

i,j

αijFiFj

−
1

6

∑

i,j,k

βijkFiFjFk (5.1)

where, i, j and k are summation indices each spanning the x, y and z direction,

the first term is the energy of the molecule in the absence of the electric field

perturbation, F, the second term, gives the dipole moment, the third term gives

the dipole polarizability, the fourth term gives the dipole first-hyperpolarizability

and so on . . .

Alternatively, the field dependent dipole moment in turn can be written as,

µi(F ) = µi +
∑

j

αijFj +
1

2

∑

j,k

βijkFiFjFk + . . . (5.2)

where, i, j and k span the x, y and z directions, µi, αij and βijk is a compo-

nent of the permanent dipole moment, dipole polarizability and the dipole first-
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hyperpolarizability, respectively, and so on . . . These molecular electric response

properties can be obtained by explicitly obtaining the derivatives of energy with

respect to the perturbation, i.e. analytically using the coupled Kohn-Sham method

[108, 126, 128, 129, 130, 131] or by doing a least squares fit to a polynomial [123],

or by using a numerical finite-field method. Choosing the finite field values sym-

metrically (eg. ± 0.001 a.u., like we have chosen in this work), the next highest

contamination in the numerical procedure can be eliminated, thus ensuring more

numerical stability of the results. However, the precision in the calculation of en-

ergies, limits the size of the field value. In the analytical response approach, the

CPKS equations need to be solved to obtain the response of the electron density

in terms of the derivative of the molecular orbital coefficients. The CPKS matrix

equations are basically the derivatives of the perturbed KS operator matrix equa-

tions with respect to the electric field perturbation, where the Hamiltonian has a

dependence on the electric field and can be written as,

H(F ) = H0 + µF (5.3)

where, the first term is, the unperturbed Hamiltonian and the second term is,

the perturbation that is linear in field, F. We thus, have a linear response term

in the Hamiltonian. Solving the CPKS equations, we can obtain the perturbed

density matrix. And, due to the variational nature of the DFT, we can make

use of the (2n + 1) rule for the energy derivative [83], which is a result of the

Hellmann-Feynman theorem [78, 79]. As a consequence, the first order response of

the electron density, which is the first-order change in the density, can be used to

obtain response properties up to the third order. This means that, we can evaluate

not only the dipole polarizability, but also the dipole first-hyperpolarizability using

this response of the electron density.
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5.4 Computational details of Na cluster calcula-

tions

The linear combination of Gaussian-type orbitals Kohn-Sham density functional

theory (LCGTO-KS-DFT) method, as implemented in the program deMon2k [222],

was used to carry out all geometry optimizations and harmonic vibrational fre-

quency calculations. The program uses the formalism of the Kohn-Sham equations

[50] and analytic energy gradients for the structure optimizations. The exchange-

correlation potential was numerically integrated on an adaptive grid [223]. The grid

accuracy was set to 10−5 in all calculations. The Coulomb energy was calculated by

variational fitting procedure proposed by Dunlap, Connolly and Sabin [142, 143].

For the fitting of the density, the AUXIS option with the auxiliary function set

A2 [164] was used in all the optimization calculations and the vibrational analysis

calculation following the earlier work of Calaminici et al. [193], which was found

sufficient for the purpose. In order to localize different minima on the potential

energy surface (PES), the structures of the studied sodium clusters have been opti-

mized considering as starting points, different initial geometries and multiplicities.

In order to avoid spin contamination the calculations were performed with the re-

stricted open shell Kohn-Sham (ROKS) method. The ROKS method in deMon2k

is the DFT analog of the Roothaan’s open shell equations for HF theory [224], it

means that all coupled alpha and beta electrons occupy the same space orbital and

that the corresponding close shell exchange-correlation potential is given as average

of the alpha and beta exchange-correlation potential. The calculations were per-

formed in the LDA using the exchange-correlation contributions proposed by Vosko,

Wilk and Nusair [51] and employing all-electron basis sets [164]. The same func-

tional was used for the frequency analysis in order to distinguish between minima

and transition state on the potential energy surface (PES). Cluster optimizations

were also carried out at the GGA using the same basis and auxiliary function set

with the exchange-correlation functional of Perdew and Wang (PW86) [56, 57]. A
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quasi-Newton method in internal redundant coordinates with analytic energy gra-

dients was used for the structure optimization [225]. The convergence was based

on the Cartesian gradient and displacement vectors with a threshold of 10−4 and

10−3 a.u., respectively. For the sodium tetramer, the GGA calculation required

tougher convergence criteria of 10−7 and 10−6 due to the fact that, at this level of

theory, the PES of this system is extremely flat. A vibrational analysis was per-

formed in order to discriminate between minima and transition states. The second

derivatives were calculated by numerical differentiation (two-point finite difference)

of the analytic energy gradients using a displacement of 0.001 a.u. from the op-

timized geometry for all 3N coordinates. The harmonic frequencies were obtained

by diagonalizing the mass-weighted Cartesian force constant matrix. The response

property calculations were then freshly carried out for these ground state Na cluster

geometries using our implementation of the single step approximate CPKS proce-

dure in the 1.7 version [141] of the deMon2k. The choice of the field strengths at

an interval of 0.001 a.u. could be justified by simply noting the difference between

the calculated β value and the theoretical value of zero for Na2. We have used an

electric field strength of 0.001 a.u. for our response calculations as the error in the

β value of Na2 was minimum for this interval, the error increased for any value

around 0.001 a.u. The details of the implementation of our method [145, 146, 147]

in deMon2k can be found discussed in detail in Chapter 2. The derivative den-

sity matrices for the x, y and z directions obtained at the end of the calculation

are used to obtain the polarizability tensor components. The polarizability is ob-

tained as the trace of the product of the derivative density matrix for a direction

a, with the dipole moment integrals in direction b, where a, and b span the x,

y and z directions, thus giving the corresponding polarizability component. Thus

all the components of the polarizability tensor can be obtained using the deriva-

tive density matrix. The first hyperpolarizability, which is the third derivative of

energy with respect to the electric field, can also be obtained as per the (2n+1)

rule [83]. The first-hyperpolarizability can be trivially obtained using the deriva-
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tive KS-operator matrix in the MO basis and derivative coefficient matrix for all

permutations thus obtaining each of the components of the hyperpolarizability ten-

sor. The novelty of our method lies in the simple single-step solution to the CPKS

equations which avoids the complicated algebra as well as expensive computational

time that would be required to construct the analytic derivative KS-operator ma-

trix involving the derivative of the exchange-correlation term. Also, the derivative

KS-operator matrix needs to be evaluated for every iteration. Our method circum-

vents this complication, thus, saving time and computational efforts. It is highly

advantageous for response property calculations involving large molecules or large

basis sets or both. We report the mean and anisotropic polarizability, and mean

first-hyperpolarizability values obtained using the respective tensor components.

The mean polarizability was calculated from the polarizability components as:

α =
1

3
(αxx + αyy + αzz) (5.4)

and the polarizability anisotropy as,

|∆α|2 =
3trα2 − (trα)2

2
(general axes) (5.5)

=
1

2
[(αxx − αyy)

2+ (αxx − αzz)
2 + (αyy − αzz)

2] (principle axes) (5.6)

The orientationally averaged first-hyperpolarizability were obtained as,

βi =
1

3

∑

k

βikk (5.7)

β =
√

β2
x + β2

y + β2
z (5.8)

It is well known that a general characteristic required for basis sets to perform well

for polarizability calculation is that they should contain diffuse functions [226].

An economical strategy for constructing these kinds of basis sets is to augment

valence basis sets of reasonable good quality with additional polarization functions

[192, 227, 228, 229]. We have chosen as valence basis a newly developed triple zeta

basis set (TZVP), which was optimized for gradient corrected DFT calculations

[230]. The basis set was then augmented with three field-induced polarization
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(FIP) functions, two p and one d, which were derived following the work of Zeiss

et al. [227]. They derived the FIP function exponents from an analytic analysis

of the field-induced charges in hydrogen orbitals. The exponents of the additional

FIP functions have been already presented in Ref. [193]. In order to avoid the

contamination of the valence basis set with the diffuse p- and d-type Gaussians

of the FIP functions, spherical basis functions are used in all the calculations.

The resulting basis set is named TZVP-FIP1 [193]. Our DFT response property

calculations were done using the Sadlej [192] and TZVP-FIP1 basis sets with the

CARTESIAN option for the orbitals. We did not employ the auxiliary basis for

fitting the exchange-correlation functional in our response property calculations; i.e

the VXCTYPE BASIS option was used. The calculations were done using the LDA

based VWN [51] and GGA based BP86 [70, 57] functionals in the deMon2k for both

the basis sets. This entire set of response calculations were repeated for both the

sets of Na cluster geometries. In our calculations, we have chosen only closed shell

Na clusters due to the fact that, we have implemented the linear response approach

in a numerical-analytical manner in the deMon2k only for closed shell cases. We

have therefore used the restricted Kohn-Sham (RKS) scheme of calculation, where,

the grid accuracy of 10−6 a.u. was used for the property calculations. The density

convergence was set to 10−10 a.u. in the HF, MP2 [231] as well as DFT calculations.

The HF and MP2 benchmark calculations were carried out using the GAMESS [232]

and the DFT calculations were done using deMon2k program. The DFT optimized

structures were used for the MP2 and the HF calculations. These properties are

evaluated using the finite field method available in GAMESS for a finite field value

of 0.001 a.u. The results are discussed in the following section.
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5.5 Results and Discussion

5.5.1 Equilibrium geometries

We report the ground state structures of the even number sodium atom clusters

from dimer to octamer obtained using the VWN and PW86 (bond distances in

parenthesis) functionals in Fig. 5.1. The equilibrium structures obtained from both

functionals are similar and show a general topological agreement with the earlier

theoretical reports [201, 202, 233]. All-electron type optimizations for the sodium

clusters using GGA based functionals available but scarce [124, 193]. We have car-

ried out all-electron type optimization for both VWN as well as PW86 functionals

in the present work.

The dimer bond distance is equal to 3.017 Å with both the optimizations,

whereas the experimental value is 3.078 Å [234]. The geometries for the remaining

clusters differ very slightly for the two optimizations. The ground state structure

of Na4 is a D2h rhombic structure, whereas the one for the Na6 is a C5v pentagonal

pyramid. The equilibrium geometry for the Na8 is a compact dicapped octahedral

(DCO) structure.

5.5.2 Harmonic frequencies

We have tabulated the normal modes for both sets of optimized structure of the Na

clusters in Table 5.1. The absence of imaginary frequency was used to confirm that

all the optimized structure were minima on the PES. The reported experimental

frequency for the dimer is 159 cm−1 [235]. Our calculation for dimer using the VWN

and PW86 functional gave 161 and 160 cm−1 value, respectively, which are in good

agreement with the experimental value. Earlier calculations of tetramer harmonic

frequencies by Dahlseid et al. [236] at the configuration interaction-singles (CIS)

level gave, 27, 43, 73, 98, 130 and 150 cm−1 as the frequencies. The qualitative trend

for our harmonic frequencies in Table 5.1 is similar, except for the first frequency
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for the tetramer at the PW86 level which is small. It can be seen that, the first

few frequencies of the clusters are smaller in magnitude. This could be attributed

to the extremely flat PES of the clusters which further complicates the distinction

between the global and the local minima. This could especially be a serious problem

as we go to even larger clusters where the number of stable configurations increases

drastically. In our calculations we had to tighten the convergence criterion for the

tetramer due to its flat PES to obtain a minimum energy structure.

5.5.3 Static mean polarizability, polarizability anisotropy

and first-hyperpolarizability

We have calculated the mean polarizability, α, and polarizability anisotropies, |δα|

for the optimized minimum energy structures of Na2, Na4, Na6 and Na8, which are

even numbered Sodium atom, clusters. We have also done the calculations for the

dipole first-hyperpolarizability. Our calculations have been carried out at the DFT

level. MP2 level calculations were done for benchmarking our results.

We also carried out calculations at the HF level to put correlation effects in

clearer perspective. Additionally, we have also collected the dipole-based finite field

polarizabilities as available in the deMon2k program to compare with our DFT po-

larizability values. The results are presented in graphical as well as tabular form.

The graphs contain plots of mean polarizability per atom in atomic units against

the number of atoms and compared with the available experimental values. The ex-

perimental values were calculated from the measurement of relative polarizabilities

of Knight et al. [194] and the absolute measurement of the atomic polarizability

by Molof et al. [195]. We will first discuss the polarizability results presented

graphically.

The DFT response property calculations have been done using the VWN and

BP86 functionals. The basis sets used for the calculations are Sadlej and TZVP-

FIP1. There are two sets of Na cluster geometries used for the calculations, one
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optimized using a VWN functional and the other optimized using the PW86 func-

tional, and both sets optimized using DZVP/A2 basis set. Each figure has a plot

showing mean polarizability per atom, values for all the four Na clusters obtained at

VWN, BP86, MP2 and HF level of theory compared with the experimental values.

The plots are presented in Fig. 5.2 - 5.5 corresponding to the combination of the

exchange-correlation functional used for the optimization and the basis set used for

the polarizability calculation. Comparison of the DFT values from the plots for the

two sets of geometries shows that, for a given basis set and exchange-correlation

functional the results do not show any change except for 1-2 a.u., which means that

the level of optimization of the geometries do not affect the mean polarizability

per atom for the DFT calculations. Since, the trends for the mean polarizability

per atom are similar for both sets of optimized geometries of Na clusters, we will

discuss only the general trend pointing out any difference wherever necessary.

A particular trend that can be seen for the mean polarizability per atom values

for the VWN, BP86, MP2 and HF calculations in all the plots is that the values from

the theoretical calculations for all the Na clusters are less than the experimental

values of the mean polarizability per atom, except at two places for the calculations

using the Sadlej basis set, one, in Fig. 5.5 for both the HF as well as MP2 values of

the Na2 cluster optimized at the PW86 level and second, in Fig. 5.3 for the MP2

value for the VWN optimized Na2 cluster. The value for the Na2 cluster in both

cases is overestimated from that of the experiment by 8 a.u. which is about 6% as

seen in both Fig. 5.3 and Fig. 5.5.

Also, the values from MP2 and the HF are closest to the experimental values

followed by the ones using GGA BP86, the exception being in the case of calcu-

lations done using Sadlej basis for Na2 cluster optimized using VWN functional

where, the BP86 values are closer to experiment as is evident from Fig. 5.3. The

VWN values, in general, show the largest deviation from the experimental values.

This is in line with the correlation effects being incorporated in the exchange-

correlation functionals used for the DFT and the MP2 theory. For VWN, which
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is a LDA based functional, the density is mapped locally to a homogeneous elec-

tron gas picture, which exhibits a strong overestimation of the correlation effects

as is well known. However, for the mapping of the response of the density as a

consequence of the external electric field perturbation, it is unable to show that

strong correlation effects probably due to less non-local effects in the density redis-

tribution. This can be clearly seen in the values of mean polarizability per atom

which are farthest from the experimental ones in Fig. 5.2 - 5.5. The BP86 non-

local functional and the ab initio methods on the other hand show the non locality

in the density response although to different extents thus giving relatively higher

values in comparison to VWN ones in all the plots. If we observe the trend in

the experimental values of the Na clusters, we see that the polarizability per atom

values increases from Na2 to Na4 to a reasonable extent, then there is a very slight

increase from Na4 to Na6, whereas, from Na6 to Na8 there is a drastic drop in the

value. Qualitatively, this trend is more correctly reflected by all four methods for

the values from TZVP-FIP1 basis for both the sets of geometries. For the Sadlej

basis, however, both the HF and MP2 values overshoot the experimental value of

126 a.u. as seen in Fig. 5.5 for the Na2 cluster optimized at the PW86 level. Sim-

ilarly, the Fig. 5.3 shows an overestimation of the HF polarizability value for the

Na2 cluster optimized at the VWN level. Also, slight increase in the experimental

value from Na4 to Na6 is seen to be otherwise in all the calculations, independent

of the optimization and level of calculation. The maximum deviation from the ex-

perimental values is for the Na6 cluster results, irrespective of the level of theory

used. This is the case for every calculation, the highest being 25% for the VWN

method in Fig. 5.2. A comparison of the similarity in the plots for the TZVP-FIP1

basis set (i.e. Fig. 5.2 and 5.4) and the Sadlej basis set (i.e. Fig. 5.3 and 5.5)

for the two sets of optimized geometries show that the level of optimization does

not affect the polarizability calculations at the DFT level. This similarity in the

plots can also be seen for the MP2 calculations using the TZVP-FIP1 basis set (i.e.

Fig. 5.2 and 5.4), however, this is not the case for the Sadlej basis (Fig. 5.3 and
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5.5). The behavior of the MP2 as well as HF calculations for the two basis sets

could be assigned to the fact that the TZVP-FIP1 basis set has been optimized for

the polarizability calculation using DFT, whereas, the Sadlej basis is an optimized

basis for the polarizability calculation using ab initio methods.

In Table 5.2, we have compared the experimental and DFT mean polarizability

per atom values obtained by Rayane et al. [207] in angstrom units with our DFT

calculations for the Na cluster geometries optimized at the PW86-DZVP-A2 level.

We have compared our results for the VWN and BP86 functionals obtained using

the Sadlej and TZVP-FIP1 basis sets. The comparison has been done with the

values reported by Rayane et al. [207] calculated at the PW91 level for the SU and 6-

31G basis set and measured experimentally. Although, we have discussed our mean

polarizability per atom values above earlier, we would like to have a comparison

with other DFT results available. It can be clearly seen that, the values reported

by Rayane et al. are closer to the experiment as compared to our results. They

have argued that, the SU basis gives values closer to the experiment in comparison

with the 6-31G basis as there is more polarization (d-orbitals) and diffuse functions

in the SU basis which are expected to be important for polarizability calculation.

On similar basis, we could assign the marginally better behavior of the Sadlej basis

as compared to the TZVP-FIP1 basis, especially for the dimer, to the fact that

there is a larger number of polarization functions in the Sadlej basis as compared

to the TZVP-FIP1 whereas there are more diffuse functions in the TZVP-FIP1

basis set. Another reason for TZVP-FIP1 not performing better than the Sadlej

basis despite being optimized for DFT could be the use of Cartesian basis functions

in all our response property calculations. The use of spherical basis functions is

advised to avoid contamination of the valence basis set with the diffuse p- and d-

type Gaussians of the FIP functions. This could be explained by taking an example

of s- and d-orbitals located on the same center. In the spherical representation of

these two orbitals shells, i.e. the orbitals are constructed from a one dimensional

radial function and real spherical harmonics, the overlap matrix elements vanish due
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to the orthogonality of the spherical harmonics. Whereas, in the case of Cartesian

representation, the d shell is overdetermined by a total symmetric component (dxx+

dyy + dzz) that can mix with the s-orbitals (a similar situation holds for the p- and

f-shells). Rayane et al. [207] have also concluded that diffuse functions are less

important for static response in the ground state calculations of clusters.

Calculated values of polarizability per atom using the PW91 functional re-

ported by Rayane et al. are in better agreement with the experiments than our

values calculated using VWN and BP86. In our calculation, we find that the values

obtained from the BP86 are closer to the experiment than the VWN ones.

Table 5.3 - 5.6 gives our calculations done for each of the Na clusters, i.e. each

cluster calculations are presented in separate tables. We have reported the polariz-

ability anisotropy and the orientationally averaged first hyperpolarizability values

obtained using the DFT, HF and MP2 calculations in these tables. The DFT finite

field (FF) results of polarizability are also presented in the tables for comparison.

We have already discussed the mean polarizability per atom values presented in

Fig. 5.2 - 5.5. We now turn to the mean polarizability values and the polarizability

anisotropy values given in the Tables 5.3 - 5.6. As we move across Tables 5.3 - 5.6

for the clusters Na2 through Na8, we observe that the DFT polarizability anisotropy

value increases as we move from the dimer to the tetramer and decreases as we go

to the hexamer and octamer. This trend in the values reflects the clear relation

between the cluster structure and the polarizability anisotropy values. It is worth

noting that, as the cluster structure becomes compact like in case of the octamer,

the polarizability anisotropy value decreases. The value for the octamer is even

less than the value for the dimer, which has an open structure. As we go from the

tetramer to hexamer, we see that the hexamer being a closed structure as against

the planar tetramer, it shows a decrease in the polarizability anisotropy value from

that of the tetramer. A comparison of the polarizability anisotropy values for all

the clusters among the two basis sets for each of the methods, show that the Sadlej

basis gives values lesser than the TZVP-FIP1 basis, except for the case of the hex-
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amer, where, the trend is reversed. A general trend of the BP86 functional giving

slightly higher values for the polarizability anisotropy than the VWN functional can

be seen in all the calculations. We could not compare our results with experiments

as there is no experimental measurement of polarizability anisotropy available.

The implications from the values of the mean polarizability for the different

methods, basis sets and functionals used would now be discussed. The TZVP-

FIP1 basis used in the response property calculations is optimized for the gradient-

corrected functions and is not correlation consistent. Although, it may be too small

for ab initio MP2 calculations, we have carried out the MP2 calculations using the

TZVP-FIP1 basis set for benchmarking our results. On the other hand, the Sadlej

basis is optimized for ab initio polarizability calculations and is a medium-sized

basis, as compared to the TZVP-FIP1. As the number of atoms in the cluster

increases, the mean polarizability value increases. Our DFT mean polarizability

values deviate from the corresponding finite-field DFT mean polarizabilities by less

than 0.4 a.u. for the dimer, 0.6 a.u. for the tetramer, 1.6 a.u. for the hexamer and

by less than 2.8 a.u. for the octamer. Also, the mean polarizability values from

the GGA based BP86 functional are closer to the experimental values as compared

to the ones using the VWN functional, for both sets of optimized sodium clusters.

All this can be clearly observed from the mean polarizability values of the clusters

in the Tables 5.3 - 5.6.

The following critical observations are made after comparison of the DFT

mean polarizability values with the MP2 and HF values. In general, both the HF

and the MP2 mean polarizability values are closer to the experimental values as

compared to the DFT results. In fact, certain HF values are closer to the exper-

imental results than the MP2 values which is unexpected, as MP2 is a correlated

method, whereas, HF theory lacks correlation term in its energy expression. Also,

usually DFT is believed to perform better than the HF theory due to incorporation

of the correlation effects. We, however, see that as we go from the TZVP-FIP1

basis to the Sadlej in each of the Tables 5.3 - 5.6, the mean polarizability value
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increases for the DFT, HF as well as MP2 method. But, what is worth noting is

that, the HF overshoots the experimental value for the dimer in Table 5.3 for the

Sadlej basis. This can be used to understand the basic problem in the HF theory

that, as the basis set size increases further the mean polarizability value would go

way beyond the experimental value. The results from MP2 theory do not show

much improvement either, since MP2 energy does not contain contributions from

singly excited determinant, which are important for dipole-based properties. The

improvement may start appearing only at the MP4 level. However, MP4 calcula-

tions are computationally very expensive. It could be observed that, although, the

DFT values are not closer to the experiments, there is a significant increase as we

go from TZVP-FIP1 basis to the Sadlej and as we move from a local to a non-local

functional. As a consequence, we could expect the mean polarizability values to

approach the experimental values as the basis set size increases. The correlation

effects due to a proper choice of the exchange-correlation functional may improve

the results further. Thus it can be seen that for the response property calculation

DFT provides a better choice than even the MP2 ab initio method. It may be noted

that the temperature effects, which are present in the experiments are missing in

the above theories, which makes the comparison of theory with experiment difficult.

We now discuss the hyperpolarizability results from our calculations. Due

to absence of experimental data, we compare the DFT calculations with our HF

and MP2 results. The β value for the dimer should be zero. However, as seen in

Table 5.3, there is a negligible value of at most 2.5 a.u. for the DFT calculations.

This error shoots up for selections of the electric field strengths other than 0.001

a.u. that was chosen for these calculations. The error for the β values of the dimer

could be assigned to the percolation of the inaccuracies into the response density

matrix due to the numerical approximation employed for obtaining the derivative

KS-operator matrix in our method. For the tetramer in Table 5.4, the βx values

for the VWN optimized structure varies between 14-20 a.u., which is reflected in

the β as the components along the other two directions are relatively lesser in
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magnitude for the Sadlej and the TZVP-FIP1 basis, whereas the β values for the

PW86 optimized geometry are close to zero. The β value for the TZVP basis from

the BP86 method is closer to the MP2 value of 21.3 a.u., whereas for the Sadlej

basis the β value for the VWN is closer to the corresponding MP2 value of 14.1

a.u. and the value for the BP86 is overestimated for the VWN optimized structure.

The HF β values are less than the MP2 and corresponding DFT values. As we

move to the PW86 optimized structure results in Table 5.4, the β values from all

methods are negligible. It can be seen that the tetramer has a rhombic planar

structure that is symmetric due to which the β values are not very high. The β

values are expected to increase as the asymmetry in the structure increases. The

dimer and tetramer structures are nearly symmetric, which is also reflected from

the β values in the tables. As we move from tetramer to hexamer in Table 5.5,

the β values and its components show a dramatic increase in magnitude. The

values from the MP2 and HF method are closer to each other. It is clear from

the Table 5.5 that, both VWN and BP86 results are overestimated in comparison

with the MP2 and HF values irrespective of the functional and basis set used for

the calculation. This is true for both the optimized structures of the hexamer.

All the component β values for the hexamer in Table 5.5 are negative and the

overestimation of the β values is more for the BP86 functional as compared to the

VWN. This could be due to the under binding of the electrons by the two DFT

functionals. What is clearly noticeable in Table 5.6, is the sudden drop in the β

values for the octamer. This could be due to the compact structure of the octamer

which is a result of the magic number of 8-electrons present in its valence shell. All

the other calculations including MP2 and HF for both the geometries seem to be

completely disordered. We could argue that, a small change in geometry can lead

to a completely unexpected trend in the β values, which are highly sensitive both

to the correlation effects as well as structural instability. The MP2 and HF β values

are comparable for the TZVP-FIP1 and the Sadlej basis for the PW86 optimized

structures of the octamer, whereas, the VWN and BP86 β values are comparable for
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the VWN optimized structures of the octamer. There are no experimental β values

available for comparison with our values, which could have helped to understand

the behaviour of β values of the sodium clusters better.

5.6 Computational details of calculations for PNA

and its derivatives

We now give the computational details for the response property calculations of the

PNA and its derivative organic molecules. We have used the geometries optimized

at the MP2 level using the 6-31++G** basis reported in Ref. [215] for the sake of

comparison of our response property results with those reported by Davis et al. [215]

They report the dipole moments, dipole polarizability and first-hyperpolarizability

calculation using the finite-field perturbation method (MP2) for the set of molecules

chosen by us in this work. The structures of the molecules used in our work are given

in Fig. 5.6. In our calculations the molecule is in the xy-plane with the x-axis being

along the direction of the maximal extension with the amine group on the positive

side of the x-axis and the z-axis perpendicular to the molecular plane. We have

done the response property calculations at the DFT level of theory for different non-

local exchange-correlation functionals using 6-31++G** basis. We have used our

implementation of the approximate CPKS method in the deMon2k version 1.7 for

our calculations [141]. The A2 auxiliary basis has been used for fitting the electron

density, whereas the exchange-correlation potential has been evaluated using the

orbital basis, which is the case for the VXCTYPE BASIS option in the input. The

computational details section for the Na-cluster calculations in this chapter gives

the working equations used for the α and β calculations. It also includes a brief

discussion of our method (the details could be found in chapter 2) used for the

response property calculations. The dipole moment has been calculated as follows:

µ =
√

µ2
x + µ2

y + µ2
z (5.9)
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We have carried out the calculations using the BP86 [70, 57], BPW91 [70, 60] and

BLYP [70, 71] non-local DFT functionals. The calculations have been done using

the electric field value intervals of 0.001 a.u. for the construction of the deriva-

tive KS-operator matrix used for the response property calculation. The POLAR

keyword in the deMon2k program, which employs a finite field approximation to

obtain dipole-based polarizabilities of molecules was used for obtaining the finite-

field values of α and β using 0.0032 a.u. field strength for comparison with our

results. We used the CARTESIAN option for the orbitals with restricted Kohn-

Sham (RKS) scheme of calculation, where, the grid accuracy of 10−6 a.u. was used

for the property calculations. The density convergence was set to 10−10 a.u. for

the DFT calculations. Our DFT calculations have been done using the deMon2k,

whereas, the MP2 results [215] used for comparison are from GAMESS [232] and

using a field strength of 0.001 a.u. The hyperpolarizability values reported by Davis

et al. have been halved from those reported by the GAMESS program. We have,

however, used the values from the Ref. [215] as reported by the program, i.e. we

have doubled the reported values for comparison with our results. It can be noted

that the calculated average static first-hyperpolarizability, β values are compara-

ble to the experimental quantity, β(−2ω;ω, ω), obtained from the solution-phase

electric field induced second-harmonic generation (EFISH) experiments [214].

5.7 Results and Discussion

In this section, we discuss our response property results of polarizability and first-

hyperpolarizability obtained using an approximate response approach proposed by

us and the dipole moments for a set of organic molecules namely, para-nitroaniline

(PNA) and its methyl substituted derivatives. The structures of all the molecules

used for the calculations have been given in Fig. 5.6. A short label has been given

for each of the molecules below their complete names in Fig. 5.6 for easy reference

during the discussion of results. The DFT dipole moments, mean polarizability,
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polarizability anisotropy and orientationally averaged polarizability and first- hy-

perpolarizabilities at the BP86, BPW91 and BLYP level using the deMon2k are

presented for each of the molecules in a separate table. The results are presented in

Tables 5.7 - 5.14. The finite-field dipole-based calculations of polarizability and the

first- hyperpolarizability for the molecules using the different exchange-correlation

functionals obtained using the deMon2k program are also given in each of the tables

for comparison with the results from our method. Our results are also compared to

the benchmark MP2 values of Davis et al. [215] obtained using the energy based

finite-field method as available in the GAMESS [232] quantum chemistry program.

The optical gap or the energy difference between the highest occupied molecular or-

bital(HOMO) and the lowest unoccupied molecular orbital (LUMO), are also given

in each table along with the MP2 calculations reported by Davis et al. [215]. In

this section, we would delve into the intricacies involved in the interpretation of our

NLO property results. An important objective of the NLO property calculations of

PNA and its methyl substituted derivatives, is that they provide an insight into the

subtle variations reflected in the values due to change in the molecular architecture.

Our results are in general agreement with those of Davis it et al. [215]

We begin with discussion of the dipole moments. The dipole moment, µ, is

obtained from the ground state response of the electron density and hence, does not

require a density response calculation. The changes in the structure of the molecule

in terms of the substituents is clearly shown by the changes in the dipole moment

values in the tables, as we go from PNA to N-mtPNA-6 in Table 5.7, through Ta-

ble 5.14. Due to the donor amino (NH2) group substituted at the para position

to the nitro (NO2) group of the benzene ring and the orientation of the molecular

skeleton, the major component of the dipole moment is along the x-axis. It can be

noted that the MP2 values of the total dipole moment as well as its components are

less than the corresponding values from the DFT in all the tables irrespective of the

exchange-correlation functional used, except for the y-component of N-mtPNA-3

in Table 5.12 where the MP2 dipole moment value is higher by ∼ 0.02 a.u. In case
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of PNA in Table 5.7 the components along the y-axis is zero, however, it shows a

noticeable increase in the value as we move to the other derivative molecules. This

happens as the polarity in the molecules changes in the y-plane of the molecule due

to substitution of the methyl group to the PNA skeleton. As a result, due to the

substitution of the methyl group at the ring position, the symmetry of molecule

in terms of the delocalized π electron cloud is lost. This happens due to electron

donating inductive effect of the methyl group which thus leads to a small polar-

ity along the y-axis of the molecule. The inductive effects [237] arise due to the

non-equal sharing of the bonding electrons in the σ bond. All inductive effects are

permanent polarizations in the ground state of molecules and are therefore reflected

in the physical properties, like the dipole moment. In case of the polarizability or

the linear response coefficients, α, the MP2 values of mean polarizability as well as

the components along the three directions given in the tables are, in general, less

than the DFT values from our method as well as the finite-field DFT values. The

values of the components of α in all the tables differ from the finite-field DFT values

by not more than 1 a.u. The MP2 results for the components of the polarizability

are, in general, less than the corresponding DFT values. This difference is more in

case of the αxx component in all the tables, which, in turn, is reflected by the mean

polarizability values of all the molecules in Table. 5.7 - Table. 5.14. The MP2 val-

ues of α differ from the DFT values by at most 10 a.u. Among the DFT functionals

used, the BLYP shows a higher value for the dipole moment as well as the mean

polarizability as compared to the other two functionals, whereas, the values from

the BP86 and the BPW91 functionals are closer to each other. The polarizability

anisotropy values in each of the tables are comparable to each other differing atmost

by 1 a.u. The major contribution to the total β for the molecules comes from the βx

component. The DFT values of orientationally averaged β and the total β values

in each table are, in general, comparable to each other as well as to the MP2 values

for the respective molecule. When studying the connection of chemical structure

with the second-order nonlinear response coefficients, β, we note the second-order
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NLO effects in the organic molecules due to the strong donor-acceptor kind of in-

tramolecular interaction. Also, the magnitude of the β is relatively larger than the

α values of PNA and its derivatives, which is due to the highly asymmetric charge

distribution in the molecules. The NH2 group is an electron donating (ortho and

meta directing) group whereas the NO2 group is an electron withdrawing (meta

directing) group. This implies that the donor-acceptor kind of moieties at oppo-

site ends in the PNA skeleton leads to intramolecular charge transfer. It is well

known that molecules with π conjugation and having this kind of donor-acceptor

arrangement show higher nonlinear responses, which is a result of the delocalization

of the π electron cloud over the molecule. The donor π conjugate-bridge-acceptor

forms a typical SHG active molecule, if it lacks center of symmetry. However, the

presence of the donor-acceptor in a molecule alone does not guarantee the NLO

effects. Also, the molecule will not show NLO effects if the molecule possesses a

center of symmetry. In PNA, the presence of a desirable resonance structure, in

addition to the intramolecular charge transfer leads to the high value of β. How-

ever, the crystalline form of PNA has a centrosymmetric structure which does not

show any macroscopic second-order NLO response. We have, therefore, considered

the methyl substituted derivatives of PNA here, which eliminates the center of

symmetry in the molecule thus leading to non-centrosymmetric crystal structure.

The substitution of a methyl group to the benzene ring brings in asymmetry to a

high degree in the electronic distribution which is reflected in the β values of the

derivatives. In case of PNA-2, where, the CH3 group is at the ortho position to

the NH2, the beta values show an increase from the PNA, whereas the optical gap

shows a decrease. Interestingly, for the PNA-3 with the CH3 group at the meta

position, there is an noticeable decrease in the β value and increase in the optical

gap from that of PNA. The behaviour of both ∆E and β for PNA-2 and PNA-3

can be explained as follows. Here, the molecular orbital picture also plays a crucial

role in deciding the extent of charge transfer in terms of the HOMO-LUMO gap

or the optical gap [97], which, in turn, can be used to understand its effect on the



97

β values. ∆E is directly proportional to the extent of charge transfer. For a small

optical gap, the charge transfer occurs easily, thus, giving a higher value of β. The

source of charge transfer is thus controlled by the energy of the HOMO, whereas,

the acceptance of the charge is dominated by the LUMO energy. Although, quan-

titatively smaller, the methyl group shows a electron-donating inductive effect. In

PNA-2, the methyl substitution is at the C closer to the electron-donating group,

which leads to a higher HOMO energy and a lower LUMO energy, as compared to

PNA-3. This leads to a smaller HOMO-LUMO energy gap for PNA-2 as compared

to PNA-3. This small optical gap enhances further, the charge transfer, which,

in turn, is reflected in the larger values of β for PNA-2 than PNA-3. The trends

in optical gap from our method matches with that shown by MP2 method. The

decrease in the optical gap leading to increase in the NLO responses, both α and

β can be more clearly illustrated, when we substitute the amine H in PNA by a

methyl group in N-mtPNA. This relation of the optical gap with β and other higher

order response coefficients could be used to tailor NLO materials, to obtain materi-

als with increased optical responses, by manipulating the optical gap using variable

molecular substituents. The optical gap values for the N-mtPNA and its derivatives

can also be interpreted using a similar argument. On studying the N-mtPNA and

its methyl substituted derivatives, we find that the 2- and 6-methyl substituted

N-mtPNA derivatives show the above mentioned correlation of the HOMO-LUMO

energy gap with the increase in β values, distinctly. However, the change in the

α values for the above molecules is not very clearly visible. Alternatively, the N-

mtPNA-3 and N-mtPNA-5 with the methyl substitution at ortho position to the

NO2 meta directing group, shows a decrease in the β values from N-mtPNA as the

inductive effect of the methyl substituent is suppressed at this particular position.

This, in turn, also quenches the polarization in the molecule, which is reflected in

the dipole moment values of N-mtPNA-3 and N-mtPNA-5 which are less than the

parent N-mtPNA. The N-mtPNA dipole moment shows an increase from the parent

PNA on methyl substitution at the amine position. Also, the substitution at the N
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position gives higher α and β values in comparison to the isoelectronic counterparts

of N-mtPNA, i.e., PNA-2 and PNA-3. The substitution of a second methyl to the

N-mtPNA at different positions can, thus, give us insight into chemistry involved,

which can be useful in designing materials with increased NLO responses.

5.8 Conclusion and Scope

We found that, the non-iterative approximation of CPKS method discussed in chap-

ter 2, gave reasonably good values of polarizability as well as first hyperpolarizabil-

ity for the Na-cluster calculations as well as for the π conjugated donor-acceptor

organic derivatives of PNA and its methyl substituted analogs. In case of MP2 and

HF calculations for the Na-clusters, we found that, the HF values were comparable

to the MP2 ones. This is mainly due to the cancellation of errors in the HF method

and the basis set effect which even gave HF values closer to the experiment. The

MP2 results do not improve the HF values of property for the Na-clusters. Al-

though, the DFT results seem to converge towards the experimental values as the

basis set is increased, improvement of the functional can lead to faster convergence

of the results. However, it needs to be kept in mind that, the comparison of the po-

larizabilities from experiments with theory is not as simple, since, the temperature

effects present in the experiments are missing in the theories used in our calcula-

tions. However, we were unable to evaluate the precision of our method for the

first-hyperpolarizability calculations of the sodium clusters due to unavailability of

experimental values. Measurements of these quantities experimentally, especially,

for the smaller clusters would help us get more insight into the response electric

properties of the Na clusters. Further, the basis set effects and correlation effects

due to different exchange-correlation functionals, even meta-GGA for that matter

could be the next step to try. The influence of using different auxiliary basis sets for

fitting the coulomb potential, on these properties can be an interesting subject for

future study. In case of PNA and its derivatives, our calculations could reproduce
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the trends observed by Davis et al. [215] The effect of substitution on the NLO

responses of the molecule and its effect on the optical gap were highlighted. The

effect of position of substitution on β and dipole moment values were also discussed.

This study could be further extended to include substitutions using different or-

ganic fragments and the solvent effects, which are missing in the studies here; and

could be another elaborate study. The results for both the sets of calculations were

highly simplified due to our single step approximation to the CPKS, which could be

exploited for enhancing the applicability of the DFT for calculation of the response

properties for large systems employing large basis sets.
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Fig. 5.1: Calculated equilibrium geometries and the orientations used for the cal-

culations of Nan (n = 2, 4, 6, and 8) clusters using the VWN and PW86 (in

parenthesis) functionals and A2/DZVP basis. Bond distances in Å.
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Fig. 5.2: A plot of calculated mean polarizability per atom using TZVP-FIP1 basis

for Nan (n=2, 4, 6, and 8) clusters optimized using VWN/A2/DZVP versus number

of atoms.
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Fig. 5.3: A plot of calculated mean polarizability per atom using Sadlej basis for

Nan (n=2, 4, 6, and 8) clusters optimized using VWN/A2/DZVP versus number

of atoms.
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Fig. 5.4: A plot of calculated mean polarizability per atom using TZVP-FIP1

basis for Nan (n=2, 4, 6, and 8) clusters optimized using PW86/A2/DZVP versus

number of atoms.
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Fig. 5.5: A plot of calculated mean polarizability per atom using Sadlej basis for

Nan (n=2, 4, 6, and 8) clusters optimized using PW86/A2/DZVP versus number

of atoms.
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Fig. 5.6: Structures of para-nitroaniline and its methyl substituted derivatives used

in our work
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Table 5.1: Harmonic frequencies (in cm−1) for the normal modes of Nan (n = 2,

4, 6, and 8) clusters in their calculated ground states using VWN functional and

PW86 functional with DZVP basis set and A2 auxiliary basis.

Cluster VWN PW86 Expt.

Na2 161 160 159a

Na4 35, 37, 77 6, 43, 76

98, 144, 162 100, 141, 163

Na6 31, 31, 55, 36, 36, 46,

75, 77, 91, 70, 72, 89,

91, 102, 102, 89, 93, 94,

142, 147, 147 140, 141, 142

Na8 32, 49, 56, 31, 49, 50,

60, 65, 68, 57, 60, 64,

73, 77, 85, 68, 69, 72,

96, 108, 114, 74, 101, 101,

119, 129,134, 106, 121, 127,

137, 141, 180 130, 130, 131

aFrom Verma et al. [227]
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Table 5.2: Calculated values of static mean polarizabilities per atom (in Å3) for Nan

clusters (n = 2, 4, 6, and 8) optimized at the PW86/DZVP/A2 level in comparison

with theory and experiment

Clusters XC Basis α /n

Na2 PW91 SUa 19.1

PW91 6-31Ga 19.0

VWN Sadlej(TZVP-FIP1) 16.9(15.5)

BP86 Sadlej(TZVP-FIP1) 18.0(16.6)

Expt.a 19.65

Na4 PW91 SUa 19.6

(rhombus) PW91 6-31Ga 19.3

VWN Sadlej(TZVP-FIP1) 17.5(17.2)

BP86 Sadlej(TZVP-FIP1) 18.4(18.0)

Expt.a 20.95

Na6 PW91 SUa 17.4

(pentagonal) PW91 6-31Ga 17.3

pyramid) VWN Sadlej(TZVP-FIP1) 15.6(15.4)

BP86 Sadlej(TZVP-FIP1) 16.3(16.1)

Expt.a 18.63

Na8 PW91 SUa 14.9

(DCO) PW91 6-31Ga 14.6

VWN Sadlej(TZVP-FIP1) 13.3(13.3)

BP86 Sadlej(TZVP-FIP1) 13.9(13.8)

Expt.a 16.69

aFrom Rayane et al. [207]
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Table 5.3: Static mean polarizability, polarizability anisotropy and mean first-

hyperpolarizability of Na2 cluster optimized with DZVP/A2 (in atomic units)

Optimized Basis Set Method α |∆α| βx = βy βz β

VWN TZVP-FIP1 MP2 237.08 - 0.0 0.0 0.0

VWN 209.48 157.17 0.0 1.0 1.0

VWN-FF 209.41 157.47

BP86 223.96 169.23 0.0 1.7 1.7

BP86-FF 223.63 170.17

HF 237.37 0.0 0.0 0.0

Sadlej MP2 268.69 - 0.0 0.0 0.0

VWN 227.98 132.07 0.0 1.6 1.6

VWN-FF 227.89 132.60

BP86 243.02 140.96 0.0 2.5 2.5

BP86-FF 242.66 142.31

HF 267.12 0.0 0.0 0.0

PW86 TZVP-FIP1 MP2 237.08 - 0.0 0.0 0.0

VWN 209.48 157.17 0.0 1.0 1.0

VWN-FF 209.41 157.47

BP86 223.96 169.23 0.0 1.7 1.7

BP86-FF 223.63 170.17

HF 237.37 0.0 0.0 0.0

Sadlej MP2 268.69 - 0.0 0.0 0.0

VWN 227.98 132.07 0.0 1.6 1.6

VWN-FF 227.89 132.60

BP86 243.02 140.96 0.0 2.5 2.5

BP86-FF 242.66 142.31

HF 267.12 0.0 0.0 0.0

Expt. 251.90

aExperimental values calculated from the measurement of relative polarizabilities

of Knight et al. [194] and the absolute measurement of the atomic polarizability by

Molof et al. [195]
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Table 5.4: Static mean polarizability, polarizability anisotropy and mean first-

hyperpolarizability of Na4 cluster optimized with DZVP/A2 (in atomic units)

Optimized Basis Set Method α |∆α| βx βy βz β

VWN TZVPb MP2 490.55 18.8 -1.8 -9.8 21.3

VWN 459.58 452.84 15.6 -1.2 -9.2 18.2

VWN-FF 459.42 454.36

BP86 482.30 472.29 19.7 6.5 -0.1 20.8

BP86-FF 481.74 474.52

HF 498.39 6.9 -2.0 -7.3 10.2

Sadlej MP2 513.92 13.9 -1.4 2.0 14.1

VWN 469.14 450.20 14.2 2.5 -3.0 14.7

VWN-FF 469.18 452.38

BP86 492.84 468.94 16.6 5.4 -8.2 19.3

BP86-FF 492.49 472.34

HF 515.55 0.3 -1.7 6.4 6.6

PW86 TZVPb MP2 494.73 0.0 0.6 0.3 0.7

VWN 463.43 463.43 0.0 -0.9 0.0 0.9

VWN-FF 463.33 463.94

BP86 486.36 484.22 0.0 -1.2 0.1 1.2

BP86-FF 485.81 484.48

HF 502.04 0.0 -0.6 0.0 0.6

Sadlej MP2 518.00 0.0 -0.5 0.1 0.5

VWN 473.06 458.97 -1.5 -3.2 0.5 3.6

VWN-FF 473.14 461.23

BP86 496.78 478.20 0.0 -0.8 0.1 0.8

BP86-FF 496.52 481.58

HF 519.06 0.0 -0.4 0.0 0.4

Expt. 538.62

aExperimental values calculated from the measurement of relative polarizabilities

of Knight et al. [194] and the absolute measurement of the atomic polarizability by

Molof et al. [195]
bTZVP-FIP1 basis set
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Table 5.5: Static mean polarizability, polarizability anisotropy and mean first-

hyperpolarizability of Na6 cluster optimized with DZVP/A2 (in atomic units)

Optimized Basis Method α |∆α| βx βy βz β

VWN TZVPb MP2 680.80 -1266.9 -938.4 -773.0 1755.9

VWN 614.16 374.13 -1621.4 -1200.5 -929.3 2221.2

VWN-FF 613.87 374.35

BP86 640.91 390.11 -2046.4 -1478.9 -1207.3 2798.7

BP86-FF 639.81 391.03

HF 683.24 -1173.7 -869.3 -712.8 1625.2

Sadlej MP2 704.06 -1147.9 -854.0 -705.9 1595.4

VWN 623.65 377.87 -1332.2 -995.6 -819.1 1853.9

VWN-FF 623.16 377.56

BP86 652.04 395.27 -1527.2 -1015.1 -798.6 2000.1

BP86-FF 650.57 396.02

HF 701.13 -1172.3 -873.9 -719.3 1629.5

PW86 TZVPb MP2 690.85 -1284.2 -983.7 -753.3 1784.5

VWN 623.61 384.59 -1628.6 -1278.4 -832.6 2231.6

VWN-FF 623.20 385.70

BP86 650.54 398.93 -2095.9 -1540.6 -1186.7 2859.1

BP86-FF 649.66 401.80

HF 692.82 -1176.9 -901.1 -690.0 1635.0

Sadlej MP2 714.07 -1157.4 -888.9 -683.6 1611.5

VWN 633.17 388.13 -1338.1 -1058.4 -706.9 1846.7

VWN-FF 632.59 388.44

BP86 661.88 405.03 -1481.3 -1091.5 -751.9 1987.7

BP86-FF 660.27 406.75

HF 710.57 -1173.1 -903.8 -694.2 1635.5

Expt. 816.62
aExperimental values calculated from the measurement of relative polarizabilities

of Knight et al. [194] and the absolute measurement of the atomic polarizability

by Molof et al. [195]
bTZVP-FIP1 basis set
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Table 5.6: Static mean polarizability, polarizability anisotropy and mean first-

hyperpolarizability of Na8 cluster optimized with DZVP/A2 (in atomic units)

Optimized Basis Method α |∆α| βx βy βz β

VWN TZVPb MP2 787.48 -90.6 -2.8 -4.1 90.7

VWN 706.50 107.28 -44.5 12.2 20.7 50.6

VWN-FF 705.51 108.68

BP86 736.18 109.78 -10.6 51.4 -9.5 53.3

BP86-FF 734.04 111.15

HF 805.62 -29.3 2.7 25.4 38.9

Sadlej MP2 804.63 1.6 -7.0 -4.4 8.2

VWN 711.19 97.80 -35.4 43.0 -17.7 58.4

VWN-FF 709.65 100.05

BP86 744.20 105.40 -55.3 36.6 9.3 67.0

BP86-FF 741.45 107.79

HF 819.90 -39.9 3.8 35.4 53.5

PW86 TZVPb MP2 797.96 10.2 -25.7 3.9 27.9

VWN 715.21 104.11 -43.4 18.8 -15.9 49.9

VWN-FF 714.22 104.51

BP86 743.64 100.91 13.3 18.8 -0.6 23.0

BP86-FF 741.50 103.94

HF 815.15 -10.2 -17.2 -12.6 23.6

Sadlej MP2 815.41 10.7 -26.2 3.5 28.5

VWN 718.60 93.59 -31.2 32.1 122.3 130.2

VWN-FF 717.14 93.84

BP86 750.63 93.55 -76.9 81.5 208.7 236.9

BP86-FF 747.93 95.69

HF 829.78 -13.2 -21.0 -19.1 31.3

Expt. 868.75

aExperimental values calculated from the measurement of relative polarizabilities

of Knight et al. [194] and the absolute measurement of the atomic polarizability by

Molof et al. [195]
bTZVP-FIP1 basis set
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Table 5.7: Dipole moment, static polarizability, first hyperpolarizability and opti-

cal gap of para-nitroaniline (PNA)(in atomic units)

FF-BP86 BP86 FF-BPW91 BPW91 FF-BLYP BLYP FF-MP2a

µx 3.138 3.138 3.134 3.134 3.147 3.147 2.754

µy 0.0 0.0 0.0 0.0 0.0 0.0 0.0

µz 0.0 0.0 0.0 0.0 0.0 0.0 0.0

µ 3.138 3.138 3.134 3.134 3.147 3.147 2.754

αxx 166.93 166.79 166.11 165.98 168.75 168.68 148.40

αyy 100.57 100.63 99.96 100.02 101.74 101.80 101.01

αzz 51.07 50.97 50.41 50.31 52.24 52.20 50.95

α 106.19 106.14 105.49 105.45 107.58 107.57 100.12

|∆α| 100.70 100.66 100.54 100.52 101.29 101.26

βxxx 2142.4 2137.6 2133.9 2135.5 2207.0 2226.7 2129.2

βxyy -121.2 -139.0 -119.4 -135.3 -128.0 -142.7 -68.2

βxzz -59.4 -95.3 -85.4 -89.4 -96.2 -99.7 -56.9

βx 653.9 634.4 643.0 636.9 660.9 661.4 668.0

βyxx 2.3 0.0 1.0 0.0 -21.1 0.0 0.1

βyyy 0.0 0.0 0.0 0.0 0.0 0.0 0.1

βyzz -10.7 0.0 -18.5 0.0 17.4 0.0 0.1

βy -2.8 0.0 -5.8 0.0 -1.2 0.0 0.1

βzxx 0.0 0.0 0.0 0.0 0.0 0.0 0.0

βzyy 0.0 0.0 0.0 0.0 0.0 0.0 -0.4

βzzz 0.0 0.0 0.0 0.0 0.0 0.0 -0.1

βz 0.0 0.0 0.0 0.0 0.0 0.0 -0.2

β 653.9 634.4 643.0 636.9 660.9 661.4 668.0

∆E 0.2152 0.2146 0.2100 0.3717

aRef. [215]
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Table 5.8: Dipole moment, static polarizability, first hyperpolarizability and opti-

cal gap of 2-methyl-4-nitroaniline (PNA-2)(in atomic units)

FF-BP86 BP86 FF-BPW91 BPW91 FF-BLYP BLYP FF-MP2a

µx 3.160 3.160 3.157 3.157 3.171 3.172 2.771

µy -0.204 -0.204 -0.203 -0.203 -0.200 -0.200 -0.176

µz 0.0 0.0 0.0 0.0 0.0 0.0 0.0

µ 3.167 3.167 3.164 3.164 3.177 3.178 2.776

αxx 176.74 176.76 175.85 175.89 178.32 178.38 156.44

αyy 118.57 118.58 117.87 117.88 119.72 119.76 116.89

αzz 59.78 59.72 59.04 58.97 60.90 60.92 59.31

α 118.36 118.36 117.59 117.59 119.65 119.70 110.88

|∆α| 101.68 101.74 101.55 101.64 102.06 102.10

βxxx 2165.4 2203.3 2163.1 2200.7 2250.5 2284.1 2102.8

βxyy -122.4 -134.4 -121.5 -132.3 -117.5 -146.6 -57.3

βxzz -30.8 -94.2 -18.7 -88.2 -91.8 -102.7 -54.4

βx 670.7 658.2 674.3 650.1 680.4 678.3 663.7

βyxx -74.1 -65.4 -68.1 -63.0 -64.0 -62.5 -41.9

βyyy -21.2 -21.6 -17.8 -18.5 7.8 -10.1 -10.3

βyzz 8.1 -9.9 10.6 -7.8 -25.3 -12.9 -15.3

βy -29.1 -32.3 -25.1 -29.8 -27.2 -28.5 -22.5

βzxx 0.0 0.0 0.0 0.0 0.0 0.0 0.3

βzyy 0.0 0.0 0.0 0.0 0.0 0.0 0.6

βzzz 0.0 0.0 0.0 0.0 0.1 0.0 0.1

βz 0.0 0.0 0.0 0.0 0.0 0.0 0.3

β 671.3 659.0 674.8 650.8 680.9 678.9 664.1

∆E 0.2081 0.2077 0.2032 0.3657

aRef. [215]
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Table 5.9: Dipole moment, static polarizability, first hyperpolarizability and opti-

cal gap of 3-methyl-4-nitroaniline (PNA-3)(in atomic units)

FF-BP86 BP86 FF-BPW91 BPW91 FF-BLYP BLYP FF-MP2a

µx 2.956 2.955 2.952 2.952 2.968 2.968 2.630

µy -0.174 -0.173 -0.174 -0.174 -0.174 -0.174 -0.139

µz 0.0 0.0 0.0 0.0 0.0 0.0 0.0

µ 2.961 2.961 2.957 2.957 2.973 2.973 2.633

αxx 175.77 175.80 174.87 174.73 177.34 177.34 159.71

αyy 118.92 118.80 118.19 117.98 119.80 119.92 116.80

αzz 59.80 59.93 59.06 58.96 60.90 60.95 59.27

α 118.16 118.18 117.37 117.23 119.35 119.41 111.92

|∆α| 100.63 100.57 100.49 100.49 101.03 101.06

βxxx 1873.4 1868.8 1862.6 1861.4 1917.8 1929.1 2014.5

βxyy -170.1 -203.0 -166.9 -197.3 -186.8 -204.1 -129.1

βxzz -76.0 -85.6 -60.1 -79.9 -90.7 -93.7 -55.5

βx 542.4 526.7 545.2 528.1 546.8 543.8 610.0

βyxx 56.2 31.9 46.9 32.0 36.7 36.6 -8.3

βyyy -45.2 -38.2 -41.4 -33.2 -38.1 -39.1 -35.7

βyzz 0.2 -21.8 -6.9 -19.2 0.7 -25.6 -31.0

βy 3.7 -9.4 -0.5 -6.8 -0.2 -9.4 25.0

βzxx 0.0 0.0 0.0 0.0 0.0 0.0 -1.8

βzyy 0.0 0.0 0.0 0.0 0.0 0.0 -0.4

βzzz 0.0 0.0 0.0 0.0 0.0 0.0 0.0

βz 0.0 0.0 0.0 0.0 0.0 0.0 -0.7

β 542.4 526.8 545.2 528.1 546.8 543.9 610.5

∆E 0.2209 0.2202 0.2155 0.3760

aRef. [215]
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Table 5.10: Dipole moment, static polarizability, first hyperpolarizability and op-

tical gap of N-methyl-4-nitroaniline (N-mtPNA)(in atomic units)

FF-BP86 BP86 FF-BPW91 BPW91 FF-BLYP BLYP FF-MP2a

µx 3.356 3.356 3.353 3.352 3.366 3.367 2.950

µy -0.284 -0.284 -0.282 -0.282 -0.288 -0.288 -0.272

µz 0.0 0.0 0.0 0.0 0.0 0.0 0.0

µ 3.368 3.368 3.365 3.364 3.378 3.379 2.963

αxx 195.76 195.50 194.67 194.49 197.37 196.81 172.77

αyy 111.18 110.91 110.52 110.17 112.42 112.02 110.93

αzz 60.57 60.49 59.80 59.72 61.70 61.68 60.06

α 122.50 122.32 121.66 121.48 123.83 123.52 114.59

|∆α| 118.31 118.21 117.99 117.98 118.73 118.36

βxxx 2759.8 2755.9 2730.0 2747.5 2826.6 2812.8 2686.4

βxyy -157.0 -162.2 -155.5 -156.7 -157.1 -165.9 -88.4

βxzz -90.0 -80.6 -83.9 -75.0 -89.0 -84.3 -42.3

βx 837.6 837.7 830.2 838.6 860.2 854.2 851.9

βyxx -124.7 -124.4 -128.2 -124.4 -122.4 -136.6 -134.6

βyyy 12.1 20.0 15.0 20.6 32.7 22.2 6.3

βyzz -56.1 -37.2 -41.6 -33.6 -5.1 -36.5 -26.7

βy -56.2 -47.2 -51.6 -45.8 -31.6 -50.3 -51.7

βzxx 0.1 0.0 0.1 0.0 0.1 0.2 2.0

βzyy 0.0 0.0 0.0 0.0 0.0 0.0 0.9

βzzz 0.0 0.1 0.5 0.0 0.8 0.1 3.0

βz 0.0 0.0 0.2 0.0 0.3 0.1 2.0

β 839.5 839.0 831.8 839.9 860.8 855.7 853.5

∆E 0.1977 0.1977 0.1933 0.3652

aRef. [215]
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Table 5.11: Dipole moment, static polarizability, first hyperpolarizability and op-

tical gap of N-methyl-2-methyl-4-nitroaniline (N-mtPNA-2)(in atomic units)

FF-BP86 BP86 FF-BPW91 BPW91 FF-BLYP BLYP FF-MP2a

µx 3.506 3.506 3.502 3.503 3.522 3.522 3.097

µy -0.169 -0.169 -0.168 -0.168 -0.173 -0.173 -0.167

µz 0.0 0.0 0.0 0.0 0.0 0.0 0.0

µ 3.510 3.510 3.506 3.507 3.526 3.526 3.101

αxx 205.11 205.08 204.09 203.96 206.66 206.73 179.84

αyy 127.47 127.41 126.64 126.60 128.50 128.41 125.45

αzz 67.59 67.57 66.80 66.87 68.61 68.60 66.80

α 133.39 133.37 132.51 132.49 134.59 134.59 124.03

|∆α| 119.53 119.59 119.32 119.20 120.00 120.12

βxxx 2675.3 2708.3 2659.5 2695.8 2718.8 2787.3 2534.9

βxyy -144.2 -146.9 -137.7 -142.5 -161.6 -152.4 -60.8

βxzz -45.1 -50.4 -52.2 -47.5 -49.1 -50.6 -13.6

βx 828.7 837.0 823.2 835.3 836.0 861.4 820.2

βyxx -69.6 -54.0 -76.7 -57.1 -78.2 -64.6 -102.6

βyyy 47.8 47.0 42.8 44.8 44.6 46.7 19.4

βyzz 38.5 -2.6 -18.3 -3.4 15.7 5.1 10.2

βy 5.6 -3.2 -17.4 -5.2 -6.0 38.8 -24.3

βzxx 0.1 0.1 0.1 0.1 0.1 0.1 3.3

βzyy 0.0 0.0 0.0 0.0 0.0 0.0 3.5

βzzz 0.0 0.0 0.1 0.0 0.0 0.0 3.7

βz 0.0 0.0 0.1 0.0 0.0 0.0 3.5

β 828.7 837.0 823.4 835.3 836.0 862.3 820.6

∆E 0.1882 0.1885 0.1842 0.3585

aRef. [215]
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Table 5.12: Dipole moment, static polarizability, first hyperpolarizability and op-

tical gap of N-methyl-3-methyl-4-nitroaniline (N-mtPNA-3)(in atomic units)

FF-BP86 BP86 FF-BPW91 BPW91 FF-BLYP BLYP FF-MP2a

µx 3.185 3.185 3.182 3.182 3.199 3.200 2.842

µy -0.103 -0.104 -0.101 -0.101 -0.107 -0.107 -0.127

µz 0.0 0.0 0.0 0.0 0.0 0.0 0.0

µ 3.187 3.187 3.184 3.184 3.201 3.201 2.845

αxx 203.65 203.41 202.64 202.37 205.10 205.21 183.82

αyy 129.25 129.02 128.36 128.16 130.41 130.16 126.71

αzz 69.24 69.25 68.37 68.39 70.27 70.31 68.26

α 134.04 133.90 133.13 132.98 135.26 135.24 126.27

|∆α| 116.74 116.56 116.61 116.39 117.12 117.22

βxxx 2372.7 2400.7 2358.9 2392.2 2439.4 2466.5 2530.8

βxyy -226.0 -220.6 -213.7 -213.0 -214.7 -222.7 -154.7

βxzz -100.7 -70.9 -105.4 -65.5 -53.4 -77.1 -42.2

βx 682.0 703.1 679.9 704.6 723.8 722.2 778.0

βyxx -165.0 -168.1 -161.5 -167.7 -179.4 -180.8 -144.1

βyyy 67.8 66.4 62.3 63.9 80.5 62.5 49.9

βyzz -33.4 -18.6 -35.7 -16.9 15.0 -15.4 1.2

βy -43.5 -40.1 -45.0 -40.2 -28.0 -44.6 -31.0

βzxx 0.1 0.1 0.1 0.1 0.1 0.1 3.1

βzyy 0.0 0.0 0.0 0.0 0.0 0.0 1.2

βzzz 0.3 0.1 0.0 0.1 0.9 0.1 1.3

βz 0.1 0.1 0.0 0.1 0.3 0.1 1.9

β 683.4 704.2 681.4 705.7 724.3 723.6 778.6

∆E 0.2041 0.2040 0.1995 0.3711

aRef. [215]
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Table 5.13: Dipole moment, static polarizability, first hyperpolarizability and op-

tical gap of N-methyl-5-methyl-4-nitroaniline (N-mtPNA-5)(in atomic units)

FF-BP86 BP86 FF-BPW91 BPW91 FF-BLYP BLYP FF-MP2a

µx 3.146 3.146 3.143 3.143 3.161 3.161 2.807

µy -0.431 -0.431 -0.431 -0.431 -0.436 -0.436 -0.391

µz 0.0 0.0 0.0 0.0 0.0 0.0 0.0

µ 3.175 3.175 3.172 3.172 3.191 3.191 2.834

αxx 205.05 204.13 203.84 203.82 206.41 205.81 184.69

αyy 128.73 128.62 127.89 127.75 129.83 129.75 126.31

αzz 69.22 69.22 68.31 68.31 70.25 70.29 68.29

α 134.34 134.01 133.35 133.31 135.49 135.30 126.43

|∆α| 118.31 117.53 118.06 118.05 118.59 118.04

βxxx 2434.6 2403.0 2417.4 2433.3 2446.9 2474.2 2540.5

βxyy -259.4 -229.5 -207.0 -221.2 -233.6 -231.0 -139.8

βxzz -75.1 -75.6 -57.1 -69.0 -60.6 -82.0 -33.4

βx 700.0 699.3 717.8 714.4 717.6 720.4 789.1

βyxx -81.4 -82.4 -81.0 -82.1 -91.4 -88.8 -138.3

βyyy 31.7 -0.8 17.8 2.0 -14.1 4.8 -20.2

βyzz -57.7 -57.4 -59.1 -51.7 -26.0 -59.5 -57.6

βy -35.8 -46.9 -40.8 -43.9 -43.8 -47.8 -72.0

βzxx 0.1 3.5 0.1 0.3 0.1 0.3 -0.8

βzyy 0.0 -0.5 0.0 0.0 0.0 0.0 0.5

βzzz -0.1 0.2 -1.4 0.1 0.1 0.1 0.9

βz 0.0 1.4 0.4 0.1 0.1 0.1 0.2

β 700.9 700.9 718.9 715.7 718.9 721.9 792.4

∆E 0.2027 0.2026 0.1980 0.3684

aRef. [215]
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Table 5.14: Dipole moment, static polarizability, first hyperpolarizability and op-

tical gap of N-methyl-6-methyl-4-nitroaniline (N-mtPNA-6)(in atomic units)

FF-BP86 BP86 FF-BPW91 BPW91 FF-BLYP BLYP FF-MP2a

µx 3.345 3.343 3.343 3.342 3.359 3.359 2.941

µy -0.498 -0.498 -0.496 -0.496 -0.498 -0.498 -0.454

µz 0.0 0.0 0.0 0.0 0.0 0.0 0.0

µ 3.382 3.380 3.380 3.379 3.396 3.396 2.976

αxx 204.03 203.90 203.06 202.89 205.60 205.60 179.64

αyy 130.58 130.41 129.74 129.57 131.69 131.60 128.07

αzz 69.16 69.11 68.26 68.37 70.17 70.21 68.24

α 134.59 134.49 133.69 133.62 135.82 135.82 125.32

|∆α| 117.07 117.04 117.01 116.80 117.56 117.60

βxxx 2720.2 2760.5 2704.4 2749.9 2793.1 2852.7 2634.8

βxyy -163.7 -165.2 -160.0 -161.2 -191.9 -178.8 -77.5

βxzz -103.6 -81.1 -100.7 -75.6 -81.4 -86.0 -32.7

βx 817.6 838.1 814.6 837.7 839.9 862.6 841.5

βyxx -214.6 -205.4 -218.9 -204.5 -218.0 -217.4 -189.9

βyyy -1.2 -5.2 4.0 0.2 15.1 13.9 -5.7

βyzz -47.3 -46.2 -66.9 -40.3 -54.6 -48.1 -47.4

βy -87.7 -85.6 -93.9 -81.5 -85.8 -83.9 -81.0

βzxx 0.1 0.1 0.1 0.2 0.1 0.2 1.8

βzyy 0.1 0.0 0.0 0.0 0.0 0.0 3.4

βzzz 0.0 0.1 0.2 0.1 0.1 0.1 3.6

βz 0.1 0.1 0.1 0.1 0.1 0.1 2.9

β 822.3 842.5 820.0 841.7 844.3 866.7 845.4

∆E 0.1916 0.1918 0.1875 0.3598

aRef. [215]
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[141] A. M. Köster, P. Calaminici, R. Flores, G. Geudtner, A. Goursot, T. Heine,

F. Janetzko, S. Patchkovskii, J. U. Reveles, A. Vela and D. R. Salahub,

deMon2k, The deMon developers, Cinvestav, (2004).

[142] B. I. Dunlap, J. W. D. Connolly, J. R. Sabin, J. Chem. Phys. 71, 4993 (1979).

[143] W. Mintmire, B. I. Dunlap, Phys. Rev. A 25, 88 (1982).

[144] http://www.demon-software.com/public html/support.html#manual

[145] K. B. Sophy and S. Pal, J. Chem. Phys. 118, 10861 (2003).

[146] K. B. Sophy and S. Pal, J. Mol. Struct.: THEOCHEM 676, 89 (2004).

[147] S. Pal and K. B. Sophy In Lecture Series on Computer and Computational

Sciences 3, p. 142, Brill Academic Publishers, Netherlands, (2005).

[148] K. B. Sophy, P. Calaminici, S. Pal J. Chem. Theor. Comp. (In press) (2007)

[149] C.E. Dykstra, Ab Initio Calculations of the Structures and Properties of

Molecules, Elsevier, New York, (1988).

[150] A.E. Kondo, P. Piecuch, J. Paldus, J. Chem. Phys. 104, 8566 (1996).

[151] H. Sekino, R.J. Bartlett, J. Chem. Phys. 98, 3022 (1993).

[152] K.B. Ghose, P. Piecuch, S. Pal, L. Adamowicz, J. Chem. Phys. 104, 6582

(1996).

[153] D.M. Bishop, J. Pipin, B. Lam, Chem. Phys. Lett. 127, 377 (1986).

[154] G.H.F. Diercksen, A.J. Sadlej, J. Chem. Phys. 90, 7300 (1989).



131

[155] V.E. Ingamells, M.G. Papadopoulos, N.C. Handy, A. Willetts, J. Chem. Phys.

109, 1845 (1998).

[156] E.A. Salter, H. Sekino, R.J. Bartlett, J. Chem. Phys. 87, 502 (1987).

[157] R.D. Amos, In, K.P. Lawley (Ed.), Advances in Chemical Physics, Ab Initio

Methods in Quantum Chemistry, Vol. I, Wiley, New York, (1987).

[158] H. Sekino, R.J. Bartlett, Int. J. Quantum Chem. S18, 255 (1984).

[159] H. Koch, H.J.Aa. Jensen, P. Jørgensen, T. Helgaker, J. Chem. Phys. 93, 3345

(1990).

[160] (a) S. Pal, Phys. Rev. A, 33, 2240 (1986). (b) S. Pal, Theor. Chim. Acta 66,

151 (1984). (c) S. Pal, Phys. Rev. A 39, 39 (1989).

[161] H.J. Monkhorst, Int. J. Quantum Chem. S11, 421 (1977).

[162] K. Harbola, Chem. Phys. Lett. 217, 461 (1994).

[163] R. Kobayashi, H. Koch, P. Jorgenson, T.J. Lee, Chem. Phys. Lett. 211, 94

(1993).

[164] N. Godbout, D.R. Salahub, J. Andzelm, E. Wimmer, Can. J. Phys. 70, 560

(1992).

[165] M. Dupuis, J.D. Watts, H.O. Villar, G.J.B. Hurst, HONDO, version 7.0, New

York, (1987).

[166] S. J. A. van Gisbergen, F. Kootstra, P. R. T. Schipper, O. V. Gritsenko, J.

G. Snijders, and E. J. Baerends, Phys. Rev. A 57, 2556 (1998).

[167] N. Vaval, K.B. Ghose, S. Pal, J. Chem. Phys. 101, 4914 (1994).

[168] N. Vaval, S. Pal, Phys. Rev. A 54, 250 (1996).



132

[169] G. Maroulis, J. Chem. Phys. 105, 8467 (1996).

[170] G. Maroulis, D. Xenides, U. Hohm, A. Loose, J. Chem. Phys. 115, 7957

(2001).

[171] O. Quinet, V. Liegeois, B. Champagne, J. Chem. Theory Comput. 1, 444,

(2005).

[172] T. Bancewicz, Y. Le Duff, J. -L. Godet, Adv. Chem. Phys. 119, 267 (2001).

[173] Chem. Phys. Lett. 259, 645 (1996).

[174] R. D. Amos, Chem. Phys. Lett. 87, 23 (1982).

[175] A. Elliasmine, J. -L. Godet, Y. Le Duff, T. Bancewicz, Mol. Phys. 90, 147

(1997).

[176] H. Hoshina, T. Wakabayashi, T. Momose, T. J. Shida, Chem. Phys. 110,

5728 (1999).

[177] T. Momose, M. Miki, T. Wakabayashi, T. Shida, M. -C. Chan, S. S. Lee, T.

Oka, J. Chem. Phys. 107, 7707 (1997).

[178] G. Maroulis, J. Chem. Phys. 108, 5432 (1998).

[179] K. E. Laidig, Can. J. Chem. 74, 1131 (1996).

[180] E. R. Batista, S. S. Xantheas, H. Jónsson, J. Chem. Phys. 111, 6011 (1999).
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