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Abstract

This thesis presents a theoretical study on optical properties of molecular materials. Special

emphasis has been put on the influence of solvent environment, nuclear vibrations, and

aggregation effects on molecular properties like linear and nonlinear polarizabilities, one-

and two-photon absorption probabilities. All calculations have been performed by means

of time independent and dependent quantum chemical methods at the Hartree-Fock and

density functional theory levels. Solvation models that include both long range and short

range interactions have been employed for calculations of optical properties of molecules in

solutions. Pure vibrational and zero-point vibrationally averaged contributions have been

taken into account for linear and nonlinear polarizabilities. The linear coupling model

is applied to simulate vibronic profiles of optical absorption spectra. The computational

strategies described in this thesis are very useful for the design of efficient molecular photonic

materials.

More specifically, the nonmonotonic behavior of the solvatochromic shifts and the first hy-

perpolarizability of para-nitroaniline (pNA) with respect to the polarity of the solvents have

been theoretically confirmed for the first time. The significant contributions of the hydrogen

bonding on the electronic structures of pNA are revealed. Vibrational contributions to the

linear and nonlinear polarizabilities of methanol, ethanol and propanol have been calculated

both at the static limit and in dynamic optical processes. The importance of vibrational

contributions to certain nonlinear optical processes have been demonstrated. A series of

end-capped triply branched dendritic chromophores have been studied with the result that

their second order nonlinear optical properties are found strongly dependent on the mu-

tual orientations of the three chromophores, numbers of caps and the conjugation length

of the chromophores. Several possible mechanisms for the origin of the Q-band splitting

of aluminum phthalocyanine chloride have been examined. Calculated vibronic one-photon

absorption profiles of two molecular systems are found to be in very good agreement with

the corresponding experiments, allowing to provide proper assignments for different spectral

features. Furthermore, effects of vibronic coupling in the nonradiative decay processes have

been considered which helps to understand the aggregation enhanced luminescence of silole

molecules. The study of molecular aggregation effects on two-photon absorption cross sec-

tions of octupolar molecules has highlighted the need to use a hybrid method that combines

density functional response theory and molecular dynamics simulations for the design of

molecular materials.
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Chapter 1

Introduction

Science is concerned only with observable things and that we can

observe an object by letting it interact with some outside influence.

Paul Adrien Maurice Dirac

In 1961, P. A. Franken and his coworkers demonstrated the phenomenon of second harmonic

generation for the first time at the University of Michigan, Ann Arbor. They focused a ruby

laser with a wavelength of 694 nm into a quartz sample and found the production of light

at 347 nm.1 After that, nonlinear optics rapidly developed into an important branch of

modern optics. In recent years, the development of nonlinear optical technology has shown

its attractive perspective in many fields, such as 3D optical data storage, optical power

limiting and photodynamic therapy, just to name a few. Finding more efficient nonlinear

optical materials with desirable properties is one of the main tasks in the field of nonlinear

optics.

In organic crystals and polymers, the molecular units interact with each other through

van der Waals forces, which are much weaker than the intramolecular forces, like cova-

lent bonds. Couplings between electronic structures of each molecule are generally weak.

Thus, each molecule can be considered as an independent nonlinear optical source and

the coupling between the nearby molecules can be simulated through a local field. There-

fore, organic crystals and polymers are usually called molecular materials. The optical

properties and especially the nonlinear optical properties of molecular materials are mainly

dependent on the molecular structures. In other words, there are relationships between the

micro-nonlinearities of a molecule and the related macro-nonlinear properties. The most

outstanding feature of a molecular material is that it can be designed and modified at the

11
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molecular level, besides other features like its wide response waverange, short response time,

high optical damage threshold, and low cost etc. Molecular materials have attracted great

attention recently and are considered to be the most promising nonlinear optical materials

of the future.

As is well known, molecules are composed of atoms, which in turn consist of electrons

and nuclei. In a molecular material, atoms in each molecule are connected together with

chemical bonds. However, the positions of the atoms are not fixed. The nuclei are subject to

a number of different vibrations, which lead to the translational, rotational and vibrational

motions of the molecule. Neglecting the molecular translational motions, the motion of a

molecule is the combination of its electronic motions, rotational motions, and vibrational

motions. The energies of the three motions satisfy the following relation Eele � Evib � Erot.

When molecular materials are exposed to a laser electromagnetic field, molecular vibrations

can have strong effects on their linear and nonlinear optical properties and vibronic coupling

is no longer negligible. Thus, it is very important to consider vibrational effects when the

optical properties of molecular materials are evaluated.

A polyatomic molecule can vibrate in many ways and each of them can be called a vibrational

mode. To calculate the number of vibrational modes, it is convenient to determine the

number of degrees of freedom available to a vibration. Any molecule consisting of N atoms

will have 3N degrees of freedom, which contain 3 degrees of translational freedom, 3 degrees

of rotational freedom for non-linear molecules (or 2 degrees of rotational degrees of freedom

for linear molecules), and 3N−6 degrees of vibrational freedom for non-linear molecules (or

3N−5 degrees of vibrational freedom for linear molecules). Most of the molecular vibrations

can be classified into two main categories: stretching and bending. Stretching vibrations

describe the change of inter-atomic distance along bond axes, while bending vibrations tell

the change of the angle between two bonds.

In experiments, measurements for optical properties of molecular materials are usually car-

ried out in liquid phase or in solutions. However, theoretical studies are often performed

on an isolated molecule, which corresponds to the gas phase with weak interaction be-

tween molecules. In a solution, each of the solute molecules is surrounded by many solvent

molecules. The neighboring solvent molecules can be polarized if the solute molecule has a

permanent dipole moment. In return, the polarized neighboring solvent molecules can affect

the wavefunction of the solute molecule and change the properties of the solute molecule.

This interaction depends on the polarity of the solvents, and is often treated as long range

interaction. There might also be short range interactions between the solute molecule and

the neighboring solvent molecules, such as the formation of hydrogen bonds. The geomet-

rical structure of the solute molecule can be affected significantly, which often has great

affection on molecular properties. With the presence of an external electromagnetic field,
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an induced electric field can be produced by the solvent molecule, which in turn screens

the effects of the external electromagnetic field, resulting in the so-called local field effect.

In order to compare theoretical results with experiment, it is important to include in the

theoretical model the effect of the solvent environment on the properties of the molecule

under investigation.

Another aspect that should be considered for some molecular materials, such as organic

dyes, is the aggregation effect, which induces multi-chromophoric interactions that alter the

color quality and quench the photoluminescence. Also, many materials with large dipole

moments and (hyper)polarizabilities fail to provide the expected electrooptic response be-

cause of the aggregation. For device applications, the chromophores must be present with

high concentration (5%-50% by mass) in the polymer. In order to achieve the macroscopic

noncentrosymmetry, which is necessary for the material to exhibit a nonzero first hyperpo-

larizability (β), the chromophores are usually oriented by applying an electric field (poling).

However, chromophores characterized by large electrostatic interactions would be expected

to form nontransient aggregates at high chromophore number densities. Thus, intermolec-

ular interactions in the ground state can cause less effective poling than it would be in a

noninteracting ensemble. This can lead to the loss of emission efficiency due to the en-

hancement of nonradiative decay pathways, or lead to red shifts in the emission due to

the formation of excimers or exciplexes. Furthermore, excitonic coupling between transition

dipoles on neighboring chromophores will split the electronic transitions into a broad band of

states, which have a range of frequencies, oscillator strengths, and vibronic structures. This

splitting can influence both the magnitude of β and the degree of optical transparency in

the wavelength region of interest. Therefore, methods are needed to protect the dyes from

undesired aggregation and adsorption, as well as from photochemical degradation. How-

ever, there are cases that aggregation has resulted in much better performance for certain

molecular materials. Such examples will be given in chapter 5.
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Chapter 2

Basic Quantum Chemical Methods

In this thesis, many molecular properties, such as the molecular total energy, geometrical

and electronic structures, linear and nonlinear optical response, and one- and two-photon

absorption, are calculated on the basis of quantum mechanical principles. This way of

solving problems in chemistry is usually called the quantum chemical approach. In other

words, all quantum chemical methods involve in solving Schrödinger equation associated

with the molecular Hamiltonian. In practice, it is only possible to find exact solutions to

Schrödinger’s equation for the simplest chemical systems. Approximations have always to be

introduced in quantum chemical methods for most purposes. Quantum chemical methods,

in which no empirical or semi-empirical parameters are included in their equations except for

the basic physical constants, are usually called ab initio (from the beginning) methods. Ab

initio quantum chemical methods have nowadays gained much popularity for their efficiency

and accuracy. Semi-empirical methods are based on the same theoretical formalism as ab

initio methods, but with more approximations and parameters fitted from experimental

data.

A complete Hamiltonian, even for an isolated molecular system, is much too complicated

to use in calculation. For the systems studied in this thesis, relativistic mass effects and

all magnetic interactions due to coupling between spin and orbital motions of nuclei and

electrons are neglected. Therefore, the non-relativistic total molecular Hamiltonian of an

isolated molecule includes only operators for the nuclear kinetic energy (T̂N), the nuclear-

nuclear repulsion (V̂NN), the electronic kinetic energy (T̂e), the nuclear-electron attraction

(V̂Ne) and the electron-electron repulsion (V̂ee). For an isolated molecule with M nuclei and

N electrons, the total Hamiltonian can be written in atomic units as,

Ĥ = −
M
∑

A=1

1

2MA

∇2
A +

M−1
∑

A=1

M
∑

B>A

ZAZB

RAB

−
N
∑

i=1

1

2
∇2

i −
N
∑

i=1

M
∑

A=1

ZA

riA

+
N−1
∑

i=1

N
∑

j>i

1

rij

. (2.1)
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In this expression, MA and ZA are, respectively, the mass and charge of nucleus A. RAB ,

riA and rij are distances between charged particles (nuclei A and B, electron i and nucleus

A, and electrons i and j, respectively). The Laplacian operator ∇2
i involves differentiation

with respect to coordinates of the ith electron and ∇2
A involves differentiation with respect

to those of the Ath nucleus.

2.1 Born-Oppenheimer Approximation

Born-Oppenheimer (BO) approximation is very ubiquitous in quantum chemical calcula-

tions. Based on the fact that the masses of nuclei are much heavier than those of electrons,

the BO approximation first assumes that at a given instant the electrons are moving around

the frozen nuclei. Thus, the nuclear kinetic energy term T̂N in the total molecular Hamilto-

nian expression (2.1) can be neglected and the nuclear-nuclear repulsion term V̂NN becomes

a scalar operator. Consequently, the last four operators in expression (2.1) depend only di-

rectly on the coordinates of the electrons and are usually called the electronic Hamiltonian

Ĥe,

Ĥe =

M−1
∑

A=1

M
∑

B>A

ZAZB

RAB
−

N
∑

i=1

1

2
∇2

i −
N
∑

i=1

M
∑

A=1

ZA

riA
+

N−1
∑

i=1

N
∑

j>i

1

rij
. (2.2)

Solving the electronic Schrödinger equation,

Ĥe | Ψe(~r; ~R)〉 = Ee | Ψe(~r; ~R)〉, (2.3)

at the fixed nuclear geometry ~R, one can get the corresponding electronic energy eigen-

value Ee and eigenwavefunctions (or orbitals) | Ψe(~r; ~R)〉. Here, the variable ~r stands for all

electronic coordinates. Obviously, the electronic energy Ee and wavefunctions | Ψe(~r; ~R)〉 de-

pend on the chosen positions ~R of the nuclei parametrically. Changing the nuclear positions
~R in adiabatically small steps and repeatedly solving the electronic Schrödinger equations,

one will obtain the potential energy surface (PES): Ee(~R), on which the nuclei move.

Then, the BO approximation reintroduces the nuclear kinetic energy T̂n into the nuclear

Schrödinger equation,

(

−
M
∑

A=1

1

2MA
∇2

A + Ee(~R)

)

| Ψnuc(~R)〉 = E | Ψnuc(~R)〉. (2.4)

Solving the above nuclear Schrödinger equation, one will obtain the total energy E of the

molecule, which is a real number including contributions from electrons, nuclear vibrations
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and rotations. Apparently, the BO approximation separates the full molecular wavefunction

into the electronic and nuclear wavefunctions,

| Ψtot(~r, ~R)〉 =| Ψe(~r; ~R)〉 | Ψnuc(~R)〉. (2.5)

2.2 Hartree-Fock Method

Based on the non-relativistic assumption and the BO approximation, the Hartree-Fock

(HF) method turns the many-electron molecular Schrödinger equation into a set of one-

electron Schrödinger equations by applying the so-called mean field approximation, in which

one replaces the actual electron-electron interaction with an averaged effective potential

generated by the other N-1 electrons in the system.

Ĥe =
N
∑

i=1

ĥ(i), ĥ(i) = −
N
∑

i=1

1

2
∇2

i −
N
∑

i=1

M
∑

A=1

ZA

riA

+ veff (~ri). (2.6)

Here, ĥ(i) is an one-electron Hamiltonian for the ith electron (the constant nuclear-nuclear

repulsion energy term is omitted for simplicity), which may also be called the Fock operator

if one puts the averaged efficient potential veff (~ri) in a form of Coulomb operator Ĵi and

exchange operator K̂i,

F̂ (i) = −
N
∑

i=1

1

2
∇2

i −
N
∑

i=1

M
∑

A=1

ZA

riA

+
N
∑

i=1

(Ĵi − K̂i), (2.7)

where F̂ (i) is the Fock operator. Coulomb operator Ĵi defines the electron-electron repulsion

energy, while the exchange operator K̂i defines the electron exchange energy.

The total wavefunction Ψ(~r1, · · · , ~rN) in the Hartree-Fock method is represented by a single

Slater determinant composed by one-electron wavefunctions ψk(~ri) in order to satisfy the

antisymmetry requirements of the electronic wavefunctions (electrons are fermions),

Ψ(~r1, · · · , ~rN) =
1√
N !

∣

∣

∣

∣

∣

∣

∣

∣

∣

ψ1(~r1) ψ2(~r1) · · · ψN (~r1)

ψ1(~r2) ψ2(~r2) · · · ψN (~r2)
...

...
. . .

...

ψ1(~rN) ψ2(~rN) · · · ψN(~rN)

∣

∣

∣

∣

∣

∣

∣

∣

∣

. (2.8)

The columns in a Slater determinant are single electron wavefunctions, while along the rows

are the electron coordinates. The one-electron wavefunctions ψk(~ri) in the above Slater

determinant satisfy the Hartree-Fock equations,

F̂ (i)ψk(~ri) = εk ψk(~ri). (2.9)
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These one-electron wavefunctions are often called Hartree-Fock molecular orbitals (elec-

tron orbitals and spin orbitals) and the corresponding eigenvalues are orbital energies. The

variational theorem states that for a time-independent Hamiltonian operator, any trial wave-

function will lead to an energy expectation value that is greater than or equal to the true

energy of ground state. According to the variational theorem, one can solve the Hartree-

Fock equations for the molecular ground state self-consistently with a set of initial guessed

molecular orbitals until a certain converged threshold is reached.

Because electrons repel each other, there is a tendency for them to keep out of each other’s

way. Therefore, the motions of the electrons in a molecular system are correlated in reality.

However, due to the application of the mean field approximation, the electron correlation

effects are completely neglected in the Hartree-Fock method. Taking into account correc-

tions for electron correlation effects, many so-called post-Hartree-Fock methods have been

developed, such as the Configuration Interaction (CI), Coupled Cluster (CC), and Møller-

Plesset perturbation theory (MP2, MP3, MP4, etc) methods. These correlated methods

give more accurate results than those of Hartree-Fock, although more accuracy comes with

the price of more computational cost.

2.3 Density Functional Theory

The Hartree-Fock method and its descendants are based on the complicated many-electron

wavefunction, which depends on 3N variables, three spatial variables for each of the N

electrons. When the molecular system becomes larger, these methods will come up against

a huge computational problem. Density Functional Theory (DFT) solves this problem

ingeniously with the introduction of an electron density ρ(~r) as the basic quantity. The

electron density ρ(~r) depends only on three spatial variables and is independent of the

number of electrons.

The two theorems proved by P. Hohenberg and W. Kohn in the year 19642 are usually

thought as the base for modern density functional theory. The first theorem demonstrates

the existence of a one-to-one mapping between the ground state electron density and the

ground state wavefunction of a many-particle system. The second one proves that the ground

state density minimizes the total electronic energy of the system. Nowadays, the most

common implementation of density functional theory is through the Kohn-Sham method.

The energy functional of an isolated molecular system can be expressed as,

E[ρ] = VNe[ρ] + T [ρ] + Vee[ρ], (2.10)

where the first term is the nuclear-electron attraction, T [ρ] and Vee[ρ] are the kinetic energy



2.3. DENSITY FUNCTIONAL THEORY 19

functional and the electron-electron interaction functional, respectively. The minimization

of the energy functional E[ρ] can be done through the variational theorem with the help of

the Lagrangian method.

The Kohn-Sham method also uses the idea of an effective potential and introduces a non-

interacting electron system. The energy functional of this fictitious non-interacting system

is,

Es[ρ] = Ts[ρ] + Veff [ρ], (2.11)

where Ts[ρ] denotes the non-interacting kinetic energy functional and Veff is an effective

potential in which the electrons are moving. However, it requires that this non-interacting

system has the same electron density distribution ρs(~r) as that of the real molecular system.

The relation ρs(~r) = ρ(~r) holds only if,

Veff [ρ] = VNe[ρ] + (T [ρ] − Ts[ρ]) + Vee[ρ]. (2.12)

Thus, one can solve the Schrödinger equations of this non-interacting system,

[−1

2
∇2

i + Veff(~r)]ψi(~r) = εi ψi(~r), (2.13)

and gets the orbitals ψi(~r) that reproduce the electron density of the real molecular system,

ρ(~r) ≡ ρs(~r) =

N
∑

i=1

|ψi(~r)|2 . (2.14)

The effective potential Veff(~r) can be written in a more detail way,

Veff (~r) = VNe(~r) +

∫

ρ(~r′)

|~r − ~r′|
d ~r′ + Vxc[ρ(~r)], (2.15)

where the second term describes the electron-electron Coulomb repulsion, and the last term

Vxc is the so-called exchange correlation potential functional. The above three expressions

(2.13), (2.14) and (2.15) together are usually called the Kohn-Sham equations, which can

be solved self-consistently (i.e. iteratively).

The exact form of Exc[ρ] is currently not known, however, a rapidly growing list of ap-

proximate exchange correlation functionals has been developed. Generally, most exchange

correlation functionals are split into two parts: a pure exchange contribution, Ex[ρ], and

a pure correlation contribution, Ec[ρ]. For instance, the exchange correlation functional

BLYP contains an exchange functional from Becke (B)3 and a correlation functional by Lee,

Yang, and Parr (LYP).4,5 In the hybrid Exc[ρ] functionals, a percentage of exact exchange

contribution from the Hartree-Fock method is included, for example, the hybrid B3LYP6,7

functional contains 20% exact Hartree-Fock exchange.
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Chapter 3

Linear and Nonlinear Polarizabilities

This chapter first briefly describes linear and nonlinear optical processes from the micro-

scopic and macroscopic points of view and introduces the concepts of linear and nonlinear

polarizabilities. Then, it gives a brief introduction to the most commonly used computa-

tional methods for linear and nonlinear polarizabilities. The remaining part of this chapter

presents calculated results for charge-transfer molecules.

3.1 Basic Concepts

From the macroscopic view, in the traditional linear optics, the induced polarization P is

proportional to the input electric field strength E,

P(t) = χ(1) E(t), (3.1)

where, χ(1) is the so-called linear susceptibility. In nonlinear optics, the relationship between

the induced polarization P and the external electric field strength E is nonlinear, which can

be expressed in the following progressional form,

P(t) = χ(1) E(t) + χ(2) E2(t) + χ(3) E3(t) + · · ·
≡ P(1)(t) + P(2)(t) + P(3)(t) + · · · ,

(3.2)

where P(2)(t) = χ(2) E2(t) and P(3)(t) = χ(3) E3(t) are the second and third nonlinear

polarizations respectively. χ(2) and χ(3) are respectively the second and third nonlinear

susceptibilities, or the first and second nonlinear super-susceptibilities.

In general, the nonlinear susceptibilities are related with the frequencies of the external

electric field strength E, such as in the relation P(2)(t) =
∑

n P(ωn) e−i ωn t. The magnitude

21
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of the nonlinear susceptibilities represents the response ability of the medium to the external

opto-electric field. For example, when a laser beam with an electric field strength E(t) =

E e−i ωt + c.c. transfers through a medium with its second nonlinear susceptibility χ(2) being

nonzero, the second nonlinear polarization P(2)(t) can be written as,

P(2)(t) = 2χ(2) EE∗ + χ(2) E2 e−i 2 ωt + c.c.. (3.3)

The first term in the above expression does not depend on the frequency of the external

electric field, and corresponds to an Optical Rectification (OR) process (i.e. a process in

which the light becomes an electrostatic field after through the medium). The second term

in the above expression is related to a frequency of 2ω and leads to a Second Harmonic

Generation (SHG) process.

Similarly, with the electric field of E(t) = E1 e
−i ω1t + E2 e

−i ω2t + c.c., the second nonlinear

polarization of the medium P(2)(t) becomes,

P(2)(t) = χ(2)[E2
1 e

−i 2 ω1t + E2
2 e

−i 2 ω2t + 2E1 E2 e
−i (ω1+ω2)t

+ 2E1 E∗
2 e

−i (ω1−ω2)t + c.c.] + 2χ(2) [E1 E∗
1 + E2 E∗

2] .
(3.4)

with a nonzero second nonlinear susceptibility χ(2). If we rewrite the above expression in a

form of P(2)(t) =
∑

n P(ωn) e
−i ωnt, then we will obtain

P(0) = 2χ(2) [E1 E∗
1 + E2 E∗

2] , (OR), (3.5)

P(2ω1) = χ(2)E2
1, (SHG), P(2ω2) = χ(2)E2

2, (SHG), (3.6)

P(ω1 + ω2) = 2χ(2)E1E2, (SFG), (3.7)

P(ω2 − ω2) = 2χ(2)E1E
∗
2, (DFG). (3.8)

Here, P(ω1 + ω2) and P(ω2 − ω2) are related to Sum Frequency Generation (SFG) and

Difference Frequency Generation (DFG) processes, respectively.

From the microscopic view, we focus on the relationship between the induced dipole moment

µ of the molecular system and the external electric field strength E. In linear optics, their

relationship is,

µ = µ0 + αE, (3.9)

where µ0 is the permanent dipole moment of the molecular system. In nonlinear optics, one

needs to consider the influence of the high power terms of the electric field strength on the
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induced dipole moment. The induced dipole moment can be expanded in a Taylor series as

function of the external electric field strength E (the so-called T expansion),

µ = µ0 + αE +
1

2!
βE2 +

1

3!
γE3 + · · · . (3.10)

In the above expansion, the coefficients α, β, and γ, · · · are the molecular linear polariz-

ability (second order tensor), second order nonlinear polarizability (third order tensor) and

third order nonlinear polarizability (fourth order tensor), · · · . Meanwhile, β, γ and other

higher order nonlinear polarizabilities are also called the first nonlinear hyperpolarizability,

second nonlinear hyperpolarizability, etc., which are important quantities to express the

response ability of the molecular material to the external electric field.

We adopt the assumption that the external electric field is composed by a sum of monochro-

matic plane waves, i.e. the external electric field can be written in a Fourier expansion form

of the sum of electric fields with discrete frequencies,

E(t) =
∑

p

E(ωp) e
−i ωp t, (3.11)

where ωp can be positive, negative and zero frequencies. Substituting the above expression

(3.11) into expression (3.10), one will get (for component i),

µi =µ0
i +

∑

p

αij(−ωσ1
;ωp)Ej(ωp) e

−i ωσ1
t

+
1

2!

∑

pq

βijk(−ωσ2
;ωq, ωp)Ej(ωq)Ek(ωp) e

−i ωσ2
t

+
1

3!

∑

pqr

γijkl(−ωσ3
;ωr, ωq, ωp)Ej(ωr)Ek(ωq)El(ωp) e

−i ωσ3
t

(3.12)

The Einstein summation convention is used in the above expression. Here, ωσ1
= ωp,

ωσ2
= ωq + ωp and ωσ3

= ωr + ωq + ωp are the frequencies of the output light in different

processes.

There is another often used convention for expanding the induced dipole moment as a

function of the external electric field (often called B expansion),

µ = µ0 + αE + βE2 + γE3 + · · · . (3.13)

The relationships between the corresponding hyperpolarizabilities from T expansion and B

expansion can be easily obtained, for instance, βT = 2βB, γT = 6γB. In this thesis, only

the T expansion is used.
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3.2 Computational Methods

In this section, a few frequently mentioned and used methods for computing the electronic

linear and nonlinear polarizabilities are briefly introduced. The electromagnetic field has

been treated classically, while the molecule is described with quantum mechanical the-

ory. Furthermore, the wavelengths of the light under investigation are at least hundreds

of nanometers, which are much larger than the scale of the molecular system (generally no

more than few nanometers), the electric dipole approximation is thus applied.

3.2.1 Sum-Over-State Method

With the help of the time dependent perturbation theory, one can get the Sum-Over-State

(SOS) expressions for the linear and nonlinear polarizabilities of a molecular system.

For example, the SOS expression of the linear polarizability is,

αij(−ωp;ωp) =
1

h̄

∑

m

(

µi
gmµ

j
mg

ωmg − ωp
+

µj
gmµ

i
mg

ωmg + ωp

)

, (3.14)

where the summation of m goes over all electronic states.

The SOS expression of the first hyperpolarizability is,

βijk(−ωσ;ωq, ωp) =
1

h̄2Pσ,q,p

∑

m,n

µi
gnµ

j
nmµ

k
mg

(ωng − ωσ) (ωmg − ωp)
, (3.15)

where the summation of m and n goes over all electronic states and ωσ = ωq + ωp. Pσ,q,p is

the intrinsic permutation operator about σ, q and p. If one introduces µ̄j
nm = µj

nm−δnm µ
j
gg,

the above expression of the first hyperpolarizability can be written as,

βijk(−ωσ;ωq, ωp) =
1

h̄2Pσ,q,p

∑

m6=g,n6=g

µi
gnµ̄

j
nmµ

k
mg

(ωng − ωσ) (ωmg − ωp)
. (3.16)

Here, δnm is the Kronecker Delta function, and the summation of m and n goes over all the

excited electronic states.

From the above SOS expressions, it is easy to find that the summation over all electronic

states is essential in SOS method. At present, calculating the linear and nonlinear polar-

izabilities with the SOS method in the scheme of ab-initio quantum chemical theory on

molecular systems is computationally impossible. Nevertheless, the SOS method is an im-

portant tool to understand the essence of nonlinear optical response processes in medium,

which is usually used in semi-empirical treatments of nonlinear optical properties.
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3.2.2 Few-State Model

For some special molecular systems, such as one dimensional push-pull π conjugated molecules,

the delocalization of the π electrons and charge transfer (CT) between the intramolecular

electron donor (D) and electron acceptor (A) has very important influences on the molecular

nonlinear optical response. In many cases, their nonlinear optical properties mainly depend

on a few charge transfer states. Starting with the SOS expressions of the linear and non-

linear polarizabilities, we make an approximation to only include the influences of the most

important CT states, which leads to the so-called few-state models. Presently, the most

often used ones are the two-state model (TSM) and the three-state model. In the TSM,

only two electronic states are considered, which usually are the molecular electronic ground

state and a CT excited state. Similarly, in the three-state model, only three electronic states

(usually the electronic ground state and two CT excited states) are included.

We rewrite the SOS expression (3.16) of the first hyperpolarizability in the two-state model

as,

βz(−ωσ;ω1, ω2) =
2µ2

eg (µee − µgg)

ω2
eg

3 − ω2

1
+ω2

2
+ω1ω2

ω2
eg

(1 − ω2

1

ω2
eg

)(1 − ω2

2

ω2
eg

)(1 − ω2
σ

ω2
eg

)
. (3.17)

Here, for the sake of simplicity we choose atomic units, in which h̄ = 1. The tensor charac-

teristic of the first hyperpolarizability of a one-dimension molecular system is ignored, i.e.

assuming βz ≈ βzzz (z is the main axis of the molecule). The subscript g represents the

electronic ground state, the excited charge transfer state is denoted with subscript e. ω1

and ω2 are the frequencies of the input laser beams, µgg and µee are, respectively, the dipole

moments of the ground state and the CT state. µeg is the transition dipole moment between

the ground state and the CT state. h̄ωeg is the excitation energy of the CT state.

For the second harmonic generation process, the first hyperpolarizability of a one-dimension

D-π-A conjugated molecular system can be written as,

βz(−2ω;ω, ω) =
β0

(1 − ω2

ω2
eg

)(1 − 4ω2

ω2
eg

)
, (3.18)

where β0 is the first hyperpolarizability at static limit,

β0 =
6µ2

eg(µee − µgg)

ω2
eg

. (3.19)
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3.2.3 Finite Field Method

The Finite Field (FF) method is a very simple way of getting the static limit results of linear

and nonlinear polarizabilities. In uniform electrostatic fields, the total molecular energy E

can be expanded into Taylor series over the electric field strength F,

E = E0 − µ0
iFi −

1

2!
αijFiFj −

1

3!
βijkFiFjFk −

1

4!
γijklFiFjFkFl − · · · . (3.20)

E0 is the total energy of the molecular system in the absence of an external electric field. Fi

is the component in the i direction of the external uniform electrostatic field and µi is the i

component of the molecular dipole moment vector. Each subscript goes over all Cartesian

coordinates x, y and z.

In finite field method, by applying several electrostatic fields of different strengths at certain

directions, one can get a series of field dependent total energy of the molecular system.

Then, by means of polynomial fitting, one can get the corresponding components of the

coefficients in expansion equation (3.20), µ, α, β and so on. For example, with finite field

method, one can get the dipole moment of the excited charge transfer state through the

following equation,

h̄ωeg(Fz) = h̄ωeg(0) − (µz
ee − µz

gg)Fz −
1

2!
(αzz

ee − αzz
gg)F

2
z − · · · . (3.21)

The advantage of finite field method is that it is simple, easy to understand and realize in

programming. However, it has its own disadvantages, for instance, it usually needs large

amount of computing time to find proper electric field strengths in order to get stable results,

and it can only give static limit results.

3.2.4 Analytical Derivative Method

In uniform electrostatic fields, the coefficients in expansion equation (3.20), µ, α, β, γ and so

on, can also be written in derivative forms of the total molecular energy E over the electric

field strength F. We have,

µi = − ∂E

∂Fi

, (3.22)

αij = − ∂2E

∂Fi∂Fj
, (3.23)
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βijk = − ∂3E

∂Fi∂Fj∂Fk
, (3.24)

γijkl = − ∂4E

∂Fi∂Fj∂Fk∂Fl
, (3.25)

...

Similar to finite field method, the analytical derivative method is also very simple, but it

solves the accuracy problem of the finite field method. However, it still can only give results

at the static limit.

3.2.5 Response Theory Method

The response theory method8 is a time dependent perturbation method in which the ap-

proximate molecular wavefunction is parameterized and a series of response functions is

introduced. The approximate wavefunction of the molecular system is usually composed

by a set of orthonormal wavefunctions. The introduced response functions describe the

response of the molecules to the external perturbation field.

When a molecular system is perturbed by a time dependent perturbation field, its Hamilto-

nian Ĥ can be written as the summation of the unperturbed Hamiltonian Ĥ0 and the time

dependent perturbation term V̂ (t).

Ĥ = Ĥ0 + V̂ (t), V̂ (t) =

∫ ∞

−∞

V̂ ω e(−iω+ε) t dω, (3.26)

where ε is a positive infinitesimal, which makes sure that the system is in the unperturbed

state V̂ (−∞) = 0, when t = −∞. When the perturbation caused by the external field is

sufficient small, the time-evolution of the expectation value of physical quantity Â (molecular

properties) can be written as,

〈

Â
〉

(t) =
〈

Â
〉

0
+

∫ ∞

−∞

〈〈

Â; V̂ ω
〉〉

e−iωt dω

+
1

2!

∫ ∞

−∞

∫ ∞

−∞

〈〈

Â; V̂ ω1 , V̂ ω2

〉〉

e−i(ω1+ω2)t dω1 dω2

+
1

3!

∫ ∞

−∞

∫ ∞

−∞

∫ ∞

−∞

〈〈

Â; V̂ ω1, V̂ ω2 , V̂ ω3

〉〉

e−i(ω1+ω2+ω3)t dω1 dω2 dω3

+ · · · .

(3.27)
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In the above equation,
〈〈

Â; V̂ ω1 , · · · , V̂ ωn

〉〉

is the response function, which describes the

response of the molecular properties Â to the external perturbation field. For example,

if Â represents the dipole moment operator µ̂ of the molecular system, the corresponding

response functions are the molecular linear polarizability and nonlinear hyperpolarizabilities.

We will have,

αij(−ωσ;ω1) = −〈〈µ̂i; µ̂j〉〉ω1
, (3.28)

βijk(−ωσ;ω1, ω2) = −〈〈µ̂i; µ̂j, µ̂k〉〉ω1,ω2
, (3.29)

γijkl(−ωσ;ω1, ω2, ω3) = −〈〈µ̂i; µ̂j, µ̂k, µ̂l〉〉ω1,ω2,ω3
. (3.30)

The main advantage of response theory is the introduction of the response functions. They

replace the summation over all excited electronic states in the SOS expressions of the linear

and nonlinear polarizabilities with a set of linear equations. The exact information about

the excited states is not needed in advance. Moreover, response theory deals with the time

dependent and time independent optical properties at the same level. Therefore, one can do

theoretical calculations at the same optical frequency as the one applied in experiments, and

so compare directly the results from theoretical studies and experimental measurements.

Response theory has been implemented into the DALTON9 quantum chemical program

package.

3.3 Solvent Effects

Many experimental measurements take place in the condensed phase, in particular in so-

lutions. The presence of a solvent environment modifies the properties of the solvated

molecules and the dynamics of the optical processes. For instance, a nonlinear optical

molecule often possesses a strong dipole moment, which can polarize the solvent molecules

around it. Such a polarization can in return affect the wavefunction of the solute molecule.

A strong dipolar molecule can also form hydrogen bonds with its surroundings, and such a

short range interaction has significant effects on the optical and nonlinear optical response

of the molecule.

Solvent effects on molecular properties are often modeled by means of the so-called dielectric

continuum models, which approximate the solvent environment by a homogeneous dielectric

medium characterized by its dielectric constant ε. The solute is embedded in a cavity of

certain shape and size. The solute charge distribution interacts with the medium, polarizes
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it and creates a reflection charge distribution on the cavity surface which, in turn, will

interact electrostatically with the solute leading to a net stabilization. Over the years,

different continuum models have been developed to fulfill different needs. Among them, the

polarizable continuum model (PCM) of Tomasi10,11 is the one that has been most widely

used. In the PCM model, the cavity has a realistic shape and size and is constructed of

interlocking spheres, of which the number and radii correspond to the number of atoms in

the solute molecule and their van der Waals radii.

Para-nitroaniline (pNA) is a typical push-pull π-conjugated charge transfer molecule, which

is expected to have a large first hyperpolarizability.12,13 In this thesis, we have studied the

dependence of the electronic structure and the first hyperpolarizability of the pNA molecule

on the polarity of the solvents by means of the polarizable continuum model in combination

with the time dependent hybrid density functional theory. The first hyperpolarizability of

pNA is computed with the so-called two-state model which includes the electronic ground

state and the excited charge transfer state. A nonmonotonic behavior of the solvatochromic

shifts and the first hyperpolarizability of pNA with respect to the polarity of the solvents

has been theoretically confirmed for the first time, see Figure 3.1.
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Figure 3.1: Evolution of solvatochromic shifts of the first CT state and static βz with

respect to the dielectric constant ε. The experimental ESHG and HRS results are from

references 14 and 15 , respectively. The computed results are from time dependent

DFT(B3LYP)/PCM/6-31++G* calculations.
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It is noticeable from Figure 3.1 that the deviation between the computed results and the

experimental ones is relatively large for the pNA molecule in polar solvents, such as acetone

(20.7), methanol (32.63) and acetonitrile (36.64). It is expected that for these solvents,

hydrogen bonds could be formed between solvent and solute molecules and change the

nonlinear optical properties of the solute molecule. To understand the effects of hydrogen

bonds on the first hyperpolarizability of pNA, we have applied two additional solvent models:

supermolecular (SM) model and semicontinuum (SC) model. In the supermolecular model,

the solute pNA molecule and a few neighboring solvent molecules are included, as shown in

Figure 3.2. The semicontinuum model is here the combination of the supermolecular model

and the polarizable continuum model. Significant contributions of the hydrogen bonds on

the electronic structure of pNA molecule are revealed. A comparison between experimental

and calculated wavelengths (nm) of the first excited CT state of the pNA molecule in three

polar solvents is given in Table 3.1.

(a) pNA+acetone (b) pNA+methanol (c) pNA+acetonitrile

Figure 3.2: Structures in supermolecular model of the pNA molecule with the neighboring

solvent molecules in solvents: (a) acetone, (b) methanol, and (c) acetonitrile.

3.4 Vibrational Contribution

3.4.1 Normal Coordinates

In the Born-Oppenheimer approximation, the nuclei of a molecular system are moving on a

potential energy surface V ( ~R), which is formed by the energies of the electrons. The move-

ments of the nuclei are described by the nuclear Schrödinger equations. When the molecular

system is at its equilibrium position, i.e. at a position of the potential energy surface with
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Table 3.1: A comparison between experimental and calculated wavelengths (nm) of the

first excited CT state of pNA in polar solvents. The polarizable continuum model (PCM),

supermolecular (SM) model and semicontinuum (SC) model are employed, in combination

with TD-DFT(B3LYP). The calculated gas phase result is 321 nm.

Solvent PCM SM SC Experimenta

Acetone (20.7) 344 351 367 368

Methanol (32.63) 351 364 375 370

Acetonitrile (35.64) 345 352 366 366

337b 345b 358b

aReference 14 .
bAt the B3PW91 level.

the minimal energy, the nuclei of the molecular system are at their geometrical equilibrium

positions ~R0, at which the first derivative of the potential energy is zero. The potential

energy surface at the vicinity of the molecular equilibrium position can be expanded in a

second derivative form over the nuclear coordinates,

Vnuc = V (~R0) +
1

2

∑

I,J

∂2V (~R)

∂ ~RI∂ ~RJ

~RI
~RJ . (3.31)

In addition, the kinetic energy term of the nuclei is,

Tnuc =
1

2

∑

I

MI
~̇R2

I . (3.32)

Firstly, if a mass coefficient
√
MI is included in coordinate ~RI , we can form mass weighted

coordinates. Moreover, we can find that the above potential energy surface Vnuc is not

dependent on the global translational and rotational movements of the molecular system.

Now, we can introduce a new coordinate system through a linear coordinate transformation,

in which the potential energy term is simultaneously diagonalized during the diagonalization

of the kinetic energy term. The new coordinate system is often called the normal coordinate

system. In the normal coordinate system, the potential energy surface and the kinetic energy

term of a molecular system are,

Vnuc = V0 +
1

2

∑

a

ω2
aQ

2
a, Tnuc =

1

2

∑

a

Q̇2
a. (3.33)
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With normal coordinates, the vibrational wavefunction of a molecular system can be ap-

proximately separated into a product of the wavefunctions of each harmonic oscillators.

Therefore, it becomes easier to describe the vibrational effects on properties of a molecular

system with normal coordinates.

3.4.2 Vibrational Contributions to the Polarizability

Here we take the linear polarizability as an example to discuss vibrational contributions to

optical properties of molecules. It is noted that vibrational contributions to the nonlinear

hyperpolarizabilities can be obtained in a similar manner. If the wavefunctions in the sum-

over-state expressions include not only the electronic wavefunctions but also the vibrational

wavefunctions, the sum-over-state expression (3.14) for the linear polarizability will become,

αij(−ω;ω) = P
∑

K,k

〈ΦGΘg |µ̂i|ΦKΘk〉 〈ΦKΘk |µ̂j|ΦGΘg〉
ωKG + ωkg − ω

. (3.34)

Here |ΦK〉 and |Θk〉 are respectively the electronic and vibrational wavefunctions of the

molecular system. |ΦG〉 and |Θg〉 represent wavefunctions for the electronic ground state G

and vibrational ground state g, respectively. ωKG represents the energy difference between

the electronic state K and the electronic ground state G, while ωkg denotes the energy

difference between the vibrational state k and the vibrational ground state g. P is a full

permutation operator about ω and −ω.

Deriving from the above SOS expression (3.34) with some reasonable approximations, one

can get the vibrational contribution to the linear polarizability,

αvib
ij (−ω;ω) = P

∑

k

〈Θg |µ̂i|Θk〉 〈Θk |µ̂j|Θg〉
ωkg − ω

+ P
∑

K 6=G

〈

Θg

∣

∣

∣

∣

〈ΦG |µ̂i|ΦK〉 〈ΦK |µ̂j|ΦG〉
ωKG − ω

∣

∣

∣

∣

Θg

〉

.

(3.35)

In the first term, the summation over all vibrational states of the electronic ground state G is

included, while the second term describes a zero-point vibrational average for the electronic

linear polarizability at the vibrational ground state g. Thus, the first term is often called the

pure vibrational contribution (PVC), and the second term is usually called the zero-point

vibrational average (ZPVA). Therefore, the total linear polarizability will be the sum of

three parts,

αij = αe
ij + αv

ij + αZPV A
ij , (3.36)
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where αe
ij is the electronic contribution to the linear polarizability,

αe
ij(−ω;ω) =

∑

K 6=G

〈ΦG |µ̂i|ΦK〉 〈ΦK |µ̂j|ΦG〉
ωKG − ω

+
〈ΦG |µ̂j|ΦK〉 〈ΦK |µ̂i|ΦG〉

ωKG + ω
, (3.37)

and αv
ij is the pure vibrational contribution.

The electronic dipole moment can be expanded with the normal coordinates,

µi(Q) = µ0
i +

∑

a

∂µi

∂Qa
Qa + · · · , (3.38)

where µ0
i = 〈ΦG|µ̂i|ΦG〉 is the dipole moment of the molecular system when the system is at

its equilibrium position and the summation goes over all vibrational normal modes. With

the harmonic approximation, i.e. when only the first two terms in the above expression are

considered, the pure vibrational contribution to the linear polarizability is

αv
ij(−ω;ω) =

∑

a

1

ω2
a − ω2

∂µi

∂Qa

∂µj

∂Qa
. (3.39)

Still, the above summation goes over all vibrational normal modes.

Similarly, the linear polarizability can also be expanded over the normal coordinates near

the equilibrium position,

αij(Q) = α0
ij +

∑

a

∂αij

∂Qa

Qa +
1

2!

∑

a,b

∂2αij

∂Qa∂Qb

QaQb + · · · . (3.40)

For a nonharmonic potential, we have,

V = V 0 +
1

2!

∑

a

ω2
a +

1

3!

∑

a,b,c

FabcQaQbQc + · · · . (3.41)

Thus, the zero-point vibrational average contribution to the linear polarizability is,

αZPV A
ij = −1

4

∑

a,b

Fabb

ω2
aωb

∂αij

∂Qa

+
1

4

∑

a

1

ωa

∂2αij

∂Q2
a

. (3.42)

In theoretical calculations, the coefficient 1
4

∑

b
Fabb

ωb
can be approximately replaced with the

derivative of the total zero-point energy over the normal coordinates Qa, which can greatly

reduce the amount of computational cost.

In this thesis, we have calculated the static and dynamic vibrational contributions to the

linear polarizability and the first and second nonlinear hyperpolarizabilities of methanol,
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ethanol and propanol. Both the pure vibrational contribution and the zero-point vibra-

tionally averaged contribution have been determined. We have found that the pure vibra-

tional contribution is quite important at the static limit, while in the optical region it varies

for different nonlinear optical processes. The zero-point vibrationally averaged contribution

is a quite large correction to the electronic nonlinear polarizabilities, especially to the second

hyperpolarizability at finite fundamental frequencies.

3.5 Dendritic Structures

It is well known that the one-dimension push-pull organic compound, for example the com-

pound shown in Figure 3.3, which has usually an electron donor and an electron acceptor

at the two ends of a π conjugated bridge, has large hyperpolarizabilities. However, in liq-

uid phase or in solutions, the second order susceptibility of the whole system quenches due

to the random orientations of D-π-A molecules. Usually, by applying an external electric

field, one can orientate the D-π-A molecules in solutions. In the dendritic structures formed

with D-π-A chromophores, the D-π-A parts also have ordered orientations and thus large

hyperpolarizability for the whole system can be expected. Threefold symmetric dendritic ar-

chitectures of dipolar chromophores have shown outstanding performances in NLO activities

compared to the corresponding single-strand dipolar chromophores.16–19

Donor π Acceptor

Figure 3.3: Structure of a Donor-π-Acceptor Nonlinear optical chromophore.

In this thesis, we have presented a joint theoretical and experimental study on dendritic

structure with triply branched chromophores. We have also compared theoretically the

nonlinear optical properties of one end-capped and two end-capped dendritic structures, as

shown in Figure 3.4. It is found that the use of end-caps can make molecules more stretched
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and ordered, resulting in large enhancement of first hyperpolarizabilities. The nonlinear

optical properties of two end-capped structures show less dependence on the conformation

of the dendritic structures. The increase of conjugation length in each chromophore can

have noticeable effect on the first hyperpolarizabilities of dendrimers.

(a) one-end-capped model (b) two-end-capped model

Figure 3.4: Dendritic structures: (a) one-end-capped model; (b) two-end-capped model.
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Chapter 4

Vibronic Coupling in Optical Spectra

4.1 One-Photon Absorption and Emission

The transition probability for one-photon absorption and emission can be evaluated as

oscillator strengths. When a molecular system changes from an initial state i to a final state

f by absorbing or releasing a photon, the transition probability or the oscillator strength is

Wif =
2

3
h̄ ωif µ

2
if , (4.1)

where h̄ ωif is the transition energy between two states and µif = 〈Ψi|µ̂|Ψf〉 is the corre-

sponding transition electric dipole moment.

According to the adiabatic Born-Oppenheimer approximation, the total molecular wave-

function of the initial state |Ψi〉 can be written as

|Ψi,v (q, Q)〉 = |Φi (q, Q)〉 |Θi,v (Q)〉 , (4.2)

where |Φi (q, Q)〉 is the electronic wavefunction and |Θi,v (Q)〉 is the nuclear wavefunction

when the molecular system is at electronic state i. q and Q represent the electronic and

nuclear normal coordinates, respectively. In this case, the transition electric dipole moment

has the form

µgveu = 〈ΦgΘg,v|µ̂|ΦeΘe,u〉. (4.3)

Here, we suppose that the transition goes from vibrational state v of the electronic ground

state g to a vibrational state u of the electronic excited state e. Applying the adiabatic

Born-Oppenheimer approximation to the above expression (4.3), we can obtain,

µgveu = 〈Θg,v|µe
ge(Q)|Θe,u〉, (4.4)

37
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where µe
ge(Q) is the electronic contribution to the transition electric dipole moment, which

can be expanded as a function of the normal coordinates Q,

µe
ge(Q) = µe

ge(Q)0 +
∑

a

∂µe
ge

∂Qa
Qa + · · · . (4.5)

If only the first two terms in the above expansion are considered and substituted into

expression (4.4), we will have,

µgveu = µe
ge(Q)0〈Θg,v|Θe,u〉 +

∑

a

∂µe
ge

∂Qa
〈Θg,v|Qa|Θe,u〉. (4.6)

The first term in the above expression is usually called the Franck-Condon (FC) contribution

to the one-photon absorption, while the second term is usually called the Herzberg-Teller

(HT) contribution. The norm of the overlap integral 〈Θg,v|Θe,u〉 in the Franck-Condon

term is the so-called Franck-Condon factor, which can be obtained from the gradient of the

potential energy surface of the excited electronic state as described in the linear coupling

model given below. One can get the integral 〈Θg,v|Qa|Θe,u〉 in the Herzberg-Teller term

from the overlap integral 〈Θg,v|Θe,u〉 with the help of the raising and lowering operators.

In the harmonic approximation, the nuclear wavefunction |Θv (Q)〉 is a product of wave-

functions of all harmonic vibrational normal modes ,

|Θv (Q)〉 =
∏

a

|na〉, (4.7)

where |na〉 represents the vibrational wavefunction of normal mode a, while na denotes the

quantum number of normal mode a. Thus, in the electronic excited state e, all possible com-

binations of different normal modes being excited to the states (n1, n2, n3, · · · , na, · · · ) should

be considered. In the electronic ground state g, only the 0-vibrational level (0, 0, 0, · · · ) is

considered in this thesis since all processes take place at room temperature.

4.2 Linear Coupling Model

With the so-called linear coupling model, as illustrated in Figure 4.1, it is assumed that

the excited and ground electronic states have the same harmonic potential energy surface

curvatures and differ only by a small mutual displacements ∆Qa along the directions of

normal coordinates Qa, where a stands for any vibrational normal mode. Numerically, the

displacement ∆Qa about normal mode a of the electronic excited state potential energy
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surface relative to that of the electronic ground state is possible to be obtained from the

gradient Ga of the excited state potential energy ES1,20

∆Qa =
Ga

ω2
a

, Ga =
∂ES1

∂Qa
, (4.8)

where ωa is the vibrational frequency of normal mode a. The displacement ∆Qa of normal

mode a can also be computed analytically if the geometries of both the excited and ground

electronic states are known,

∆Qa = (xf − xi)M1/2La,f , (4.9)

where xf and xi are the 3N -dimensional vectors in Cartesian coordinates of the equilibrium

positions in the final state f and initial state i respectively, M is a 3N × 3N diagonal

matrix of the atomic masses, and La,f is the 3N -dimensional vector of normal coordinates

of normal mode a in terms of mass-weighted Cartesian coordinates. The analytical way of

getting the displacement ∆Qa, compared to the numerical method, can save a great amount

of computing time if one has the geometry of the excited state.

Figure 4.1: Schematic illustration of linear coupling model.
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The well known Huang-Rhys factor Sa is dimensionless and relates to the displacement ∆Qa

and vibrational frequency ωa of normal mode a as

Sa =
ωa∆Q

2
a

2h̄
. (4.10)

For normal mode a, a general expression for the overlap integral between two displaced

vibronic states with occupation quantum numbers ma ≤ na can be written as

〈ma|na〉 = (−1)na−mae−
Sa
2 S

na−ma
2

a

√

ma!

na!
Lna−ma

ma
(Sa). (4.11)

Here, for the sake of simplicity, we use |ma〉 and |na〉 to represent the wavefunctions of the

corresponding two vibronic states. Lma−na
na

(Sa) is the associated Laguerre polynomial,

Lna−ma

ma
(Sa) =

ma
∑

r=0

na!(−Sa)
r

(ma − r)!(na −ma + r)!r!
. (4.12)

If ma > na, we have 〈ma|na〉 = (−1)ma−na〈na|ma〉. With the help of the raising and lowering

operators, the integral 〈ma|Qa|na〉 can be stated as,

〈ma|Qa|na〉 =

√

h̄

2ωa

(
√
ma + 1〈ma + 1|na〉 +

√
ma〈ma − 1|na〉). (4.13)

For a polyatomic molecular system, which has more than one vibrational normal mode, we

need to evaluate the product of the single displaced harmonic oscillator overlap integrals,

〈Θg,v|Θe,u〉 =
∏

a

〈mv
a|nu

a〉, (4.14)

〈Θg,v|Qa|Θe,u〉 = 〈mv
a|Qa|nu

a〉
∏

b6=a

〈mv
b |nu

b 〉. (4.15)

Therefore, substituting the above two integrals into the transition dipole moment expression

(4.6), one can get a final expression for the transition electric dipole moment of a molecular

system,

µgveu = µe
ge(Q)0

∏

a

〈mv
a|nu

a〉 +
∑

a

∂µe
ge

∂Qa
〈mv

a|Qa|nu
a〉
∏

b6=a

〈mv
b |nu

b 〉. (4.16)
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4.3 Nonradiative Decay Process

For a nonradiative decay process from the excited state to the ground state, with the

first-order time-dependent perturbation and Condon approximations, the rate constant of a

radiationless transition through vibronic coupling is expressed following the Fermi Golden

rule,21

W S1−S0

i−f =
2π

h̄2

∑

a

|Ra(fi)|2
∑

u

∑

v

Piu

∣

∣

∣

∣

〈

Θfv

∣

∣

∣

∣

∂Θiu

∂Qa

〉
∣

∣

∣

∣

2

δ(Efv − Eiu). (4.17)

Here, the initial state i denotes the lowest electronic singlet state S1 and final state f denotes

the electronic ground state S0. According to Kashas rule, photon emission (fluorescence or

phosphorescence) occurs only from the lowest-energy excited electronic state of a molecule.

Ra(fi) = −h̄2
〈

Φf | ∂
∂Qa

|Φi

〉

, and Piu denotes the Boltzmann distribution for the initial

vibrational states.

With the help of linear coupling model, the above expression can be recast into a much

simpler form if it is assumed that the whole process is dominated by only one promoting

mode,22

W S1−S0

i−f =
∑

a

1

h̄2

(ωa

2h̄
|Ra(fi)|2

)

NFC , (4.18)

NFC =

√

2π
∑′

b Sbω
2
b (2n̄b + 1)

exp

[

−(ωfi + ωa +
∑′

b Sbωb)
2

2
∑′

b Sbω
2
b (2n̄b + 1)

]

, (4.19)

where NFC refers to the density weighted Franck-Condon factor, ωfi is the energy gap be-

tween the finial state f and the initial state i, Sb is the Huang-Rhys factor for the vibrational

normal mode b,
∑′

b Sbωb is the sum of the relaxation energies for all normal modes except

the promoting mode a, and n̄b is the Boltzmann averaged number of phonon for normal

mode b.

4.4 Examples

In this thesis, we have studied the solvent effects and vibronic coupling simultaneously on

the one-photon absorption (OPA) spectra of a dioxaborine heterocycles type of molecular

system (referred as compound 1 in the thesis). This is a 1 : 1 chelate complexes formed

from enolizable 1,3-diketones and boronic acid derivatives or halogens, see Figure 4.2. The
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solvent effect of compound 1 in dichloromethane (DCM) solvent is calculated using the

Integral Equation Formalism Polarizable Continuum Model (IEF-PCM)23,24 as implemented

in Gaussian 03 program package.25 Both Hartree-Fock (HF) and density functional theory

(DFT) methods are used for the electronic and geometrical structures, and time-dependent

(TD)-HF and TDDFT methods for the optical excitations. The linear coupling model is

used for the vibronic couplings.

Figure 4.2: Structure of compound 1 in DCM solution optimized with the B3LYP/PCM

method.

We have simulated the vibronic profiles of one-photon absorption of compound 1 at differ-

ent levels and found that with the inclusion of the solvent effect, the B3LYP method can

reproduce the spectral profile of the experimental OPA spectrum very well, as illustrated

in Figure 4.3. It is found that the OPA vibronic profile of compound 1 is dominated by

the Franck-Condon contribution. The maximum of the Herzberg-Teller profile of the first

excited state shows an interesting blueshift by 0.2 eV with respect to the maximum of the

Franck-Condon profile, as shown in Figure 4.4. This interesting blue shift seems to be

able to explain the experimentally observed difference between spectral profiles of one- and

two-photon absorption of compound 1 in DCM solution. For compound 1, the S1 state is

a strong one-photon absorption state, but a very weak two-photon absorption state. One

can expect that for the case of two-photon absorption, the Franck-Condon contribution is

diminished, and the Herzberg-Teller contribution becomes important or even dominant.
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Figure 4.3: One-photon absorption spectra of compound 1 in the DCM solution calculated

with TD-B3LYP/PCM method at the B3LYP/PCM geometry. The Franck-Condon contri-

bution (A1, B1), the Herzberg-Teller contribution (A2, B2) and the total spectra (A3, B3)

are presented with lifetime broadening of 0.10 and 0.01 eV, respectively. The experimental

spectrum is shown by the dashed lines.
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Figure 4.4: Franck-Condon (solid line) and Herzberg-Teller (dash-dot-dash line) profiles of

the OPA of compound 1 in the DCM solution calculated with the TD-B3LYP/PCM method

at the B3LYP/PCM geometry.
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Chapter 5

Aggregation Effects on Molecular

Properties

Molecular materials have attracted great interest because of their low cost and easy of

fabrication and integration into devices. For practical applications, the molecular systems

are usually processed into bulk, either in crystal form or in amorphous polymeric form. In

the process of crystallizing, aggregates are often formed. Aggregation is also a common

phenomenon that occurs in solutions of high concentration and it can affect the optical

properties of the molecular materials greatly. In this chapter, we will mainly discuss the

aggregation effects on the two-photon absorption (TPA) spectra of the octupolar molecule

1,3,5-triamino-2,4,6-trinitrobenzene (TATB).

Quantum theory predicts that a molecule can simultaneously absorb two or more pho-

tons. However, such multi-photon absorption events can only be observed with the help

of intensive lasers. In recent years, two-photon absorption has turned from a tool of pure

spectroscopy to a tool for a variety of technical applications, such as optical limiting, data

storage and photo-dynamic therapy, owing to the discovery of organic molecules with very

large TPA cross sections.26–29 Multi-photon absorption is in general characterized by sev-

eral attractive features. From a spectroscopical point of view it enables the exploration of

states that are inaccessible for ordinary one-photon excitations due to symmetry or parity

rules. Since this is accomplished at a frequency half of the actual energy gap, it furthermore

stretches the accessible wavelength range for conventional lasers. Technical applications use

two key features of multi-photon (n-photon) absorption, namely the ability to create ex-

cited states with photons of 1/n the nominal excitation energy, which can provide improved

penetration in absorbing or scattering media, and the In dependence of the process, where

I is the intensity of the laser pulse, which allows for excitation of chromophores with a high

45
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degree of spatial selectivity in three dimensions through the use of a tightly focused laser

beam.

From the sum-over-state formulas, the two-photon matrix elements for the resonant absorp-

tion of two photons with identical energy are expressed as,

Sαβ =
∑

i

[〈0|µα|i〉〈i|µβ|f〉
ωi − ωf/2

+
〈0|µβ|i〉〈i|µα|f〉
ωi − ωf/2

]

, (5.1)

where ωi is the excitation energy for the intermediate state |i〉. For molecules in gas phase

and solution, the TPA cross section is given by orientational averaging over the two-photon

absorption probability,30

δtpa =
∑

αβ

[

F × SααS
∗
ββ +G× SαβS

∗
αβ +H × SαβS

∗
βα

]

, (5.2)

where the coefficients F , H, and G are related to the polarization of the radiation source

and the summation goes over the molecular x, y, and z axes. The values of F , H, and G

are 2, 2, and 2 for linearly polarized light and −2, 3, and 3 for the circular case.

The TPA cross section directly comparable with experiment is defined as,

σtpa =
4π3a5

0α

15c

ω2

Γf

δtpa, (5.3)

where a0 is the Bohr radius, c is the speed of light, α is the fine structure constant, h̄ω is

the photon energy, and Γf is the lifetime broadening of the final state.

TATB, as a simple model system of octupolar molecules, has no permanent dipole moment

in gas phase, which in principle should be less favorable for aggregation. However, a re-

cent molecular dynamics simulation study indicated that aggregation indeed also occurs in

octupolar molecules, like the model system TATB, when it is dissolved in solution.31 The

formation of aggregates is the result of dual action of the thermal motions of the atoms

and the strong intermolecular interactions which can alter the structure of the individual

molecules and induce permanent dipole moments in solution. In this thesis, snapshots with

64 TATB molecules and 512 chloroform molecules have been picked out from molecular

dynamic simulation results that were reported in a previous study.31 By inspecting the

snapshots, one can find that the TATB aggregates consist of several TATB molecules con-

nected through hydrogen bonds. Due to the limitation of computational capacity, we only

studied the behavior of dimers by using five representative structures, as shown in Figure

5.1.
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Figure 5.1: Structures of five representative TATB dimers.
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The TPA cross sections for ten excited states of the five representative structures have been

calculated by means of density functional response theory as implemented in DALTON9 at

the B3LYP/6-31G* level. In Figure 5.2, we present the calculated TPA spectra of the five

representative dimers, together with that of the optimized TATB monomer for comparison.

Compared to the spectrum of the optimized monomer, the TPA spectra of the dimers are

red-shifted by as much as 0.6 to 0.9 eV and exhibit very different spectral profiles. The

TPA spectra of the dimers are sensitive to their conformation. For dimers A-D, the TPA

cross sections are about twice that of the optimized monomer, while for dimer E, a factor

of 6 is found.
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Figure 5.2: Calculated TPA spectra of five representative dimers, together with that of the

optimized monomer. A factor of 2 is multiplied to TPA spectrum of the monomer. Lifetime

broadening of 0.1 eV is used.
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Such spectral changes can be related to two factors: the geometrical distortion of the

monomers and the formation of hydrogen bonds . To illustrate this, we have calculated

the TPA spectra of each monomer in dimer A, labeled in Figure 5.3 as monomer A-1 and

monomer A-2, respectively. The dominant spectral feature of monomer A-1 is very similar

to that of the optimized TATB monomer with a maximum at 2.11 eV. The geometrical

distortion results in more states at lower energy with considerable TPA cross section, as

demonstrated in the spectrum of monomer A-2. From Figure 5.3, it is noted that the

spectrum of dimer A is not a simple summation of the spectra of the two constituting

monomers. It thus indicates that the effect of hydrogen bonds on the TPA spectra of the

TATB molecules is also significant.
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with that of the optimized monomer. Lifetime broadening of 0.1 eV is used.
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