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Abstract
Inter-molecular interactions have significant influences on linear and nonlinear
optical properties of molecules including one- and two-photon absorptions, emissions,
and various high order nonlinear polarizations. The related investigation has become an
active and challenging research area. The theoretical structure-to-property relationship
obtained from quantum chemical calculations of single organic conjugated molecules
often can not be directly applied to real materials in condensed phases. One has to
consider the effect of environment, that is, inter-molecular interactions, where the model
systems experience in real experiments or applications. The change of molecular
conformations under all kinds of interactions and its effects on linear and nonlinear
optical properties are the central issue of this thesis.
Special

attentions

have

been

paid

to

symmetrical

diamino

substituted

distyrylbenzene chromophores with different torsional angles, two dipolar merocyanine
dyes of various orientations, two isomers of a V-shaped 2-hydroxypyrimidine derivative
and their various dimers, and the structural fluctuations of interacting polar
chromophores in solutions. Quantum chemical methods in combination with molecular
dynamics simulations have been employed to study molecular conformations and
optical properties in solutions, in particular the solvent and aggregation effects on oneand two-photon absorption. More specifically, time-dependent density functional theory
has been used for all electronic calculations, while the polarizable continuum model and
supermolecule approach have also been employed to take into account solvent effects.
Moreover, the propagation of an ultrashort laser pulse through a one-dimensional
asymmetric organic molecular medium which possesses large permanent dipole
moments has been simulated by solving full Maxwell-Bloch equations using
predictor-corrector finite-difference time-domain method. We have focused on the
supercontinuum generation of spectra and the formation of attosecond pulses.
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Chapter 1
Introduction
“Nothing in life is to be feared. It is only to be understood.”
— Marie Curie

In the last two decades, a lot of organic conjugated molecules have been found to
exhibit extremely large nonlinear optical (NLO) responses such as second-harmonic
generation (SHG) and two-photon absorption (TPA). In comparison with traditional
inorganic nonlinear crystals, organic molecular materials have many superior properties
including ultrafast response times, lower dielectric constants, high damage threshold
and flexible design with modern chemical synthetic techniques. Because the NLO
response of these molecular materials is mainly governed by the characteristics of the
constituent chromophores, the search of novel molecules with large NLO properties at
desirable wavelengths becomes a highly active area of research at present.
In early 1931, Maria Göppert-Mayer [1] calculated the probability of the
simultaneous absorption of two photons in a medium and found that the typical
nonresonant cross section for TPA is extremely small. So the experimental observation
of such a process had to wait until laser sources with sufficient intensity were invented.
The first experimental confirmation of TPA processes was reported by Kaiser and
Garrett [2] in 1961. Materials possessing large TPA response have many potential
applications [3-9], for instance two-photon excited fluorescence microscopy, optical
limiting, up-converted lasing, three-dimensional optical data storage, to name just a few.
Theoretical investigations on possible structure-to-property relationships are very
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important for the design and synthesis of NLO materials with optimized performance. It
has been found that several structural factors, such as the electron richness of the

π -conjugation center, the strength of donor and/or acceptor substituents, the planarity
of the π -conjugation center, the molecular symmetry, and the dimensionality of charge
transfer networks are particularly important for increasing the TPA activity of single
organic conjugated molecule.[10-14]
Although specific single molecular design has proven to be the most effective way
to enhance NLO properties of molecules, most experiments and real applications are
usually performed in condensed phases such as highly concentrated solutions, thin films
or doped polymers. On one hand, the solvent could modify the geometry and optical
property of the active TPA chromophores; on the other hand, the high density solute
molecules would lead to molecular aggregation due to inter-molecular interactions, such
as dipole-dipole interactions, π − π stacking, or the hydrogen bonding. Dramatic
solvent effects on TPA response [15-20] and large enhancement of TPA induced by
aggregation [18,21-25] have been observed in recent years. As for the second order
nonlinear optical devices, the aggregates of dipolar chromophores could lead to the
vanishing of the second-order susceptibility. Many design strategies and experimental
techniques have been developed to avoid the unfavorable aggregation.[26-29]
The complication of inter-molecular interactions makes the theoretical study of the
relationship between the structure and collective properties a challenging subject. In
solutions, due to inter-molecular interactions the conformations of NLO chromophores
could be changed in a wide range. Also, the nature of aggregates of solute-solvent or
solute-solute could be quite different in various solvents. Even, chemical reactions
could be taken place in special cases. Therefore, it is difficult to explain and predict
optical properties using quantum chemical (QC) calculations only for a single optimized
geometry. One has to figure out the reasonable conformations and their distributions in
condensed phases according to the structures of molecules and inter-molecular
interactions. Furthermore, in order to predict the collective properties, the molecular
clusters with large atomic numbers have to be calculated using state-of-the-art
2
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computational techniques. The most difficult part of my work is to look for the
reasonable conformations and distributions of NLO organic chromophores in various
solutions.
The theoretical solvent model is critical in treating solute-solvent interactions. The
sophisticated polarizable continuum model (PCM) [30, 31] which treats the solvent
environment as a homogenous dielectric continuum medium nowadays becomes a
popular solvent model and has been applied for many NLO systems.[32-35] However,
in this model, no overlap of electronic clouds of solute and solvent molecules is
considered, thus the short-range interactions such as hydrogen bonding are not included.
Supermolecular approach considers the solute molecule and some of its neighboring
solvent molecules together and describes all of them in a quantum mechanical manner,
by which the short-range intermolecular interaction can be explicitly included. But it
often suffers from its huge computational costs when dealing with large size molecules.
Molecular dynamics (MD) simulations include all intra- and inter-molecular
interactions and consider the atomic motion in a classical way. It can provide the
evolution of molecular geometry in solutions. By using MD simulations, one can obtain
conformational distributions of the system and these conformations could be used to
calculate their optical properties by QC methods. In this thesis, the PCM,
supermolecular approach and MD simulations are combined together to explore the
solvent effects on NLO properties of organic chromophores. MD simulation in
combination with QC calculation is the main character of my research and this method
has been proved to be a power tool for obtaining conformational and properties
distributions in solutions.
The light-molecule interaction can induce nonlinear polarization of the molecule as
we alluded above. It can also result in the change of the character of the laser light. An
impressive progress has been achieved recently in the generation of ultrashort light
pulses with a duration corresponding to a few cycles of the optical field [36,37], which
offers an unique opportunity to perform spectral measurements with an unprecedented
high resolution and has stimulated many applications in diverse fields.
3
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It is known that nonlinear optical processes of charge-transfer molecules can often
be described by a few-states model due to the presence of charge-transfer states that
dominate the optical absorptions. However, a two-level atomic model can not be
directly used for a two-state molecular system, since the latter often possesses
permanent dipole moments. The interaction between ultrashort laser pulses and dipolar
molecular medium has become an interesting subject.[38-40] The work presented in this
thesis is concerned with the propagation of ultrashort pulses in a generalized two-level
system, consisting of permanent dipole moments. It is simulated by solving the full
Maxwell-Bloch equations using predictor-corrector finite-difference time-domain
method (FDTD) method. Special attention has been paid to the supercontinuum
generation of spectra and the formation of attosecond pulses. The effect of the
permanent dipole moment on the supercontinuum generation is discussed in detail.
Influences of carrier-envelope phase and time-dependent ionization on the spectral and
temporal evolutions of the ultrashort pulses are also considered.
This thesis is organized as follows: the basic nonlinear optical properties and general
computational methods are given in Chapter 2; several solvent models are introduced
with an overview of the experimental and theoretical study of solvent effects on TPA
followed in Chapter 3; Chapter 4 illustrates a few kinds of inter-molecular interactions
which mainly exist in NLO organic molecules, and then aggregation effects on NLO
properties are provided also both from experimental and theoretical studies; Chapter 5
gives a brief introduction of MD simulation and its applications in NLO research field;
at last, all my publications are summarized in Chapter 6.
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Chapter 2
Molecular optical properties

This chapter firstly introduces the concepts of molecular optical properties we are
interested including linear and nonlinear polarizabilities as well as one- and two-photon
absorption. Then, it gives specific descriptions of the computational methods commonly
used for these properties.

2.1 Linear and nonlinear optics
When the light interacts with molecules, the molecules can be polarized by external
electric filed and the response can be described by the induced polarization intensity.
The relationship between the induced polarization and the applied optical field can be
described as [41]
P(t ) = χ (1) E(t ) + χ (2) E2 (t ) + χ (3) E3 (t ) + "
≡ P (1) (t ) + P (2) (t ) + P 3 (t ) + "

(2.1)

where χ (1) is called linear susceptibility. χ (2) and χ (3) are the second- and third-order
nonlinear susceptibility, respectively. In normal case, the polarization intensity is
proportional to the applied optical field, while in high intensity field such as laser, the
nonlinear terms can not be neglect. The various order nonlinear polarizations
P (2) (t ), P (3) (t )," as the source term can stimulate different nonlinear physical
processes. For example, the second-order polarization P (2) (t ) could induce the
second-harmonic generation (SHG), sum-frequency generation (SFG), difference
-frequency generation (DFG) and optical rectification (OR).
5
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The microscopic polarization corresponds to the induced dipole moment which can
be expanded as function of applied electric field

μ = μ0 + α E +

1
1
β E 2 + γ E3 + "
2!
3!

(2.2)

where μ 0 is the permanent dipole moment of the molecule. The coefficients α , β
and γ

are the linear polarizability, second-order nonlinear polarizability and

third-order nonlinear polarizability, respectively. Sometimes, β and γ are also
referred to as first and second hyperpolarizability. As a matter of fact, α is a second
–rank tensor, β is a third-rank tensor, etc.

2.2 One- and Two-photon absorptions
The one-photon absorption rate is proportional to the imaginary part of the linear
susceptibility that can be derived by time-dependent perturbation theory.[41] It is useful
to introduce the oscillator strength to specify the “strength” of the transition. The
dimensionless oscillator strength of the g → e transition is defined as [41]
2mωeg
f eg =

x, y , z

∑
α

e μα g

2

3=e 2

(2.3)

where the μα is the dipole moment operator. The name of “oscillator” derives from
the classical theory of radiation, imaging the atom as an oscillating electric dipole. The
one-photon absorption spectra can be obtained by the calculation of oscillator strength
through Lorentzian lineshape broadening
g (ω f − ω ) =

Γf

1

π (ω f − ω ) 2 + Γ 2f

(2.4)

where Γ f corresponds to level broadening of the final state.
A typical nonlinear absorption process is two-photon absorption which means the
molecule can absorb two photons at the same time under the interaction of light field,
see Fig. 2.1. The probability of a molecule simultaneously absorbing two identical
photons is proportional to the square of the light intensity. In comparison with
one-photon absorption, TPA has different selection rules and also it is related to the
polarization of the light. These properties make the TPA as a complementary
spectroscopic tool for determining the position of energy levels that are not connected to
6
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the one photon absorption.
f

ω2
ω1
0

Figure 2.1 Two-photon absorption
Usually the TPA activity of molecules is described by TPA cross section. The
relationship between molecular structure and two-photon absorption cross section can
be also derived from standard time-dependent perturbation theory.[41] The TPA cross
sections of random orientated systems are related to imaginary part of the second
hyperpolarizability Im γ (−ω ; ω ,−ω , ω ) by [14]

σ=

8π 2 =ω 2 4
L Im(γ )
n 2c 2

(2.5)

where n is the refractive index and L is the local filed factor.
Alternatively, the two-photon absorption cross section can be obtained by
calculating the two-photon transition matrix elements S ab between the initial state i
and final state

f . Consider Im γ (−ω ; ω ,−ω , ω ) for frequency ω being close to half

of the excitation energy of the final state ω f and neglect all nonresonant contributions,
the expression for γ becomes
2= −1
*
γ αβγδ (−ω ;ω ,−ω , ω ) = i
Sαγ S βδ
Γf

(2.6)

where Sαβ is the two-photon transition matrix elements defined as [32]
⎛ i μα s s μ β f
i μ β s s μα f ⎞
⎟
Sαβ = ∑ ⎜⎜
+
⎟
ω
ω
ω
ω
−
−
si
si
s ⎝
⎠

where α , β ∈ ( x, y, z ) , μ

(2.7)

is the dipole moment operator, ω si represents the

excitation energy to each intermediate state s , and the summation here includes all
7
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intermediate, initial and final states.
The TPA transition probability for a molecule is dependent on the polarization of the
laser beams.[42] The orientationally averaged two-photon probability is given by [42]
*
*
*
δ tp = ∑[ F × Sαβ S βα
+ G × Sαβ Sαβ
+ H × Sαβ S βα
]

(2.8)

αβ

Here F , G and H are coefficients dependent on the polarization of the light and are
defined as
F = − λ ⋅ ν * + 4 λ ⋅ ν −1

2

(2.9a)

2

2

(2.9b)

G = − λ ⋅ν * − λ ⋅ν + 4
2

H = 4 λ ⋅ ν * − λ ⋅ ν −1

(2.9c)

and where λ and ν are the polarization vectors of the laser beam. The values of
F , G and H are 2, 2 and 2 for linearly polarized light and -2, 3 and 3 for the circular
case.
The macroscopic TPA cross section that can be directly compared with the
experiment can be obtained by[32,33]

σ tp =

4π 2 a05α ω 2 L4
g (ω )δ tp
15c Γ f n 2

(2.10)

where a 0 is the Bohr radius, α is the fine structure constant, L is the Lorentz field
factor, g (ω ) provides the spectral line profile, n is the refractive index and the level
broadening Γ f of final state is assumed to have the commonly used value Γ f = 0.1
eV. If the Bohr radius and the speed of light are given in cgs units and the frequency ω
and the TPA probability δ tp are in atomic units, the resulting unit will be cm 4 s
which is often expressed as the Göppert-Mayer unit ( 1GM = 10 50 cm 4 s ).

2.3 Response Theory
Nowadays the most accurate and rigorous method to evaluate the molecular optical
properties such as linear absorption and TPA transition matrix is by the response
8
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theory.[43] Response theory is a way of formulating time-dependent perturbation theory.
As the name implies, response functions describe how a property of a system responses
to an external perturbation. The main advantage is that the explicit summation over
excited states is substituted by solving a set of coupled response equations. The TP
transition matrix elements can be characterized by the single residue of the quadratic
response function.

2.2.1 Response functions
The Hamiltonian operator of a molecular system experienced external field can be
expressed as

H = H 0 + V (t )

(2.11)

where H 0 is the time-independent Hamiltonian of the unperturbed system, and V (t )
is the time-dependent perturbation. In the frequency domain, the perturbation operator
can be written as
+∞

V (t ) = ∫ V ω e( − iω + ε ) t dω

(2.12)

−∞

where ε is a small positive infinitesimal that makes the field absent at t = −∞ .
The average value of time-dependent operator A can be expanded in the series
−∞

A (t ) = A 0 +

∫

A;V ω1

−∞

e( − iω1 + ε ) t dω
ω1

+∞ +∞

+

1
A;V ω1 ,V ω 2
∫
∫
2! − ∞ − ∞

+

1
3! −∫∞ −∫∞ −∫∞

+∞ +∞ +∞

where

A;V ω1

ω1

ω1 ,ω 2

e[ − i (ω1 + ω 2 ) + 2ε ]t dω1dω2

A;V ω1 ,V ω 2 ,V ω3

, A;V ω1 ,V ω 2

ω1 ,ω 2

ω1 ,ω 2 ,ω 3

e[ − i (ω1 +ω 2 +ω3 ) + 3ε ]t dω1dω2 dω3 + "

A;V ω1 ,V ω 2 ,V ω 2

and

(2.13)

ω1 ,ω 2 ,ω 3

denote the linear,

quadratic, and cubic response functions, respectively. According to these response
functions, all time-dependent properties of the molecule can be determined.
For exact states these response functions can be given in their special representation
with
− A; B

ω1

= ∑ P∑
n

0 An n B0
ωn − ω1
9

(2.14)
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as the linear response function and
− A; B, C

= ∑P ∑

ω1 ,ω2

n ,m ≠ 0

0 An n B m mC 0
(ωn − ωσ )(ωm − ω2 )

as the quadratic response function, where

(2.15)

nB m = nB− 0B0 m

and

ωσ = ω1 + ω2 + " . P is the permutation operator.

2.2.2 Residues of response functions
The linear response function has poles at frequencies equal to plus or minus the
excitation energies of the unperturbed system. The corresponding residues are
lim (ω1 − ω f ) μi ; μ j

ω1 →ω f

lim (ω1 + ω f ) μi ; μ j

ω1→−ω f

= 0 μi f

ω1

= − 0 μj f

ω1

f μj 0

(2.16)

f μi 0

(2.17)

The linear response functions thus provide the information about the excitation energies
from the initial state 0 to final state

f

and the corresponding transition dipole

moments. It can be used to describe the one-photon processes.
The single residue of the quadratic response function gives the information on the
two-photon transition matrix elements
lim (ω2 − ω f ) μi ; μ j , μk

ω 2 →ω f

− ω1 ,ω 2

⎡ 0 μi n n ( μ j − 0 μ j 0 f
0 μ j n n ( μi − 0 μi 0 ) f ⎤
= −∑ ⎢
+
⎥ f μk 0
ωn − ω2
ωn − ω1
n>0 ⎣
⎦

(2.18)

where ω1 + ω2 = ω f . It is noted that the two-photon absorption cross section is an
observable which is related to the cubic response function. The quadratic response
function may only be used to express the TPA matrix element, which makes the
calculations more convenient.
From the double residue of the quadratic response function one can derive the
transition dipole moments between excited sates
lim (ω1 + ω f ) ⎡ lim (ω2 − ωi ) μi ; μ j , μ k
⎢⎣ω 2 →ωi

ω1 → −ω f

= − 0 μj f

f ( μi − 0 μi 0 ) i i μ k 0

10
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⎤
⎥⎦
(2.19)
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2.4 Few-states model
Eq.(2.7), which includes the summation of all the intermediate, initial and final
states for computing TP transition matrix elements, represents the so-called
sum-over-states (SOS) method. Since it requires the information of all excited states, it
means that the ab initio calculations could be too expensive to use. In practice,
especially for charge-transfer molecules, it is used by truncation of the SOS expression
to only include the dominating states and excitation channels. That is the few-states
model [44,45,10,33]. This model not only makes the SOS approach to a manageable
extent, but also provides a better understanding for the structure-to-property relations.
The validity of the few-states model has been confirmed by comparing its results with
those obtained from the analytical response theory.[10]
In the few-states model, for the symmetrically substituted one-dimensional
molecules, usually its first excited state is a charge-transfer state, but two-photon
transition forbidden. Thus we have to use at least a three-states model for calculation of
the TPA cross section, which has a simple form as
S zz =

2μ z01μ 1z f
ω1 − ω

(2.20)

As to asymmetrically substituted one-dimensional molecules it is sufficient to include
only the ground state and final TPA state because the final TPA state is usually the
charge-transfer state
S zz =

2 μ z0 f ( μ zff − μ z00 )
ωf −ω

(2.21)

For two-dimensional charge-transfer molecules, when the excitation scheme is
dominated by two major transitions, from ground state 0 to the final excited state
f

via the intermediate state 1 , the TPA transition matrix for symmetric molecules

often can be expressed by a three-states model
Sαβ =

μα01μ β1 f
ΔE

+

μ β01μα1 f

(2.22)

ΔE

where ΔE = ω1 − ω = ω1 − ω f / 2 , μαij is the dipole moment between the state i
j

and

and α , β ∈ {x, y} . In asymmetric planar molecules, when the excitation is

dominated by the transition from ground state 0 to the final excited state

11
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two-states model can be used.
Sαβ =

μα0 f Δμ β
ΔE

+

μ β0 f Δμα

(2.23)

ΔE

where ΔE = ω f − ω = ω f / 2 , Δμ denotes the difference of dipole moments between
the ground state and the final state. More general, if an asymmetric molecule has more
than one charge transfer state, there will be several dominant excitation channels (see
Fig 2.2).[46] For instance, an asymmetric molecule has two charge transfer states S1
and S 2 . If the final TPA state is the S1 , there are two dominant scattering processes
involved, i.e. S 0 → S 2 → S1 and S0 → S1 → S1 . Therefore, three-states model should
be employed, which can be written as
Sαβ =

μα01Δμ β + μ β01Δμα
ΔE1

+

μα02 μ β21 + μ β02 μα21
ΔE2

(2.24)

S2
9.821
S1
2.804
4.920

S0
Figure 2.2 The excitation channels: S 0 → S 2 → S1 and S0 → S1 → S1 , the numbers
beside the lines are the transition moments.

Using the few-states model, the transition energy, transition dipole moments and the
difference of the permanent dipole moment between the ground and excited states are
specified. Then the dependence of the TPA properties on the molecular electronic
structure is clearly illustrated. In this thesis, the few-states model is employed to explain
the TPA properties of several interacting polar chromophores. (Paper IV)
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Chapter 3
Solvent effects

The optical properties calculated for an isolated molecule are directly related to the
experimental measurements in gas phase. However, most of the experiments, as well as
technical applications, are performed in solutions. The presence of solvents can screen
the external applied field and induce changes in the electronic and geometrical
structures of the solute molecule. Moreover, in a real bulk system, different solvents
maybe lead to the solute molecules forming quite different configurations such as
aggregates. It has been well demonstrated that the optical properties of molecules can be
modified dramatically in condensed phases. It is therefore highly relevant to develop
theoretical methods that can effectively take the impacts of the surroundings into
account.
This chapter introduces the continuum and discrete solvent models which are mainly
used currently and discuss the solvent effects on TPA through experimental data and
theoretical studies.

3.1 Solvent models
Basically there are two fundamentally different ways to take into account the solvent
effects: the continuum and the discrete approaches. The commonly used continuum
approach or implicit solvent models are represented by Onsager reaction field model [47]
or more sophisticated polarizable continuum model (PCM) [30,31]. The discrete
approaches or explicit solvent models include such as supermolecular approaches and
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molecular dynamics (MD) simulations where solvent molecules are represented
explicitly. In addition, continuum and discrete models can be mixed together to form
so-called semi-continuum model or quantum mechanical/molecular mechanical
(QM/MM) method.

3.1.1 Continuum models
The continuum models view the solvent environment as a homogenous dielectric
continuum medium characterized by its dielectric constant ε , while the solute
molecule inside a cavity immersed in the medium is described by quantum mechanics.
The physical picture of the electrostatic solute-solvent interaction is simple. The charge
distribution of the solute polarizes the dielectric continuum, which in turn polarizes the
solute charge distribution and at the end equilibrium could be reached for such an
interaction. This self-consistent process can be numerically solved by an iterative
procedure.
In the original Onsager reaction field model, the solute molecule is considered as a
dipole at the center of spherical or ellipsoids cavity. The solvent effects can be regards
as a perturbation, H1 , to the Hamiltonian of an isolated solute molecule, H 0 .
H = H 0 + H1

(3.1)

The perturbation term represents the coupling between the reaction field F R and the
dipole moment operator μ .
H1 = −μ ⋅ F R

(3.2)

The connection between the dipole moment and the reaction field is linear.
FR = f R ⋅ μ

fR=

2(ε − 1)
(2ε + 1)a 3

(3.3)

where a is the radius of the cavity and f R is the so-called reaction field factor.
Obviously the shape and the size of the cavity are quite important parameters for the
total Hamiltonian. The computational procedure will be much simpler and faster when
simple shapes are adopted, like spheres and ellipsoids, but molecules do not often have
a spherical or ellipsoidal shape. Naturally the more reasonable cavity shape should
reflect the molecular shape as close as possible, which is exact what the PCM model is
based on. In PCM, the cavity has the molecular shape and its size is defined through
standard van der Waals-spheres centered at atomic positions. In continuum models, no
14
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overlap of electronic clouds of solute and solvent molecules is considered, thus the
short-range interactions such as hydrogen bonding can not be taken into account.
In dielectric continuum model, the charge distribution of the solute molecule
induces polarization vector P tot in the solvent molecules. To describe the solvent
response a common approximation [48] is applied to separate the polarization into two
components: one is named the optical polarization vector, P op , which is related to
polarization of the electronic clouds, and another is the inertial polarization P in ,
connected to the nuclear degrees of freedom, as well as the solvent molecular motions
including vibrations, rotations, and translations. The latter is also often called the
orientational polarization.
P tot = P op + P in

(3.4)

The relaxation times of the two components of P tot are very different. When the
solute charge distribution changes, the optical polarization is considered to
instantaneously adjust to the changes in the solute electronic state. In contrast, at the
same time, the inertial polarization remains fixed to the value corresponding to the
solute charge distribution of the initial state. It needs a longer time to come to
equilibrium and the relaxation time constant is much larger than that of optical
polarization.
The total and optical polarization of the medium can be related to the static
dielectric constants ( ε st ) and optical dielectric constants ( ε op ), the latter expressed as
the square of the solvent refractive index n . For example, as known, the static
dielectric constant of water is 78.39, but the optical dielectric constant is 1.776. The
difference is quite substantial. It has been shown that the solvent effects on optical
properties are correlated to the optical dielectric constants instead of the static dielectric
constants.[30,31,48]

3.1.2 Discrete models
Supermolecular approach (see Fig. 3.1(a)) considers the solute molecule and some
of its neighboring solvent molecules together as a giant molecule and describes within
standard quantum chemical calculations, by which the specific short-range
inter-molecular interaction such as hydrogen bonds can be explicitly treated. If the
supermolecular approach is combined with PCM model to form a semi-continuum
15
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model, more accurate properties can be predicted. However, it often suffers from its
huge computational costs when dealing with large size molecules.
The MD simulation techniques have been widely used to investigate solutions,
biological systems, and chemical reactions as a powerful complementary tool to
experiments. It aims to model the motion of particles by Newtons classical equation
according to interactions. Hence, it is possible to simulate explicitly a system of
hundreds of atoms. (See Fig. 3.1(b)) The potential of inter-atomic interactions can be
derived either from quantum mechanical calculations or an empirical molecular
mechanical force field. By using MD simulations, one can obtain the molecular
configurations evolved under certain experimental conditions such as temperature,
pressure and external electric field. Based on the configuration distribution from MD
simulations, the statistical conformations can be evaluated. Combining with precise
quantum chemistry calculations, one can predict the macroscopic properties closer to
the real systems. The related content of MD method is specified in Chapter 5.
In my work, the PCM, supermolecular approach and MD simulations are connected
with each other for the study of solvent effects on molecular optical properties.

(b)

(a)

Figure 3.1 A methonal molecule in the water solution as described in
(a) supermolecular approach and (b) MD method.

3.2 Solvent effects on two-photon absorption
In contrast to the work of linear absorption, the study of solvent effects on TPA is
still in its infancy. It is difficult to come to a general agreement for both experiments
16
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and theory calculations.
In experiments, the TPA response is usually measured by two-photon induced
fluorescence spectra (TPIF) or two-photon absorption spectra using a femtosecond
pulsed laser source. It has been commonly accepted that the TPA experiments should be
performed using femtosecond laser pulses in order to reduce the excited-state
absorption.[49] As an example, the two-photon fluorescence spectra under different
laser intensity are shown in Fig. 3.2(a).[50] This TPIF spectra are obtained by the
excitation of 140fs laser pulse with a single wavelength 800nm. The inserted figure
shows the linear dependence of fluorescence intensity on the square of the excitation
intensity, which confirms that the spectra are mainly produced by TPA process. The
800nm laser pulses are often used in TPA experiments because it is an easily accessible
wavelength and can generate 400nm light through frequency-doubling for one-photon
absorption. However, using a single wavelength to excite the system is not enough to
give the overall response in broad frequency range. Therefore, with the development of
laser source, nowadays the TPA experiments have been conducted using laser pulse with
changeable wavelength. Figure 3.2(b) [18] gives an example of TPA spectra measured
between 720-930nm.

(a)

(b)

Figure 3.2 (a) The two-photon excited fluorescence spectra with 800nm laser pulse,
(b) Two-photon absorption spectra measured between 720-930nm. (with permission)

Despite the fact that the solvent effects are very important, the related experiments
have been carried out only in recent years. In 1997, He et al. [51] reported two-photon
absorption cross section for the AF-50 molecule in various solvents and observed
appreciable solvent effects. The solution in benzene ( ε = 2.27 ) gives the largest TPA
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cross section that is nearly two times of that in THF ( ε = 7.58 ) solution. But these
experiments were performed using a nanosecond laser pulse and maybe the
excited-state excitation gave additional role in the absorption. The first systematic study
on solvent effects of TPA using femtosecond laser sources was by Woo et al.[15,16]
They measured the TPA cross sections of distyrylbenzene chromophores and found that
the solvent effect on TPA cross section is nonmonotonic: maximum cross section was
measured in an intermediate polarity solvent (THF) and was significantly reduced in
water ( ε = 78.39 ), see Fig. 3.3(a)[15]. It was also shown that a set of
[2.2]paracyclophane derivatives exhibits strong solvent effects on TPA cross sections,
which are almost four times smaller in water than in toluene ( ε = 2.38 ).[16] Recently,
Johnsen et al.[19] gave a detailed study on solvent influences of TPA for three
centrosymmetric vinyl benzenes in four different solvents and found their results are not
consistent with Woo et al. The TPA cross section is decreased obviously as the solvent is
changed from toluene to THF. The solvent-dependent TPA spectra for a series of
non-centrosymmetric rhodamine dyes were reported by Nag et al.[20] The results
demonstrated that there is no exact correlation between cross section and the solvent
dielectric constant, see Fig. 3.3(b)[20]. A series of V-shaped 2-hydroxypyrimidine
derivatives were studied by Liu et al.[18] It was found the solution in chloroform
( ε = 4.81 ) gives rise to a large enhancement of the TPA compared with THF ( ε = 7.58 )
solvent, see Fig. 3.2(b). Although the TPA cross sections are influenced by different
solvents dramatically, in general, the maximum absorption wavelength and the spectra
profile have only a very little change in various solvents. Sophisticated solvent models
and systematic computational simulations are needed to understand these complicated
experimental results and to reveal different solute-solvent interactions.
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Figure 3.3 Solvent dependence of TPA cross section. (with permission)
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From a theoretical point of view, the first study of the solvent effects on TPA using
quantum chemical methods was presented by Luo et al..[32] It was shown that the TPA
cross section ( δ ) of the push-pull molecule NO2(C2H2)2NH2 strongly depends on the
geometrical changes connected with the polarities of the solvents: polar solvents lead to
larger bond length alternation (BLA) and in turn to bigger TPA cross sections. The
calculated cross sections depend on solvent polarity nearly linearly at low polar solvents:
with higher values in more polar solvents, and at last reach saturation at the highest
dielectric constants, see Fig. 3.4. Similar trend were also obtained in later study.[33,52]
The solvent dependence of TPA cross sections for an asymmetric donor-acceptor
(D- π -A) molecule (DBASVP) [33] was studied employing polarizable continuum
model combined with a two-states approach. It was revealed that the enhancement of
the TPA cross section in solution can also be attributed to the electronic structure
changes induced by the solvent. The solvent dependence of the TPA cross section
displayed a non-monotonic behavior with respect to the solvent polarity as shown in
Fig.3.4.

Figure 3.4 Solvent dependence of TPA cross section.

Employing the quadratic response theory including PCM, Frediani et al.[34]
investigated trans-stilbene and its derivatives and found that the TPA cross section of a
charge-transfer molecule is more dependent on the optical dielectric constant rather than
the static dielectric constant of the solvent: a very polar solvent, such as water, does not
necessary yield a higher TPA cross section. Using the same method, Ferrighi et al.[35]
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considered the symmetric octupolar [2.2]paracyclophane derivatives which has been
studied experimentally by Woo et al. The dielectric solvent effects, hydrogen bonding
and different kinds of ionic species were investigated in detail. Calculations with
explicit four water molecules do show reduction in the TPA cross sections in water, but
the reduction is only 20%. They have shown that maybe other effects, such as the
perturbation or the adoption of different lifetimes, play more important roles than the
direct solvent effects. In my work, I studied the distyrylbenzene chromophore motivated
by the experiment of Woo et al. [15,16] by using PCM and it is found a strong TPA
dependence on the torsion angles between the benzene rings. (See Paper I)
So far it can be seen that the continuum-based solvation models often can not give
satisfied explanation for experiments. It seems to suggest that one has to consider the
explicit solvent-solute interactions. Paterson et al. [53] gave a test study on the solvent
effects of formaldehyde and water using hybrid coupled-cluster/molecular mechanics
(CC/MM) response theory. The solvent water molecules were described within the
framework of molecular mechanics. Prior to the CC/MM calculations, molecular
dynamics simulations were performed on the systems and many configurations were
generated. By carrying out CC/MM response calculations on the individual
configurations (1200 for formaldehyde and 1500 for water), the statistically averaged
excitation energies and TPA cross sections were obtained. For liquid water, the
calculated one- and two-photon absorption spectra were in good agreement with the
experimental data. It seems to be a promising approach for study specific solute-solvent
interactions. However, it is impossible to calculate so many configurations for
comparatively large nonlinear optical molecules even using the DFT/MM which can
also give reliable results in some cases.[54] Liu et al. [55] calculated the TPA cross
sections of clusters formed by octupolar molecule (TATB) employing density functional
quadratic response theory and explored the role of such aggregates on TPA property.
The structures of clusters including dimers, trimers and tetramers were taken from
snapshots of MD simulations[56]. This work supplied a feasible method to study
solvent effects on TPA properties for large molecules. Due to different solute-solvent
interactions the configuration of system which can be obtained by MD simulations
could be quite different in various solvents. Based on the geometries of MD simulations,
the structure-property relationship can be explored using accurate chemical calculations.
My research direction is exactly along this line.
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Every cloud has a silver lining. The problem of solvent effects on TPA spectra is still
largely unrevealed and needs further investigations on both experimental and theoretical
sides.
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Chapter 4
Aggregation effects

In real applications, the NLO active chromophores are usually present at high
concentration in the condensed phase, where aggregation phenomena due to
inter-molecular interactions play an important role in determining their optical
properties. It has been observed that the TPA cross sections change significantly as
monomers form clusters and are highly dependent on the nature of aggregates.[21-25]
For a second order nonlinear optical material, one needs to make the chromophores to
form a noncentrosymmetric orientation in a macroscopic structure to obtain a
( 2)
nonvanishing nonlinear susceptibility χ . However, the aggregates of dipolar systems

with anti-parallel orientations will fail to provide the expected electro-optic
response.[26-29] On the good side, one could make use of inter-molecular interactions
to obtain the favorable configurations which could also provide an effective way to
induce large NLO properties. Therefore exploring structure and collective properties
relationship are very important for both the theory and applications.
This chapter first illustrates several kinds of inter-molecular interactions which
mainly exist in NLO organic molecules, and then provides an overview of the current
experimental and theoretical studies of aggregation effects on NLO properties.
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4.1 Inter-molecular interactions
Inter-molecular noncovalent interactions for neutral molecules originate from the
interactions between permanent multipoles, induced multipoles, and instantaneous time
variable multipoles. Special names are usually used to describe the respective
interaction such as dipole-dipole interactions, hydrogen bonding, π − π stacking, or
hydrophobic effects. The stabilization energy of a molecule cluster usually ranges from
1 to 20kcal/mol, much smaller than the covalent interactions of about 100kcal/mol.

4.1.1 Dipole-dipole interactions and Frenkel exciton model
The interactions between two dipolar molecules are mainly dominated by
dipole-dipole interactions which can be qualitatively understood by means of the
classical Frenkel exciton model [57] based on the point dipole approximation. In this
approximation, the interaction-energy of the two dipoles orientated like Fig. 4.1 is
expressed as
Edipole =

μ AμB

( RAB )3

(cos χ − 3 cos α A cos α B )

(4.1)

where χ is the angle between the two dipoles μ A and μ B , α A , α B are the angles
between the dipoles and the vector connecting the two dipoles, R AB is the distance
between the dipoles.

μA

μB

R AB

αA

αB

χ
Figure 4.1 Dipole-dipole orientation.

The concept of exciton was first introduced into physics by Frenkel in 1931 [58].
Frenkel excitons are usually used to describe the elementary collective electronic
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excitations of molecular crystals that consist of weakly interacting molecules. It is
assumed, hence, that the wave functions of the adjacent molecules are slightly
overlapped. In Heitler-London approximation of exciton theory, the ground state is
assumed to be the product of the ground-state wavefunctions of each single molecule,
and the excited states are described as the superposition of the products in which a
constant number of molecules are excited at a time. As is well known, systems
consisting of a large number of identical interacting subsystems are more conveniently
described by the second-quantization representation. Therefore the energy operator in
exciton theory is always expressed by creation and annihilate operators in the
occupation-number representation.
According to the exciton model, due to the interaction between two monomers, each
excited state of the monomer is split into two states in the dimer. The split energy levels
maybe have different transition probabilities which are related to the symmetry of the
dimer. For example, the formation of H-aggregate (see Fig. 4.2) often brings about the
blue-shift in the absorption spectra, while the J-aggregate consists of a red-shift band
with respect to the monomer absorption. It has been known that porphyrins tend to form
J and H aggregates in different solvents and one can obtain J and H aggregates by
choosing suitable media.

+

-

-

+

+

-

+

H-Aggregate

J-Aggregate

Figure 4.2 H-aggregate and J-Aggregate

Despite that the excitonic coupling model gives good explanation for many linear
and nonlinear optical observations and enables us to relate the properties to the strength
of coupling between the monomers, it has to be in the limit of weak inter-molecular
interactions, i.e., inter-molecular interactions much smaller than the intramolecular
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excitation energy. Since nowadays the optical absorption spectra of dipolar or
polarizable molecules are often understood by this model, it is important to discuss the
limits of this approximation.[59] Ray et al. studied the role of interactions on NLO
properties for some systems including push-pull porphyrins [60] and zwitterionic
merocyanine aggregates [61] and checked the valid region of exitonic model by
calculating the electronic transition energy using the time-dependent density functional
theory. The results indicated that in most cases the model is applicable for interplane
separation greater than about 4 angstrom but breaks down for shorter distance where the
orbital overlap between the two monomers can not be neglected. Another limitation of
this model is that one needs to fit experimental results to obtain some geometric
parameters. Thus the predictability of such a model is questionable.

4.1.2 Hydrogen bonding, π stacking and hydrophobic interactions
Inter-molecular hydrogen bonding is the attractive interaction between the hydrogen
attached to an electronegative atom such as oxygen, nitrogen or fluorine of one
molecule and another electronegative atom of adjacent molecule. The electronegative
atom has one or two lone electron pairs with a negative partial charge and the hydrogen
has the positive partial charge. This special connection mainly comes from the
dipole-charge and dipole-dipole interactions but can be much stronger than typical
dipole-dipole interactions. The hydrogen bonding interactions could result in
pronounced changes on molecular geometries and properties. For example, the stretch
frequencies shift in complex formation can be as large as hundreds of inverse
centimeters (cm-1). The high boiling point of liquid water is the result of large number
of hydrogen bonds in it.
In normal case, the aggregation of nondipolar conjugated NLO molecules is the

π − π stacking. As the name described, the stacking of the molecules is usually
induced by overlapping of π orbitals of two aromatic rings, like benzene molecules.
The most stable geometry of benzene dimer is corresponding to the T-shaped structure
as shown in Fig. 4.3(a). Another common favorite orientation is the parallel-displaced
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structure as shown in Fig. 4.3(b). It can be readily understood by the
quadrupole-quadrupole electrostatic interaction illustrated in Fig. 4.3 (c) and (d). [62]
But the origin of this stacking is still in debate at present.

(a)

(b)

+
-

-

+

-

-

+
-

+

+

+

+

+
-

(c)

(d)

Figure 4.3 Structures of benzene dimer

Nonpolar molecules generally can be soluble only in nonpolar solvents and tend to
form aggregates in water because of the hydrophobic interactions between the solute
molecules. According to thermodynamics, the free energy G , enthalpy H and
entropy S have the relation of G = H − TS . At room temperature, the change of the
enthalpy is nearly zero during the process of aggregation in aqueous solution. The
change of entropy for hydrophobic molecule is negative and thus the free energy change
is positive. The water molecules would like to form order cages around the hydrophobic
molecules and this results in a decrease in entropy. So the hydrophobic interaction is
also called entropy effects.
In theoretical description, the noncovalent interactions can be characterized by the
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structures of clusters, the stabilization energy, the vibrational frequencies, the potential
energy and free energy surfaces, obtained by ab inito methods and molecular dynamics
(MD) or Monte Carlo (MC) simulations. When we study the aggregation effects on
optical properties of molecules in solutions, all possible inter-molecular interactions
should be taken into account.

4.2 Aggregation effects on second order nonlinear susceptibility
Materials possessing large second order nonlinear optical responses have important
potential applications in diverse optoelectronic and optical devices. In real applications,
the organic molecules can be in the form of molecular crystals, thin film or polymer,
where inter-molecular interactions can often modify their properties significantly.[26]
On one hand, researchers make great efforts on optimizing the nonlinear properties of
the individual molecules at microscopic level and, on the other hand, for the second
order nonlinear optical devices, it is necessary to consider the collective properties and
try to make the chromophores to form a noncentrosymmetric orientation in a
( 2)
macroscopic structure for nonzero nonlinear susceptibility χ .

The noncentrosymmetric orientation of chromophores is achieved generally through
poling the chromophores by an external electric field, which results in a partial
alignment of the NLO chromophores. Although a dipolar conjugated molecule with
large dipole moment can be poled efficiently, a large fraction of the materials fails to
provide the expected electro-optic response. Dalton et al. [26] measured experimentally
second harmonic generation coefficients and electro-optic coefficients as a function of
chromophore loading number density in polymers. (See Fig. 4.4.[26]) The maxima of
electro-optic coefficient are observed at certain number density for several dipolar
chromophores in electrically poled polymetric thin films. The reason behind this is that
the strong electrostatic dipole-dipole interactions tend to form molecular aggregates
with anti-parallel chromophore orientations which counteract the effects from the
electric field poling[29,63,64], leading to the desirable parallel orientation difficult to
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Normalized Electro-optic Coefficient

realize in a bulk material.

Chromophore Number Density (1020/cm3)

Figure 4.4 Electro-optical coefficient versus chromophore number density.
(with permission)
Later, Dalton and coworkers showed that inter-molecular interactions have a large
influence on the second order nonlinear optical properties of the molecules in solutions
and in guest-host polymers.[27] The second order nonlinearities μβ of molecule
CLD-5 is higher when measured in THF than in chloroform. They attributed the
difference to the hydrogen bond formation between the CLD-5 molecule and the THF
molecule, which reduced the possible intramolecular hydrogen bonds as in the case of
chloroform. They also performed infrared absorption measurements and assigned O-H
stretching frequencies to various inter-molecular and intramolecular hydrogen bonding
structures.
Recently, Terenziani et al. investigated the second order nonlinear optical properties
of a push-pull chromophore in different external and supermolecular environments
through a combined experimental and theoretical method.[65] It is found that the value
of the chromophore in moderately concentrated toluene solutions is strongly affected by
the association effects. The same model molecules were also used to study the
aggregation effects on TPA properties.[66]
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Aggregation of polar merocyanine dyes was confirmed by several experimental
techniques.[28,29] These studies showed clear evidences for the formation of
centrosymmetric dimers in concentrated solutions and in the solid state. The measured
concentrated-dependent absorption spectra exhibited the variation of absorption position
from monomer band to dimer band with the increase of concentration. (See Fig. 4.5.[29])
The excitonic coupling model gave a satisfactory explanation for the optical properties
of the dimer aggregates.

Figure 4.5 Concentrated-dependent optical absorption spectra. (with permission)

Although the dipolar aggregation is clearly detrimental for the response of second
order nonlinear optical materials, the study of structure and collective properties can
understand the formation mechanism of the aggregates and eventually minimize the
aggregation. To overcome the polarity neutralizing aggregation problems, in 2006,
Würthner et al. [67] introduced a new strategy for orientation of dipolar merocyanine
dyes in a desirable head-to-tail parallel fashion through multiple hydrogen bonding. See
Fig. 4.6. Two merocyanines were expected to connect by six hydrogen bonds and the
formation of hydrogen bonds was proved by 1H NMR spectra. The electro-optical
absorption (EOA) spectroscopy showed that the degree of complex orientation was
improved remarkably in the presence of an electric field. They demonstrated the
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orientation of the two dipolar molecules in solutions should be in a parallel style with
summation of their dipole moments, which leads to larger NLO properties.

R=2-Ethylhexyl

Figure 4.6 Hydrogen-bond-directed head-to-tail orientation of
two dipolar merocyanine dyes.
In the past decade, the supermolecular quantum chemistry methods and the
excitonic coupling model are usually used for study of aggregation effects on NLO
properties. Datta et al. [64] considered a few dipolar molecular dimers such as PNA and
MNA in various dipole orientations to understand the aggregation effect by using
exciton theory and semiempirical ZINDO/CV quantum chemical formalism. It is found
that the best dimer configurations is the in-line head-to-tail arrangement of the monomer
units, which gives rise to an enormous increase in nonlinear optical properties compared
to its monomer counterparts. It is also showed that such a structure is extremely
stabilized by hydrogen-bond formation and dipole-dipole interactions.
To find out why azobenzene dendrimers have large first hyperpolarizabilities,
Okuno et al. [68] performed ab inito calculations for three types of dimers embedded in
the dentrimers and found that the large first hyperpolarizability can be ascribed to the
interactions between the monomeric units arranged in series. Cheng et al.[69] studied
the linear and nonlinear optical properties of MNA monomer, two types of dimers and a
trimer. The geometries of two dimers were chosen as the π -stacking (p-) and
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hydrogen-bond (h-) dimers according to X-ray crystallographic structure. Then the
trimer is constructed from the p- and h-stacking configurations. The site and size effects
on second-order nonlinear optical response were explored by first principle calculations.
It should be mentioned here that Ray et al. studied the role of inter-molecular
interactions and solvent polarity for zwitterionic merocyanine aggregates [60,61] and
push-pull porphyrin aggregates [70,71] by using quantum chemistry methods. The
solvent effects were considered by the PCM approach. They draw a general conclusion
that the first hyperpolarizability changes significantly as monomers form aggregation,
and the magnitude of the first hyperpolarizability depends highly on the nature of
aggregates. For example, in a given solvent the calculated β values of the J-type
dimer is 1.4-1.8 times higher than the monomer, whereas β values of H-type dimer
are 2.5-3.5 times lower than those for monomer. It is also found that the solvents have a
remarkable influence on the structure and the optical properties of monomers and
aggregates (see Fig. 4.7[61]).

Figure 4.7 β vs ε for monomer, H and J-type dimers. (with permission)
Almost all theoretical calculations are based on the configurations optimized by
quantum chemistry methods or artificially arranged by fixing some geometric
parameters, or from experimental crystalline geometry[72,73]. In aggregates, because so
many chromophores together with large number of solvents interact with each other,
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one needs to consider all the molecules in calculations to get the macroscopic properties.
But it is impossible to deal with the whole system by quantum chemical calculations. In
recent years, molecular dynamical simulations have been applied for study the NLO
active molecular solutions and polymers, which could predict the macroscopic
properties statistically. We have employed molecular dynamics combined with quantum
chemistry methods to study the conformations and optical properties of the hydrogen
bonded dipolar merocyanine dyes (Paper II) whose synthesis has been reported
before[67].

4.3 Aggregation effects on two-photon absorption
Contrary to the work in second order nonlinear susceptibility, the aggregation effects
on two-photon absorption is still at the initial state of investigations in spite that many
experimental results were related to the aggregation.
As mentioned before, when Woo et al.[15] studied the solvent effects on TPA of
distyrylbenzene chromophores, it was thought that the significant decrease of TPA cross
section in water could be induced by hydrogen bonds and aggregation effects. In most
experiments, aggregation effects are expected to enhance TPA response. Prasad et al.
[22] have reported that quadrupolar chromophore 9,10-bis[4’-(4”-aminostyryl)styryl]
anthracene (BDSA-Bz) has an enhanced fluorescence and TPA when nanoaggregate is
formed in water. Belfield et al. [24] observed the TPA cross section of pseudoisocyanine
J-aggregates in aqueous solution is enhanced significantly. Much attention has been
paid for the enhanced TPA behaviors of porphyrin array systems [25,74-79] because
porphyrin derivatives are the best candidates for photondynamic therapy. When the
J-type aggregate of tetrakis(4-sulfonatophenyl) porphyrin diacid (H4TPPS2-) was
produced in water, large enhancement of TPA cross sections were observed by Collini
et al..[74] Several experiments of Drobizhev [21,75,76], Kim [77] and others [78,79]
demonstrated that the TPA cross sections can be enhanced by designing π -conjugated
porphyrin dimers.
A series of V-shaped 2-hydroxypyrimidine derivatives were studied by Liu et al..[18]
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It was demonstrated that the solution in chloroform exhibits a large enhancement of the
TPA compared with THF solvent, see Fig. 3.2(b) (in Chapter 3). Our calculations have
shown that the experimentally observed large spectral shift in OPA and big
enhancement in TPA cross sections in different solutions can not be explained by the
possible formation of molecular dimers, as normally anticipated. (See Fig.4.8) It can be
nicely interpreted by the involvement of molecular isomers. (See Paper III.)

Figure 4.8 The hydrogen bonding in THF and CHCl3 solutions.

In recent years, the study of active TPA organic molecules has switched from linear
symmetrically (D- π -D or A- π -A) or asymmetrically (D- π -A) substituted

π -conjugated chromophores to multi-branched structures with increased dimensionality.
[80-83] As far as the multi-branched molecules are concerned, the interactions among
the braches play important roles in nonlinear optical response. The study on the
structure-to-property relationship for multi-branched molecules will provide a good
insight into the aggregation effects on TPA properties. The experimental investigations
of the multi-branched structures have obtained different conclusions. Prasad and
co-workers [80] discovered cooperative enhancement of TPA in multi-branched
structures composed of two and three two-photon active asymmetric donor-acceptor
chromophores. It has also been found that the TPA cross section of a peripheral
dendrimer is just only proportional to the number of braches in it.[81] Terenziani et al.
[66] carried out experimental and theoretical study for exploying the influences of
electrostatic interactions on the linear and nonlinear optical properties of interacting
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polar chromophores (Fig. 4.9) by using the Frenkel exciton model. For the investigated
dimer 2s, in which the two subunits are covalent with some angle, a strong reduction of
the TPA cross section (by up to 40% per subchromophore) was measured with respect
to the monomer in solutions. We studied the one- and two-photon absorption properties
of these chromophores using density functional response theory in combination with
molecular dynamics simulation and found the structural fluctuations can produce
significant spectral features. (See Paper IV.)

Figure 4.9 Molecular structures of monomer 1r, dimer 2a and dimer 2s.
From the theoretical viewpoint, as for the case of second order nonlinear
susceptibility, the Frenkel exciton model or “supermolecular” quantum chemical
methods are often employed to study aggregation effects on TPA. Terenziani et al.[84]
also studied the aggregates of quadrupolar (DAD or ADA) molecules using exciton
model and demonstrated the large TPA cross sections can be further amplified by orders
of magnitude due to aggregation. The roles of dimensionality and symmetry of
octupolar compounds were studied based on the exciton model and quantum chemical
calculations.[85] The “supermolecular” calculations suggest that much larger TPA cross
35

4. Aggregation effects
section can be achieved through proper design of chromophore, allowing large inter-arm
couplings. Katan et al. [86] investigated the effects of branching of dipolar
chromophores on photonphysical properties and TPA by using the time-dependent
density functional theory (TD-DFT) as well as Frenkel exciton model. Theoretical
modeling of one- and two-photon absorption spectra using TD-DFT method is in very
good agreement with the experiment. In addition, Ray et al. [60,70] have reported for
the first time the TPA properties of aggregates of pull-push porphyrins by using
quantum chemical calculations. The interaction between the two monomers in the dimer
was understood by the excitonic coupling model qualitatively and the application of the
model were checked through electronic transition energies and oscillator strength
calculations. It has been found that the TPA of J-type aggregates is greatly enhanced in
comparison with the corresponding monomers. A series of metal phorphyrins were also
analyzed by Ray et al..[71] They presented a quantum chemical analysis on porphyrin
dimers and trimers to understand the relationship between structural and collective NLO
properties. The molecular geometries were optimized by DFT method combined with
PCM. The influence of central metal ion and aggregation effects were compared and
shown in Fig. 4.10.[71]
All studies mentioned above exhibit that the inter-molecular interactions can give an
important effect on NLO properties, relationship between the structural and collective
properties should be explored further. So far almost all theoretical studies are based on
the molecular structures optimized by quantum chemical methods or arranged monomer
by some given parameters. Recently, Luo et al. [55] has introduced the molecular
dynamical (MD) simulations to explore the geometric distributions of octupolar NLO
molecules in solutions. Based on the geometries obtained by MD simulations, the
two-photon absorption properties of several typical dimers, trimers and tetramers were
calculated by the density functional quadratic response theory. Due to the aggregation
by hydrogen bonds, the TPA spectra for dimers and trimers show strong conformation
dependence, whereas the spectra of the tetramers show much less dependence on
conformation. Quantum chemical calculation in combination with molecular dynamics
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simulation is a promising new computational approach that is particularly useful for
exploring the NLO properties of aggregates. I intend to carry out more studies with this
method.

Figure 4.10 TPA of metal D-A porphyrins for (a) monomer, dimer
and (b) dimer and trimer. (with permission)
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Chapter 5
Molecular dynamics

The solvent and aggregation effects on the optical properties of a molecular system
can be studied by combining molecular dynamical (MD) simulations and quantum
chemistry calculations as mentioned in previous chapters. MD simulation provides step
by step configuration changes of a molecular system with time, which makes it possible
to obtain the time-dependent behaviors and the statistical properties of the system.
Therefore, MD simulations can often act as a bridge between the microscopic length
and time scales and the macroscopic world and the microscopic mechanism behind
macroscopic properties can be explored. Nowadays, MD simulation techniques have
been applied for the study of NLO properties of organic solutions, for instance, the
electric field poling effects [87-93], the linear and nonlinear hyperpolarizability
[54,92,94], and two-photon absorption [53,55].
This chapter first presents a brief introduction of MD simulation procedure and
some basic concepts. Then the main applications of MD method in NLO research field
are specified.

5.1 Basic concepts
5.1.1 Algorithm
The motion of an atom in an MD simulation method is governed by the classical
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Newton’s second law

mi ri = f i ,

fi = −

∂
U
∂ri

(5.1)

where f i is the force exerted on the atom and is usually derived from the potential
energy U . The potential energy that includes the intra- and inter-molecular interactions
can be modeled approximately by a classical molecular mechanical force field with the
following form:
U=

∑ k (r − r
r

eq

)2 +
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dihedrals

∑ kθ (θ − θ
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(5.2)

where req and θ eq are the equilibration bond length and bond angle parameters. The
parameters k r , kθ , and ν n are force constants. n is the multiplicity and γ is the
phase angle for the torsional angle parameters. A and B represent the non-bonded
Lennard-Jones parameters, and q is the partial atomic charge.
In the presence of an applied electric field, one should add into Eq.(5.2) an
additional term which describes the interaction between the partial atomic charges and
the external electric field
u = − ∑ ( qi ri ) ⋅ E

(5.3)

i =1

where i is the particle index and E is the applied electric field. Quantum chemical
calculations are often used to estimate the partial charges on a molecule.
A reasonable force field which specifies the form of interactions and all the
parameters therein is the primary requirement to predict the structure and properties.
Quantum chemical calculation results and experimental data, such as vibration
frequencies and thermodynamics properties, may give the best guide to develop and
improve a force field. The commonly used force field packages are AMBER,
CHARMM, OPLS, and so on. In my work, all of the parameters used are taken from the
General Amber Force Field (GAFF).[95,96]
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With the knowledge of the force on each atom, it is possible to determine the
acceleration

ai

which in turn modifies the initial velocity

dv i = a i dt

or

v ′i = v i + a i Δt if the force is assumed as a constant for a sufficiently short time step
Δt . If the initial velocities are not available, an MD program can generate the velocities

according to the Maxwell velocity distribution. Let each atom move with a constant
velocity v i in the time step Δt , and thus the new position ri′ can be produced. Then
the potential energy, forces, and the velocities are calculated for the new position. This
procedure is repeated for a great number of time steps in an MD simulation. The
positions and velocities thus evolve with time and yield the trajectory of the system
which can be used to calculate the macroscopic observables by time-average.
Macroscopic properties are always the ensemble average based on the ergodic
assumption which assumes that the system can experience all the possible microstates
for a sufficiently long time. If the simulation time is long enough, the time average of
MD output is equal to the corresponding ensemble average.

5.1.2 Periodic boundary conditions and neighbor searching
It is impossible to simulate real bulk system. The number of particles must be
reduced dramatically and the space in which the particles exist should also be reduced
accordingly. To avoid the surface effects, periodic boundary conditions are employed in
MD simulations. Surrounding the simulation box, there are replicas of the box. It
doesn’t need to simulate the replica box but the virtual box can be used to calculate the
interactions. In the course of the simulation, if the particle goes through the boundary of
original box to the next one, then the corresponding image in the next box will move in
through the opposite boundary. Thus the number of the particles keeps conserved. This
is illustrated in Fig. 5.1.
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Figure 5.1 The periodic boundary conditions.

In order to reduce the number of particle pairs that need to calculate, neighbor list
method or cell method are used in MD simulations. In neighbor list method, around a
particular atom there is the cutoff radius rcut which used to truncate non-bonded
interactions. Outside the potential cutoff sphere, a larger sphere of radius rlist (> rcut ) is
constructed for including a list of all the neighbor atoms. After a few MD time step, the
program will check the list and update it because some atoms will cross the list range.
The choice of the list radius is a trade-off thing. Smaller lists will need to be updated
more frequently, but will save much computer time. For larger system with short-range
forces, the cell method is preferable. The simulation box is divided into many cells with
the edge length greater than potential cutoff radius rcut . When the interactions of an
atom with others are calculated, only the atoms in the same cell and the neighbor cells
should be checked because the separations between them are certainly less than cut off
distance. The atoms list in each cell also must be updated once in a while in much the
same way of neighbor list method.
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5.1.3 Limitations
Although MD has become a popular technique and can be applied to the analysis of
dynamic properties, it has some limitations one should bear in mind during calculations.
First, MD simulation describes the motion of atoms by classical mechanics and the
quantum effects, such as tunneling, of nuclei are neglected. Second, electrons are often
assumed to be in the ground state. In MD simulations, the Born-Oppenheimer
approximation is implicitly used and the degrees of freedom of electrons are not
considered. Commonly when a force field is used to describe the interaction between
the atoms it is unable to model the chemical bond formation and breaking. Third, the
force field is pair-additive, which means the non-bonded forces include pair interactions.
In fact the effective pair potentials are often used. In addition, some trivial errors can be
induced by using cut-off radius for the long-range interactions and unnatural boundary
conditions.
MD simulations are performed in a step-by-step way. Typical MD simulations run
104~106 MD time steps, corresponding to the time scale of pico-seconds to nanoseconds.
This means one should determine whether the system comes to equilibrium or not
before the simulations are terminated. The question about how long we should run an
MD simulation depends on the system and the special problems under investigations.

5.2 Applications on nonlinear optical property calculations
Recently, MD simulation techniques have been applied for the study of NLO
properties of chromophores in polymeric materials and organic solutions. The properties
investigated involve the electric field poling effects [87-93], the cooling process of
polymeric NLO systems [87,90,91,93], electro-optic coefficients [90,91], local field
factors [97,98,99], linear and nonlinear susceptibilities [54,92,94], and two-photon
absorption [53,55].
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5.2.1 Electric field poling effects
The macroscopic second order optical susceptibility of an NLO material depends on
the microscopic hyperpolarizability β , the number density, and the degree of
noncentrosymmetry

of

the

chromophores

in

it.

In

order

to

obtain

a

noncentrosymmetrical structure, an external electric field is often employed for poling
the polymer doped with dipolar chromophores to a partial alignment at temperatures
above its glass transition temperature Tg where the chromophores are easy to orientate
quickly. Then the sample is cooled down to a temperature below Tg in the presence of
the poling field for achieving stable noncentrosymmetric arrangement. Therefore the
orientation and reorientation process of the chromophore incorporated in a polymer is
important for developing materials with large NLO response.
The fully atomistic molecular dynamics simulations of the poling effects of electric
fields on chromophores in NLO polymer systems have not been performed until the end
of 1990s, mainly because simulations would take longer time than nanosecond scale
under experimental conditions. This problem can be relieved by introducing a stronger
electric field than usual experimental values. Kim and Hayden [87] for the first time
performed the MD simulations on an electric field poled guest-host nonlinear optical
polymer. The orientation process of N,N-dimethyl-p-nitroaniline (DPNA) chromophore
doped in the host poly(methylmethacrylate) (PMMA) were investigated. The poling
effect of the electric field characterized by the ensemble averaged order parameters
cosθ

and

cos3 θ , where θ is the angle between the molecular dipole moment

and the electric field, were calculated by MD simulations and compared with the
theoretically predicted Langevin functions. Two systems with different densities were
simulated for modeling the states above and below the glass transition temperature Tg .
The field strength in their simulation was unrealistically high (0.5～5kV/μm for low
density, 5～50kV/μm for high density) and it may not easy to compare some properties
with experiment. Later, Makowska-Janusik et al. [93] applied a different approach
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called simulated annealing for modeling the cooling process of three systems which
were composed of the PMMA matrix as the host and three different chromophores
including DPNA, 4-(dimethylamino)-4’-nitrostilbene (DMAN), and N,N’-di-n-propyl
-2,4-dinitro-1,5-diaminobenzene (DPDNDAB) for the study of the size and shape
effects. The glass transition temperature was determined by the density-temperature
dependence derived from MD simulations. To achieve the steady states of alignment
within the MD simulation time scale, the poling fields were also considerably high (5～
15kV/μm). Using the same guest-host systems, Reis et al. [92] proposed an approach to
the calculation of the linear and nonlinear optical susceptibilities based on the structures
from MD simulations. The electrical properties of the chromophores were computed by
quantum chemical methods. Tu et al. [90] reported the study of an electric field poled
PMMA with Disperse Red (DR) molecules under conditions close to the experiment.
The applied electric field was taken as 0.5kV/μm. The simulations covered the electric
field poling effects (order parameters) above Tg , the cooling process, and the back
relaxation of the system after removal of the field. The macroscopic electric-optic
coefficients were also evaluated on the basis of simulation results. Similar calculations
were also applied for polycarbonate doped with lemke chromophores.[91]

5.2.2 Local field factor
MD simulations have been applied for exploring the quantitative relationship
between the macroscopic NLO properties measured in experiments and the molecular
properties calculated from quantum chemistry, such as the hyperpolarizabilities. The
first hyperpolarizabilities of an organic molecule can be extracted from the techniques
of the electric field-induced second-harmonic generation (EFISH) or the hyper-Rayleigh
scattering (HRS) conducted in the liquid phase. Because NLO active dipolar molecules
have very high dipole moments it is hard to evaporate them into the gas phase, making
the measurement of the NLO properties of a gas state molecule is impossible. Therefore,
a local filed factor approach is commonly used to consider the solvent effects and
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estimate the single molecular hyperpolarizability. Accurate local field factors are not
only important for the development of theoretical methods for modeling molecular β
values, but also useful for providing information of the chromophores behaviors in
interacting systems. Using MD simulations, the local field factor can be obtained and it
should be more accurate than the classical Lorentz or Onsager local field factors due to
much less simplifications.
Janssen et al. [97] have used MD simulations to evaluate the local fields and the
macroscopic linear and nonlinear optical properties of liquid benzene. The linear
susceptibility and refractive index obtained from the simulation were found to be
similar to those estimated from the Lorentz approach. The second nonlinear
susceptibility was found to be significantly (8%) larger than those obtained from
Lorentz local field approximation, in better agreement with experimental values. Reis
and coworkers [98] calculated the refractive indices and third-harmonic generation
(THG) susceptibilities of liquid benzene and water for comparison Lorentz, Onsager
and discrete local field theory based on MD simulations. All models are able to
accurately reproduce the linear responses both for benzene and water, but fail to give a
good prediction of experimental THG susceptibility. The THG susceptibility obtained
from discrete local-field corrections are considerably larger than those from the Onsager
reaction field approach. By fitting the theoretical order parameters derived from the
Boltzmann distribution to those from MD simulations, Tu et al. [89, 99] calculated the
accurate local field factors of dipolar chromophores dissolved in chloroform solvent.
The derived local field factors for dipolar solutions are much smaller than the
commonly used Onsager or Lorentz local field factors.

5.2.3 Hyperpolarizability and two-photon absorption
Quantum chemical methods have been shown to be great successful in exploring the
structure-to-property relationships of NLO chromophores and provide effective
suggestions on molecular design and synthesis [13,32,33]. However, for isolated
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molecule, the geometry optimized by quantum chemical methods (QC) only
corresponds to the case of gas phase at zero absolute temperature. Even the continuum
solvent model such as PCM is employed to consider solvent environment, the optimized
single geometry still can not reflect the structural distributions in real system which
have to resort to statistical mechanics. MD simulation can take the inter-atomic
interactions into account explicitly and can be used to study how temperature, pressure
and other factors, such as external electric field, affect the macroscopic properties. As
such, MD simulations can provide the accurate structural distributions of a system under
special experimental conditions and also often some unexpected structures appear
during simulations. The QC calculations on the basis of the conformations from MD can
predict the macroscopic properties and give the microscopic interpretation behind it.
It has been mentioned before (in Chapter 4) that Okuno et al. [68] performed ab
initio calculations for three types of dimers embedded in the azobenzene dentrimers in
order to find out why the dentrimers have large first hyperpolarizabilities. With the same
aim, Yamaguchi et al. [94] calculated the first-order hyperpolarizability and UV-vis
absorption spectra of four generations of the dentrimers using semi-empirical molecular
orbital theory based on the MD-calculated structures in chloroform solution and
monolayer Langmuir-Blodgett (LB) film. It was found that the rod-shaped dentrimers in
solution have larger β values with increasing generations, though the observed
enhancement of SHG activity is not reproduced. The β values of the dentrimers in the
LB film are significantly smaller than those in solutions due to the staggered
conformations. As we know, dipolar chromophores tend to form aggregates with
anti-parallel orientations in bulk materials due to dipole-dipole interactions. A recent
MD simulation by Tu et al. [88] indicated that aggregation also can occur even for
octupolar molecules, such as the molecule 1,3,5-triamino-2,4,6 -trinitrobenzene (TATB),
when it is dissolved in a solution. It is found that TATB molecules indeed show rather
significant dipole moments in solutions because of the both actions of the thermal
motions and the strong inter-molecular interactions. Then the applied electric fields give
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an important effect on the molecular orientation. The aggregates are formed mainly
because of the strong hydrogen bonding interactions. The β values in solutions were
obtained by averaging over calculations of each molecule in the final conformations
after some simulation time. Their calculations showed that the collective molecular
NLO properties are enhanced under the electric field. On the basis of their MD
simulations, the solvent and aggregation effects on TPA spectra of the TATB clusters
were calculated by QC methods.[55] It has also been mentioned in chapter 3 that
Paterson et al. [53] gave a test study on the solvent effects of formaldehyde and water
using MD simulations and QC calculations. The statistically averaged excitation
energies and TPA cross sections were predicted by the QC calculations on the individual
configurations from MD simulations.
Currently, using MD simulations combined with QC methods to study solvent and
aggregation effects on TPA properties are still at the beginning and much work needs to
be done in the future. I believe that MD simulation would become a powerful tool in the
area of NLO and bring about many interesting and encouraging results.
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Chapter 6
Summary of papers

6.1 Solvent effects on two-photon absorption, Paper I
First, the solvent effects on two-photon absorption of dialkylamino substituted
distyrylbenzene chromophore were studied theoretically by using the density functional
response theory in combination with the polarizable continuum model. The aim of this
work was to find out the possible microscopic mechanism of the dramatic decrease of
TPA cross sections in water observed by Woo et al. [15]
In my study, all quantum chemical calculations are performed by the Gaussian 03
[100] and Dalton [101] programs. Figure 6.1 presents the optimized geometries of the
model molecule 8N’ by using B3LYP and Hartree-Fock (HF) methods with the 6-31G(d)
basis set. It is found that the stationary structure of the molecule is sensitive to the
application of the computational methods. At the B3LYP level, the three phenyl rings
are mainly on the same plane, whereas in the HF geometry both side phenyl groups are
rotated in opposite directions by a torsion angle of 143º relative to the middle benzene
ring.
For conjugated molecules, two important geometric parameters are important to
the optical properties. One is the bond length alterations (BLA) parameter defined as the
difference in length between the single and double bonds and the other is the torsional
angle which can affect the delocalization of the π -electron in the molecule. It has been
reported that the solvent effect on TPA of the push-pull molecule is mainly induced by
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the changes of BLA parameters in different solvents.[32] In another series of molecules,
the two-photon absorption is increased several times near 80º with respect to the planar
structure in gas phase.[102]

Figure 6.1 Optimized geometries of 8N’ molecule in gas phase. The torsion angles are
defined as θ1 : C1-C2-C3-C4 and θ 2 : C5-C6-C7-C8 . (with permission)
The planarity of trans-stilbene is a controversial problem and hardly to compare
with experimental values directly. In similar conjugated systems, Masunov et al. [103]
found that the HF method is superior to the B3LYP approach in correctly reproducing
the BLA parameters in comparison with experimental structures. Also they found that
the planarization barriers are almost very small (less than 1kcal/mol) and the torsional
angle should be in a wide range in solution. Therefore, we performed the calculations at
both the B3LYP and HF geometries.
By using the time-dependent density functional theory (TD-DFT) at the B3LYP
level with B3LYP and HF geometries, the one-photon absorption (OPA) spectra are
calculated in various solvents. It is found that the solvent has a trivial impact on both the
position and the intensity of absorption maximum. Compared with experimental results,
the HF geometry gives a better excited energy of charge transfer state than that of
B3LYP geometry.
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Figure 6.2 Conformational energy (a), wavelength shift of the most active TPA state (b),
and TPA cross section (GM) (c) as functions of the torsion angles θ1 = θ 2 . All
calculations are performed in gas phase at the B3LYP level of theory. B3LYP
geometries (triangles) and HF geometries (diamonds) have been used. (with permission)
The TPA cross sections are calculated at B3LYP level with cc-pVDZ basis set
including solvent effects. In contrast to OPA, solvent has a significant effect on the TPA
cross sections. The calculated TPA cross sections show a consistent relationship with the
optical dielectric constant instead of the static dielectric constant. However, after the
detailed comparison of the TPA cross sections in different solvents, we come to a
conclusion that the solvent effect is anyway much weaker than what has been observed
in the experiment.
Then the possible structure distortion in solutions is analyzed and the TPA
dependence on the structural modifications is carefully investigated and the results are
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displayed in Fig 6.2. The strong TPA dependence on the torsion angle is found.
Moreover, the conformational energies show that the change of the torsion angle is
permitted from the thermodynamic point of view. But the TPA state is induced large
blueshifted with the decrease of the torsion angle, which is not consistent with the
observed solvatochromic shift.
Although the quantum chemistry methods used in this study are state-of-the-art,
they can not provide the dynamic structures of the molecules and the corresponding
properties in solutions. The tentative work of molecular dynamics simulations with the
standard force fields have been performed but failed to give any torsion angle for the
system. Special designed force fields should be developed in the future.

6.2 Aggregation effects on first hyperpolarizability, Paper II
In this section, the molecular dynamics (MD) simulations in combination with
quantum chemical calculations are employed to study the conformations and optical
properties of hydrogen bonded dipolar merocyanine dyes. The MD simulations are
carried out using Gromacs [104] program.
The work derives from the proposal and the related experiments of Würthner et
al..[67] To overcome the polarity neutralizing aggregation problems, Würthner et al. put
forward a novel strategy for orientation of two dipolar merocyanine dyes in a desirable
head-to-tail parallel fashion through multiple hydrogen bonds and measured their 1H
NMR spectra and electro-optical absorption (EOA) spectroscopy. In my work, the MD
simulations which put the two merocyanines dissolved in chloroform under various
conditions are performed. The obtained conformations from MD simulations and their
optical properties are further calculated using hybrid density functional theory. The
purpose of this theoretical study is to explore the role of the inter-molecular interactions
on the linear and nonlinear optical properties.
The final conformations of the two merocyanines without and with different applied
fields at room temperature are shown in Fig.6.3. The use of electric field has
significantly accelerated the process for forming the complex. However, in most cases,
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the formed complex doesn’t take on the head-to-tail orientation. Moreover, once the
complex is formed by hydrogen bonds, the complex remains stable. The reason is
related to the thermal motions, inter-molecular interactions and electric poling effects,
which are analyzed at length in Paper II.

Figure 6.3 The final conformations of complex 9•10 by MD simulations with different
external electric fields at T = 298 K . (with permission)
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To understand of the effect of thermal motion, we have also performed MD
simulations at T = 248 K . Compared with the configurations of room temperature, the
probability of forming the head-to-tail orientation is increased very little. It is also found
that complexes connected only by one hydrogen bond can be observed and keep stable
due to reduced thermal motions at lower temperature.
Based on the conformations of MD simulations, three typical complexes are further
optimized by quantum chemical calculations as shown in Fig. 6.4. Single point energy
calculations show that the complex A has the lowest energy. But because of the thermal
motion and spatial arrangement of the molecules, it can not be easily formed. The
one-photon absorption (OPA) spectra of the two separated molecules 9 and 10 and their
complexes in gas phase and in toluene solution are calculated and given in Fig. 6.5. It is
clearly shown that the spectrum of the complex is sensitive to the mutual orientation of
the two molecules. Differences in spectra of three complexes can be interpreted by
Frenkel-type exciton model. By comparing experimental and calculated spectra, it can
be concluded that complex B is the most probable structure in solution that is consistent
with the result of MD simulations.
In this work, the inter-molecular interactions are explicitly described in MD
simulations by which the effects of electric field and temperature can also be considered.
The statistical structural distributions of the solution are obtained and also some
unexpectable conformations appeared during MD simulations. The dipole moments of
ground and charge transfer states, as well as first hyperpolarizabilities, of three typical
dimer structures have been calculated by quantum chemical methods. The MD
simulations combined with quantum chemical technique have been proved to be a very
powerful and hopeful method for NLO property calculations.
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Figure 6.4 Three optimized geometries of complex 9•10 obtained at B3LYP level with
6-31G* basis set. (with permission)

Figure 6.5 Calculated one-photon absorption spectra of molecule 9, 10, complex A, B
and C in gas phase (a) and in toluene (b) solution at B3LYP level with 6-31G* basis set.
The experimental spectrum is obtained by suitable shift. A lifetime broadening of
0.05eV is used. (with permission)

55

6. Summary of papers
6.3 Isomer effects on two-photon absorption, Paper III
Recent experiment on TPA of V-shaped 2-hydroxypyrimidine derivatives [18] (see A
in Fig. 6.6) reported that an enhanced TPA activity was found in chloroform solution in
comparison with that in THF solution. The formation of different molecular aggregates
was believed to be the cause of the observed enhancement. In order to verify this
hypothesis, we have carried out density functional theory calculations for one- and
two-photon absorption spectra of the measured systems.

Figure 6.6 The optimized geometries.
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Different aggregation models (see Fig. 6.6) have been examined and solvent effects
on the molecules and aggregates are calculated using PCM. Our calculations reveal that
the V-shaped 2-hydroxypyrimidine derivative can have two isomers A and B which can
co-exist in the solution. These two isomers have noticeable different OPA and TPA
properties that can explain the major experimental observations. The isomer dependence
on the OPA absorption spectra and TPA spectra of molecules are shown in Fig. 6.7. It
can be seen that the absorption maxima of both B_THF in THF solution and B in CHCl3
solution are red-shifted, by as much as 20nm, with respect to those of A-related
compounds, and fall in the region where the experimental maximum of the molecule in
CHCl3 solution is located. The TPA spectrum of molecule B also shows great difference
from that of molecule A, especially in the region of longer wavelength. In comparison
with molecule A, the absorption intensity of molecule B is dramatically enhanced at
range of 800-950nm. This clearly demonstrates that the TPA activity can strongly
depend on structures of isomers. Moreover, two absorption peaks at longer wavelength
region are consistent with experimental observations.
The dimerization effects are also investigated carefully by comparing OPA and TPA
spectra of various dimers. Special attention has been paid to understand the effects of
hydrogen bonds on electronic structure and absorption spectra of these chromophores.
For this particular system, the spectral changes induced by molecular dimerization are
much less than those by the isomerization.
The inclusion of the isomer B can nicely explain the experimentally observed large
spectral shift in OPA and the enhancement of TPA in CHCl3 solution. To the best of our
knowledge, the effects of co-occurrence of molecular isomers in solutions on TPA cross
sections have not been discussed before in the literatures. It is an important structural
factor that should be carefully considered for many real applications with relatively high
concentration of TPA active molecules.
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Figure 6.7 The calculated OPA (left) and TPA spectra (right). The experimental OPA
spectra in THF (black) and CHCl3 (red) solutions are shown in dash line.

6.4 Structural fluctuations effects on two-photon absorption, Paper IV
In Paper IV, one- and two-photon absorption properties of chromophores (see Fig.
6.8) consisting of interacting dipolar branches have been investigated employing density
functional response theory in combination with molecular dynamics simulation. The
aim of our work is to study the effects of interactions between dipolar molecules on
optical properties and highlight the usefulness of the combined quantum chemical and
molecular dynamics approach for modeling two-photon absorption materials in
solutions.

Figure 6.8 The optimized geometries.
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Figure 6.9 (a) Calculated one-photon absorption spectra of three molecules in CHCl3
solution, together with the experimental spectrum[66] for comparison. (b) Calculated
TPA spectra of molecules 1r, 2a, and 2s. The intensity of the dimer is normalized to one
molecule.
The calculated OPA spectra in various solutions by using PCM show that the
absorption maximum of 2a is blue-shifted with respect to that of 1r molecule, which is
in good agreement with experimental observation. For dimer 2s, the experimental
absorption spectra are also blue-shifted in comparison with 1r and the exciton model
given in Ref.[66] explained that the observed blue-shifted and broader absorption band
imply that the dimer 2s is not linear and both exciton states are optically allowed with
the one of higher energy having the most probability. However, our calculations find
that the optimized nonlinear geometry of 2s has two absorption peaks but with the lower
one having the most probability. (See Fig. 6.9(a))
The calculated TPA spectra (Fig. 6.9(b)) indicate that the antiparallel 2a molecule
has the lowest TPA property and the maximum TPA cross section per subunit of 2s is
decreased by 17% in comparison with that of monomer 1r. But in experiment, the
reduction is about 40% in triacetin solution.
Although QC calculations can explain experimental observations for 1r and 2a
molecules, they are not so successful in providing good descriptions for 2s molecule
because 2s molecule has a very flexible structure, in which the mutual orientation of
two sub-chromophores could be changed in solutions. Therefore, we have carried out
MD simulations for dimer 2s in CHCl3 solution.
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Figure 6.10 Left: Optimized constrained geometries with different ∠CNO angles.
Right: (a) N-N distance during 1-5ns simulations. (b) Calculated OPA spectra in
constrained conformations with angles of 160º (black) and 70º (red), as well as in the
relaxed conformation (blue).
The evolution of the N-N distance between N1 and N2 atoms (defined in Fig. 6.8)
during 1-5ns simulations are plotted in Fig. 6.10 (a) and the optimized N-N distance of
21.24 Å from QC calculations is marked with a line. It can be seen that the N-N
distance stays more of the time shorter than the equilibrium distance, implying that the
two dipolar subunits are often with a smaller angle than that in the optimized gas
geometry. By constraining geometry optimizations for different angle ∠CNO (defined
in Fig. 6.8), it is found that with respect to the relaxed geometry (125º), the energy
difference is very small (marked in Fig. 6.10) in most cases. All these indicate that the
change of the mutual orientation between two dipolar chromophores is highly possible
in the solution. The calculated OPA spectra for conformations with the angles of 160º
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and 70º are given in Fig. 6.10(b) together with the result for the relaxed geometry. It can
be seen that the intensity of the one at shorter wavelength increases with the decrease of
the angle. This produces a broader spectral profile and a blue-shifted absorption
maximum.
It is known that for interacting dipoles with nearly anti-parallel orientation, the TPA
cross section is often decreased [66]. Since the dimer 2s often stays with the
anti-parallel fashion in the solution, its maximal TPA cross section should be much
reduced, which explains the observed large reduction in experiments [66].
In this work, we also examined the performance of two well-known functionals and
found unexpectedly that the improved CAM-B3LYP functional failed to describe the
interacting dipolar systems under investigations. In addition, the underlying
structure-to-property relation for TPA cross section of different molecules has been
revealed by few-states model. Our study highlights again the importance of
multi-scaling simulations for the design of molecular materials.

6.5 The propagation of ultrashort pulses in a two-level system, Paper V
This section is related to the resonant propagation of the ultrafast high power laser
through the nonlinear molecular medium. It focuses on the supercontinuum generation
(SCG) of spectra and the formation of attosecond pulses. The aim of this study is to
examine the effect of the permanent dipole moment on the formation of supercontinuum
and the generation of attosecond pulse. The carrier-envelope phase and the
time-dependent ionization effects are also discussed.
At first, the basic theory and computational methods are introduced here. We
assume the one-dimensional electromagnetic field propagates in a generalized two-level
NLO molecular system. The full Maxwell-Bloch equation beyond slowing varying
envelope approximation (SVEA) and the rotation-wave approximation (RWA) is solved
numerically employing iterative predictor-corrector finite-difference time-domain
method (FDTD).
It is assumed that the incident electric field is polarized along the x axis and
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propagates at the z direction, i.e., E(r, t ) = Ex ( z , t )xˆ and H (r, t ) = H y ( z , t )yˆ . Then
Maxwell equation has the following form
∂H y
∂t

=−

1 ∂Ex
μ0 ∂z

1 ∂H y 1 ∂Px
∂Ex
=−
−
ε 0 ∂z ε 0 ∂t
∂t

(6.1)

where μ0 and ε 0 are the permeability and permittivity of free space. The
macroscopic nonlinear polarization Px is equal to the ensemble average of the
expectation value of dipole moment operator for a molecule.
The medium is treated quantum mechanically. If the density matrix is used, the
Schrödinger equation is replaced by the Liouville equation

∂
i
ρ nm = − [H , ρ ]nm
∂t
=

(6.2)

In the electric dipole approximation, the Bloch equation can be obtained
iE N
∂
ρlk = −iωlk ρlk + ⋅ ∑ (μ lj ρ jk − μ jk ρlj )
= j =1
∂t

(6.3)

The diagonal elements ρ nn expresses the probability that the system is in energy
eigenstate n . The off-diagonal elements ρ mn involves the “coherence” extent between
level n and m . Add phenomenological damping terms: γ 22 , γ 12 and γ 21 , and let
Δμ = μ 22 − μ11 , u = ρ12 + ρ 21 , v = i ( ρ 21 − ρ12 ) and d = ρ 22 − ρ11 , we have

Δμ
∂u
= −γ 12u − ω0v +
Ex v
∂t
=
∂v
μE
Δμ
= −γ 21v + ω0u + 2 x d −
Exu
∂t
=
=
μE
∂d
= −γ 22 (d + 1) − 2 x v
∂t
=

(6.4)
(6.5)
(6.6)

where ω0 = ω12 is the frequency difference of two levels and μ = μ12 = μ 21 is the
transition dipole moment between two states. d denotes the population difference of two
levels. We take the (6.1) and (6.4-6.6) as our Maxwell-Bloch equations for simulating
propagation of pulse in closed two-level molecules. The connection between Maxwell
and Bloch equations is the polarization Px
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∂Px
NΔμ
= −γ 22
(d + 1) − γ 12 Nμu − Nμω0v
∂t
2

(6.7)

where N is molecular number density.
The predictor-corrector finite-difference time-domain (FDTD) technique of
Ziolkowski [105] is often used to simulate the propagation of electromagnetic field. The
FDTD method is a numerical modeling method which is based on grid and differential
in time-domain. The character of the method is that it solves the equations in leapfrog
manner: the electric field is solved at a given instant in time, and then the magnetic field
is solved at the next instant according to Maxwell equation. This procedure is repeated
over and over again and at last the evolution of the pulse in space can be obtained.
Because the Maxwell equations and the Bloch equation are connected, they can not be
solved using the typical FDTD method. The predictor-corrector scheme has to be
applied. The concept can be expressed in the form
U inew = U iold + ΔtFi (U old ,U new )

(6.8)

The new and old values will be solved iteratively and the self-consistent will be realized
in the end. The reasonable converge value we used is 0.001%.
The pulse area at position z is defined as [106]

θ ( z) =

μ
=

∞

∫ E ( z, t )dt

(6.9)

0

−∞

where E0 ( z , t ) is the electric field envelope. The famous “area theorem” was first
introduced by McCall and Hahn in 1967[106]. It points out that the pulse area satisfies
the equation
dθ ( z ) α
= sin θ ( z )
dz
2

(6.10)

where α is the absorption coefficient related to the transition dipole moment, the
index of refraction, etc. The Beer’s absorption law is included in the theorem as a
special case.
According to the definition of the area of the pulse, the area can be enhanced by
enlarging the field amplitude and the full width at half maximum (FWHM). In Paper V,
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the spectra for three FWHMs, τ p = 2 fs , 2.67 fs; and 4 fs with fixed peak amplitude of
the electric field are simulated. See Fig. 6.10 (left: the solid lines). All three figures
show the formation of higher spectral components when the ultrashort pulse propagates
in the nonlinear medium. For τ p = 2 fs pulse, the SCG exhibits a good continuous
feature, while with larger FWHM, the continuous property of the SCG becomes much
weaker. For τ p = 4 fs ( 12π ) pulse, the higher spectral components are presented by a
series of well-resolved spectral peaks, resulting in the breakdown of the SCG. This
behavior can be explained by the uncertainty principle, which means that a wider pulse
in time leads to a narrower spectral distribution.
The effect of the permanent dipole moments on the supercontinuous spectrum is
also shown in Fig. 6.10 (the dash-dot lines). It is found that the higher spectral
components are still presented. However, the inclusion of the permanent dipole
moments introduces more oscillations in spectra, especially around the resonant
frequencies. The modulation of the SCG becomes stronger for larger area of pulse.
During the resonant propagation of large area laser pulse in nonlinear optical
medium, the foregoing splitting sub-pulse is compressed and has a high intensity.
Therefore, if the input pulse is ultrashort, for instance in order of fs, it is possible to
generate an even shorter pulse in the as range. Figure 6.10 (right) presents the evolution
of the foregoing sub-pulse at different propagating distances. In this case, at z = 24μ m ,
it can be seen a well-shaped attosecond pulse with a width of 132 as formed clearly.
For an ultrashort laser pulse, the carrier-envelope phase (CEP) becomes important in
the interaction of light with matter due to different CEP with different initial intensity
distribution of the carrier field. It is found that the CEP has an obvious influence on the
spectrum evolution of the pulses and the phase sensitivity is more obvious for large
pulse area. In comparison with the nondipolar molecule, the CPE-dependence feature is
much more evident in the dipolar molecule because the permanent dipole moment leads
to the nonlinear optical effects stronger.
If the laser intensity is much higher, the ionization process should be taken into
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account. So the effects of the time-dependent two-photon ionization on the SCG spectra
and the formation of attosecond pulses in the generalized two-level-plus-continuum
medium are also simulated. It is found that the SCG spectra and the formed attosecond
pulses are sensitive to the ionization strength.

Figure 6.10 Left: the spectra of ultrashort pulse in nondipolar medium (solid lines) and
dipolar medium with Δμ = 2.59 × 10−29 Cm (dash-dot lines) at z = 16μ m . The peak
amplitude F = 1.3 ×1010 V / m is holden. The area of the pulse is enhanced by enlarging
the FWHM τ p : (a) 2 fs, (b) 2.67 fs, and (c) 4 fs. Right: the evolution of the foregoing
sub-pulse at propagation distance for input 6π pulse with τ p = 2 fs . The permanent
dipole moment Δμ = μ = 4.18 ×10−29 Cm (solid lines) and Δμ = 0 (dash-dot lines).
(with permission)
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