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ABSTRACT
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DEGREE : DOCTOR OF PHILOSOPHY
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ADVISOR : ASSOC. PROF. SIRIPORN JUNGSUTTIWONG, Ph.D.

KEYWORDS : DONOR, ACCEPTOR, n-CONJUGATE LINKER, DYE-
SENSITIZED SOLAR CELLS, DENSITY FUNCTIONAL THEORY

This thesis deals with the design and theoretical investigation of a new series of
organic dye sensitizers to develop newly the high power conversion efficiency. The
starburst triphenylamine dyes were introduced by using carbazole and diphenylamine
moieties acting as auxiliary donor groups. The starburst triphenylamine dyes acting as
electron donor groups capped with mono- and di-substituted auxiliary donors coded as
D-D-n-A and 2D-D-n-A, respectively, were studied for the propose of comparison
with only one triphenylamine moiety as donor in the D-n-A system. Among these
architectures, the results suggested that the 2D-D-n-A system showed the largest
absorption range. We found that different types of auxiliary donors provided different
light-harvesting ability; the diphenylamine auxiliary donor can improve properties of
the better light harvesting ability. In addition, the optimized geometries showed that
adding of diphenylamine auxiliary donor provided smaller external dihedral angles
(EDA) leading to wider absorption range with strong charge-transfer character
compared to other dyes.

A series of newly designed triphenylamine-based sensitizers incorporating
a benzo-thiadiazole (BTD) unit as an additional electron-withdrawing group in
a specific donor-acceptor-n-acceptor (D-A-n-A) architecture has been investigated.
We found that different positions of the BTD unit provided significantly different
responses for light absorption. Among these, it was established that the further the

BTD unit is away from the donor part, the broader the absorption spectra, which is an
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observation that can be applied to improve light-harvesting ability. However, when the
BTD unit is connected to the anchoring group a faster, unfavorable charge
recombination takes place; therefore, a thiophene unit was inserted between these two
acceptors, providing red-shifted absorption spectra as well as blocking unfavorable
charge recombination.

We performed a theoretical investigation on a series of organic dyes incorporating
an anthracene moiety between a carbazole donor group and a cyanoacrylic acid
acceptor, in which a triple bond (TB)-modified moiety acts as a n-conjugated linker.
We found that optimized anthracene structures lay almost perpendicular to the plane of
the adjacent substituents. The introduction of a modified TB moiety significantly
decreases the dihedral angle and results in a planar structure, which extends the length
of the n-conjugated system to provide a broader absorption spectrum. Introduction of
a TB moiety into the dye structure facilitates electron transfer from the donor and
acceptor. The TB-modified dye structure has a significant effect on electron injection
from the dye sensitizer to the TiO, surface.

The effect of different electron donors and conjugate bridges on the structural,
optical, and electron transfer properties of new designed dyes were studied. The
different electron donor of fluorene, carbazole, and phenothiazine showed different
structural conformation. Fluorene and carbazole acting as electron donors provided the
planar conformation, while phenothiazine acting as electron donor provided the
butterfly conformation was found. However, these two different conformations are not
significant effect on energy level, intramolecular charge transfer property and optical
property. For the effect of conjugated-bridge, the LUMO energy level can be
significantly decreased when increased the thiophene units. In addition, the red shift of
absorption spectra was found when the conjugated bridge was extended. Our results
are suggested to be the possible reasons for the enhancement of conversion efficiency
in dye-sensitized solar cells. We hope our work could provide a theoretical guidance

for the future research of dye-sensitized solar cells.
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CHAPTER 1
INTRODUCTION

1.1 Introduction to dye-sensitized solar cells (DSSCs)
1.1.1 What is dye-sensitized solar cells?

The dye-sensitized solar cells (DSSCs) is an alternative solar cell
technology which has attracted considerable attention due to their high light-to-
electricity conversion efficiency and low production cost, since they are built from
cheaper materials than the silicon-based solar cells. Moreover, DSSCs show
distinguished advantages such as their high optical absorption extinction coefficient,
adjustable spectral wavelength response, low cost materials, and their environmental
friendly. [1] The DSSCs is a complex system composed of three main different
components of the semiconductor material often used titanium dioxide (TiOy), the dye
molecules and the electrolyte. The components of DSSCs are shown in Figure 1.1.
Based on this structure, a dye-sensitized photoanode often uses a dye-sensitized
coating with semiconductor such as TiO, and it acts as a working electrode.
An electrolyte solution, usually is organic solvent containing iodide/triiodide (I'/T'3),

and a counter electrode is a platinized conductive glass substrate.

A External load

w—g— >

2 LUMO
4

|
H\oi

Figure 1.1 The components and working principle of DSSCs [2]

CB

>

Energy level
Glass substrate
TiO, semiconductor [

Founter electrode




1.1.2 The working principle of DSSCs operations

Solar energy is converted to electric energy in the DSSCs process by first
the dye molecule absorbs a photon and gives its energy to the electron located on the
highest occupied molecular orbital (HOMO). The electron is subsequently shifted to
the lowest unoccupied molecular orbital (LUMO) called photon excitation (Process 1).
Then, the electron is injected from the LUMO to the conduction band (CB) of TiO, via
anchoring group in quickly time called electron injection (Process 2). These electrons
were collected called electron collection (Process 3) and flow through the external
load to the counter electrode called electron transportation (Process 4), at the same
time the oxidized dyes are neutralized to ground state via I'/I'; system called charge
recombination (Process 5). The molecule is then restored to the ground state, which
completes the circuit. The principle operations of DSSCs are also shown in Figure 1.1.
2]

As presented in the DSSCs process, practical DSSCs should have the
following properties; (i) organic dyes used for efficient DSSCs are required to broaden
spectral absorption with high intensity to get most of sunlight in first step, (ii) the
highest occupied molecular orbital (HOMO) energy level of the dye must be below
that of the redox couple of the I/I'3 electrolyte, and (iii) the lowest unoccupied
molecular orbital (LUMO) energy level of the dye must be above the conduction band
of the semiconductor material. [3]

1.1.3 The research for DSSCs application

After the electron has been excited to the LUMO state it is instantaneously
injected to the porous semiconductor, assuming that the rate of the injection process is
fast enough. The efficiency of DSSCs is based on the injection of electrons from dye
molecules into the conduction band of TiO,. To develop highly efficiency of DSSCs,
it has possible to do in various ways such as the development on nanoporous
semiconductor materials, or the development on the electrolyte system. [4] In addition,
the development on the research of suitable sensitizer for increasing DSSCs efficiency
has the most considerable attention. The majority of this work has centered on
ruthenium polypyridyl complex [5], where the greatest performance attained in solar-
to-electronic conversion efficiency has been 11%. However, the Ru dyes are limited

with the problem of manufacturing cost and toxicity issues. Therefore, many research



teams have attempted to increase the performance of organic dyes not only in the
synthesis laboratory, but also in the field of theoretical investigation based on
computational study for understanding mechanism of electron transfer, which is the

main target of this study.

1.2 Molecular properties
1.2.1 UV-Visible absorption process
When light is absorbed by molecules, energy from the light is used to
promote an electron from a bonding or non-bonding orbital into one of the empty anti-
bonding orbitals. The possible electron jumps that light might cause is shown in Figure
1.2.

c*(anti-bonding)

n*(anti-bonding)

n{non-bonding)

n(bonding)

o(bonding)

Energy

Figure 1.2 The diagram showing the various kinds of electronic excitation [6]

In each possible case, an electron is excited from a full orbital into an
empty anti-bonding orbital. Each jump takes energy from the light, and a big jump
obviously needs more energy than a small one. Each wavelength of light has a
particular energy associated with it. If that particular amount of energy is just right for
making one of these energy jumps, then that wavelength will be absorbed which its
energy will have been used in promoting an electron. UV-visible absorption spectra
are always given using wavelengths of light rather than frequency. That means that
you need to know the relationship between wavelength and frequency by following

equation. [6]



YN oY

where vis the frequency, c is the speed of light and A is the wavelength.
1.2.2 Fluorescence emission process

Emission is the process by which a higher energy quantum mechanical state
of a particle becomes converted to a lower one through the emission of a photon,
resulting in the production of light. [7] The frequency of light emitted is a function of
the energy of the transition. Since energy must be conserved, the energy difference
between the two states equals the energy carried off by the photon. The energy states
of the transitions can lead to emissions over a very large range of frequencies. When
the electrons in the atom are excited, for example by being heated, the additional
energy pushes the electrons to higher energy orbitals. When the electrons fall back
down and leave the excited state, energy is re-emitted in the form of a photon. The
wavelength (or frequency) of the photon is determined by the difference in energy
between the two states. These emitted photons form the element's emission spectrum.
The frequencies of light that an atom can emit are dependent on states the electrons
can be in. When excited, an electron moves to a higher energy level/orbital. When the
electron falls back to its ground level the light is emitted. Figure 1.3 shows a number
of possible routes by which an excited molecule can return to its ground or room
temperature state via unstable triplet states. The difference between positions of the
band maxima of the absorption and emission spectra of the same electronic transition

is call Stokes shift as showed in Figure 1.4.
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Figure 1.3 Diagram of absorption and emission process [8]
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Figure 1.4 The chart for absorption, emission and stokes shift [9]

1.3 Computational chemistry

1.3.1 Electronic structure theory
The heart of quantum chemistry is the famous Schrédinger equation,

Htot Frot = Eror Fiot (1.1)

here expressed in a time-independent non-relativistic form. ¥ is the total wave
function which depends on the electronic and nuclear coordinates, F is the total
energy, Hy: is the Hamiltonian of the system, containing the kinetic and potential
energy operators for all particles. In most quantum chemical calculations the Born-
Oppenheimer approximation is invoked, which separates the motions of nuclei and

electrons, so that an electronic Schrédinger equation for fixed nuclei is obtained,

Helec Fetec = Eetec Feltec (12)

which only depends parametrically on the nuclear positions. Historically, most
quantum chemical calculations have been based on the Hartree-Fock (HF)
approximation to solve the electronic Schrddinger equation. In HF theory, each
electron is described by a spin-specific one-electron function, a spin orbital

constructed as a product of a spatial orbital and a spin function, and ¥ is expressed



in the form of a single Slater determinant of spin orbitals. A set of one-electron
equations known as the Hartree-Fock equations is obtained by minimizing the energy
of the HF trial wave function based on the variational principle, which states that
a trial wave function has an energy that is higher than or equal to the exact energy.
These equations have to be solved iteratively until self-consistency using the self-
consistent field (SCF) procedure shown in Figure 1.5, because the operators in these

equations depend on the orbitals that one is seeking.
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End

Figure 1.5 Simplified flowchart of the self-consistent field procedure

In practical calculations, the Hartree-Fock orbitals can be defined as
restricted, where electrons of different spin are, pair wise, described by a common
spatial orbital, or as unrestricted where each electron has its own spatial distribution.
The HF method generates solutions to the electronic Schrédinger equation, where the
real electron-electron interaction is replaced by an average interaction. The
consequence of this replacement is that the correlation of electrons’ motion is not
described properly. The correlation of electrons having the same spin is partially
accounted for via an exchange interaction, but the correlation of electrons having
opposite spins is not described. The exchange interaction is a non-classical interaction

between two electrons with the same spin. A good description of electron correlation



is important when calculating molecular properties. Hence, it is usually required to
improve the HF description in order to obtain results that compare quantitatively, or
even qualitatively, with experimental results. There are several approaches to
systematically improve the HF approximation by including varying amounts of
electron correlation, such as Mgller-Plesset perturbation theory, configuration
interaction, coupled-cluster theory, and multiconfiguration self-consistent field theory.
For a detailed description of HF theory and electronic structure methods that go
beyond this approximation, the reader is referred to the books of Szabo and Ostlund or
Hehre, Radom, Schleyer and Pople. [10]
1.3.2 Born-Oppenheimer approximation
The atom nuclei are massive compared to the electrons. In the Born-
Oppenheimer approximation it is assumed that the electrons react instantaneously to
the movement of the nuclei. In other words, for any given atom configuration the
electrons are always located in the energetically lowest possible configuration.
Another way to explain this approximation is that since the movement of the electrons
is rapid compared to the movement of the nuclei, they “see” the change of the
locations of the nuclei as an adiabatic change in the system. With these
approximations the total energy of the system is,
iZj

Eeotal = Zi5mift 2+ 5y Ejsittr + Eetee (7)) (1.3)

|ri=r]

where 7; is the position, 7 is the velocity, m; the mass and Z; the charge of i:th ion. The
first term describes the classical kinetic energy of the ions and the second the
Coulombic interaction of the ions. The index of summation at second term is i > j to
count each ion-ion interaction only once and to exclude self-interaction. The third term
is the total energy of the electron gas in current ion configuration (the {r} stands for a
list of all positions of the ions).

The first and the second terms are more or less easy to calculate. The total

energy of the electron gas is calculated via the density functional theory (DFT). [11]



1.3.3 Density functional theory

Traditional methods for calculating the energy of the electron gas are based
on using many-electron wave functions. For N electrons, one has 3N variables to work
out.

The main drawback with the HF based electronic structure methods that
include electron correlation is that they become too time-consuming for most realistic
molecular systems. This fact is the main motivation for using density functional theory
(DFT) which has the inherent capability of treating electron correlation at a much
lower computational cost. In DFT the basic variables, the wave-function ¥ , is
replaced by the electron density, p (r) , which is a function of only 3 spatial
coordinates. The energy as well as other observables of the molecular system are
obtained from p (r) by so-called functionals. As a consequence of the two theorems of
Hohenberg and Kohn, the electron density may be considered the fundamental
variable of multi-electron theory. [12, 13]

1.3.3.1 Kohn-Sham method

Soon after the paper from Hohenberg and Kohn a practical way to
solve the density of the electron gas for the ground state was introduced by Kohn and
Sham which is briefly described in the following.

The Kohn-Sham (KS) scheme is a computational strategy for
approaching the true electron density and energy of an arbitrary atomic or molecular
system. The KS method is the basis of the majority of DFT calculations performed
today and has been employed in the present thesis. The idea behind the KS scheme
was to make use of a hypothetical reference system composed of N non-interacting
electrons in N orbitals, ¥, moving in an effective potential, 5. For this type of system,
a single Slater determinant describes the exact ground state wave function. The
optimal orbitals for the non-interacting system are obtained by solving the following

one-electron equations

1
{—§V2+vs}¥’i= & ¥ (1.4



with a Hamiltonian consisting of a kinetic energy term and an effective onebody

potential. The total electron density is the sum of the orbital densities
n
pe() = ) I# )P (1.5
i

The connection of the non-interacting electron system to a system of fully interacting
electrons is established by choosing the effective one-body potential such that the
electron distribution exactly equals the total ground state electron density of the real
fully interacting system. Even though the actual form of the exact energy functional,

E[p], is unknown, its ingredients can be expressed as

Elp] = T;[p] + Erelp] +Jlp] + Exc [p] (1.6)

Here, p is the density of the fully interacting system, and the functional forms of the
first three terms are known. The first term in equation 1.6 is the kinetic energy of a
system composed of non-interacting electrons, the second term is the potential energy
from coulombic attraction between electrons and nuclei, and the third term is the
classical electrostatic electron-electron repulsion energy. All contributions to the total
energy not accounted for by the first three terms are collected in one term, Exc[o] ,
called the exchange correlation functional. Eyc[p] formally includes all
non-classical effects of exchange and correlation, but also the portion of the kinetic
energy not cove red by 7s[o] . The exchange-correlation functional is also constructed
to correct for the self-interaction error of J[p] , which stems from the fact that the
functional form of J[p] allows for an unphysical interaction of an electron with itself.
Minimizing this energy with respect to independent variations in the orbitals (with
orthonormality constraints), results in a set of one-¢lectron equations, the KS

equations,

hes = &%  i=12..,N (1.7)
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The one-electron operator, #4gs, contains the kinetic energy, the potential due to the

nuclei, the classical Coulomb potential and the potential generated by Exc[o] :

1 Z G 1
— __p2_ A N dF + )= —=p2 + =
EKS ZV A IRA — FI |'F— 7L'| dr vXC (r) ZV veff (T)

(1.8)

The exchange-correlation potential, vyc, is defined as the functional derivative of the

exchange-correlation energy with respect to p,

BEXCU,J

vxe (F) = 3p(P)

(1.9)

Now, by comparing equation 1.4 with equation 1.7 and equation 1.8 it becomes clear
that if the one-body potential, s, in equation 4 is defined as i (r) in equation 1.8, the
system with N non-interacting electrons is transformed to a system of fully interacting
electrons. The KS equations are thus defined by setting s = s (r) in equation 4 and
the orbitals obtained from these equations are termed KS orbitals. Sincevr (r) depends
on the electron density, and hence on the KS orbitals, equation 1.8 has to be solved
iteratively in a self-consistent manner, just as in HF theory. The energy of the system
is then obtained by inserting the electron density constructed from the KS orbitals
according to equation 1.5 into equation 1.6. [12]
1.3.3.2 Density functional methods

Recently, a third class of electronic structure methods have come
into wide use: density functional methods (DFT). These DFT methods are similar to
ab initio methods in many ways. DFT calculations require about the same amount of
computation resource as Hartree-Fock theory, the least expensive ab initio methods.
DFT methods are attractive because they include the effect of electron correlation the
fact that electrons in molecular system react to one another’s moﬁon and attempt to
keep out of one another’s way in their model. Hartree-Fock calculations consider this
effect only in an average sense each electron sees and reacts to an averaged electron
density while methods including electron correlation account for the instantaneous

interactions of pairs of electrons with opposite spin. This approximation causes
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Hartree-Fock results to be accurate for some type of systems. Thus, DFT methods can
provide the benefits of some more expensive ab initio methods at essentially Hartree-
Fock coast.
1.3.4 Functionals
1.3.4.1 The local density approximation
The exchange-correlation (XC) functional contains all the errors that
are made when calculating the properties of the real system using the noninteracting

one. Kohn and Sham used the local density approximation (LDA) in their derivation,

Ex¢4[n] = f n() €xc [n](F)dF (1.10)

where the exc[n] is the exchange-correlation energy density of uniform electron gas.
The exc[n](r) has been constructed from Monte Carlo simulations. In principle the
LDA should only work when the density of the electron gas is almost homogeneous. It
has been, however, found to give very good results even when the density of electron
gas varies rapidly. [14]
1.3.4.2 Generalized gradient approximation

To take into account the changes in the density of the electron gas the
gradient of the density must be included somehow to the XC energy. In that case the
approximation is called the generalized gradient approximation (GGA). It has the

general form
E{¢A[n] = f (@), Vn(@®d*# (1.11)

Many different kinds of functional have been developed, and there is no easy way to
tell which the best is. Some work well in some situations and fail in others. Some rely
on fitted parameters to experimental data while others have been derived purely from
the theoretical basis. [14]
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1.3.4.3 Hybrid exchange and correlation functional
The explicit forms of the exact exchange-correlation functional and the
exchange-correlation potential are not known. If they were, solving the KS equations
would result in the exact ground state energy and DFT would be an exact theory. The
quality of the density functional approach thus depends on the accuracy of the chosen
approximation to Exc. The exchange correlation functional is usually divided into two

parts:

Exc = Ex + EC (1'12)

where Ey and E are functionals for the exchange part and for the correlation part of
the energy, respectively. The exchange part contains only same spin interactions while
the correlation part contains both same-spin and opposite- spin interactions. The
existing approximate exchange- correlation functionals can be subdivided according to
how the electron density is treated in the calculation of the energy. In the simplest
approximation, the local density approximation (LDA), the electron density is treated

as an uniform electron gas, and Ef24 is computed from

B0 = [ o) exclo(lar (1.13)

where the integrand, exc , is a functional depending only on the local density at a
specific point, 7, in space. The exchange part of LDA is known as the ax functional
and the correlation part is called VWN, and these functional are most useful for
systems where the real density is slowly varying (i.e. for densities resembling a
uniform electron gas), such as in large metal surfaces. In the generalized gradient
approximation (GGA), which is the main approximation for all DFT methods used in

this thesis, the exchange correlation functional has the following general form

ES64 o] = f f [, Vpld7 (1.14)
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In GGA functionals, the integrand is a functional depending not only on the local
density, but also on the gradient of the electron density. These functional are more
useful than LDA functionals for calculations on molecules since such systems have
regions where the density is far from slowly varying. Another type of DFT methods
includes a fraction of exact HF exchange energy (computed from the KS orbitals) in
addition to exchange and correlation from pure DFT functionals. These methods are

referred to as hybrid functionals, and have the general form
Ef2"™ = cEfF + (1 - ©)EPFT + ERFT (1.15)

where ¢ determines the amount of HF exchange included. In this thesis, the popular
B3LYP hybrid functional has been used for most calculations. This functional includes

20% exact HF exchange and is expressed as:
ERRYP = (1 — a)EfP4 + aEJF + BEFS® + cEXP + (1 —c)ELPA (1.16)

Here the components of the exchange part are LDA exchange (E)'EDA ), HF exchange
(EFF), and the GGA exchange functional Becke88 (Ef 8 ). The correlation part of the
B3LYP functional has contributions from LDA (EfP4), and from GGA in the
correlation functional of Lee, Yang, and Parr ( Ef? ).The three parameters a, b, and ¢
(0.20, 0.72 and 0.81, respectively) in equation 16 were determined by fitting to
experimental data including atomization energies, ionization potentials, and electron

affinities on a large set of molecules, using the correlation functional of Perdew and

Wang instead of E®Y and EF®. In addition to B3LYP, four other exchange-
correlation functionals have been employed in this thesis. These are the PBE1PBE
hybrid functional which incorporates 25% exact HF exchange, the pure BLYP and
HCTH GGA functionals and a pure GGA functional composed of exchange from
PW86 and correlation from PW91, a combination which in the following is referred to
as PW [14].
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1.3.5 Basis sets
The individual orbitals ¥, molecular or atomic depending on the
investigated system, are expanded in terms of a set of basis functions {¢y}, centered on

the nucleus or nuclei,

¥ = Zciv‘/’v 1.17)
v

where the orbital expansion coefficients, c;,, are optimized during the calculation. The
set of basis functions available for an expansion is called the basis set. These basis
functions can be Slater type orbital (STO) functions which are similar to the orbitals
obtained by the analytical solution of the Schrédinger equation for the hydrogen atom.
However, a more efficient computation of two-electron integrals is achieved with
Gaussian type orbital (GTO) functions. It is therefore more common to use so-called
contracted Gaussian functions, in which several primitive GTO functions are
combined in a fixed, predefined linear combination.

The smallest possible basis set representation is termed a minimal or single
zeta basis set and comprises only the number of functions required to accommodate all
the electrons of the atoms of the system. Doubling the number of functions, a double
zeta basis set, provides a more flexible description since there are two sets of functions
for each occupied shell of the atoms. So-called split-valence basis sets, where the
description is split into an inner component describing the core electrons with one
level of representation, e.g. minimal basis, and an outer component describing the
valence electrons with another level of representations, e.g. a double zeta basis.

This splitting is motivated by the fact that chemistry is mainly dependent on
the valence electrons, and core electrons have little influence on chemical processes.
Additional improvements of the basis set can be achieved by adding polarization
functions and/or diffuse functions. In this thesis, the majority of calculations were
performed using either Dunning’s D95V basis set or the Pople family of basis sets.

The choice of basis set is very important for the quality of the computational
results. A sufficiently flexible and well-balanced basis set must be used to obtain

accurate results, but accuracy and computational cost has to be weighted against each
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other. This trade-off becomes increasingly important to consider when large systems
are investigated [15].
1.3.5.1 Minimal basis sets
Minimal basis sets contain the minimum number of basis functions
needs for each atom, as these examples:
H: 1s
C: 1s, 2s, 2py, 2py, 2p;
Minimal basis sets use fixed-size atomic-type orbitals. The STO-3G basis set is a
minimal basis set. It use three gaussian primitives per basis function, which accounts
for the “3G” in its name. “STO” stands for “Slater-type orbitals,” and the STO-3G
basis set approximates Slater orbitals with guassian functions.
1.3.5.2 Split valence basis sets
The first way that a basis can be made larger is to increase the number
of basis functions per atom. Split valence basis sets, such as 3-21G, have two sizes of
basis function for each valence orbital. For example, hydrogen and carbon are
represented as:
H: 1s, 1s
C: 1s, 2s, 28, 2Dx, 2Dy, 2Dz, 2Px'> 2Py’> 2P7
where the primed and unprimed orbitals differ in size. The triple split valence basis
sets, like 6-311G, use three sizes of contracted functions for eack orbital-type.
1.3.5.3 Polarized basis sets
Split valence basis sets allow orbitals to change size, but not to change
shape. Polarized basis sets remove this limitation by adding orbitals with angular
momentum beyond what is required for the ground state to the description of each
atom. For example, Polarized basis sets add d functions to carbon atoms and
f functions to transition metals, and some of them add p functions to hydrogen atoms.
So far, the only polarized basis sets we’ve used is 6-31G(d). Its name indicates that it
is the 6-31G basis sets with d functions added to heavy atoms. This basis sets is
becoming very common for calculations involving up to medium-sized systems. This
basis sets also know as 6-31G*. Another popular polarized basis set is 6-31G(d,p),

also know as 6-31G**, which add p functions to hydrogen atgms-in_addition to the

d functions on heavy atoms.
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1.3.5.4 Diffuse functions
Diffuse functions are large-size versions of s- and p-type functions.
They allow orbitals to occupy a larger region of space. Basis sets with diffuse
functions are important for systems where electrons are relatively far from the nucleus:
molecules with lone pairs, anions, and other systems with significant negative charge,
systems in their excited state, systems with low ionization potentials, descriptions of
absolute acidities, and so on. The 6-31+G(d) basis set is the 6-31G(d) basis set with
diffuse functions added to heavy atoms. The double plus version, 6-31G++(d), adds
diffuse functions to the hydrogen atoms as well. Diffuse functions on hydrogen atoms
seldom make a significant difference in accuracy. [16]
1.3.6 Time-dependent density functional theory
There is also other method to calculate the excited state properties. One
method to calculate the excited state of the system is called the time dependent
density-functional theory (TD-DFT). Time-dependent density functional theory (TD-
DFT) is an extension of DFT to time dependent problems, such as a molecular
system’s interaction with a time-dependent external field. In the case of a
spectroscopic measurement of an optical absorption spectrum the external field is an
electromagnetic wave. Under these conditions, the effect on the system by the external
field is sufficiently small to allow that the system’s response is described by time
dependent perturbation theory. Within this approach, the excitations are expressed in
terms of ground state properties and excited states are not evaluated explicitly. [17]
The simplest form of the interaction of the system and the electromagnetic
wave is the electric dipolar interaction, giving the time dependent perturbation needed

to be considered, for example, the following form:

HO@) = -7~ E(¢) (1.18)

where 4 is the dipole moment operator of the electrons, and the electric field, E is
oscillating with frequency o in the simple case of monochromatic light. The linear
response of the system to such a perturbation is described by the dynamic

polarizability «(w). Since the molecules are randomly oriented in for example solution
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and gas phase, the interesting quantity for comparisons with experiments is the mean

dynamic polarizability, «'(e), a property that has the following form:

excited state

fi

alw) = )

. (1.19)

wj

where oy = E; — E, are the excitation energies and f; are the oscillator strengths, which

contain the transition dipole moments
2 R )
fi= §(El — Eo) [ Folal #1) | (1.20)

The dynamic polarizability has poles (diverges) at frequencies corresponding
to excitation energies. Hence, the absorption spectrum of a system can in principle be
obtained as the poles and residues (numerator at the poles) of the mean dynamic
polarizability.

It appears to be generally accepted that TD-DFT provides fairly accurate
excitation energies as long as low-energy transitions involving valence states are
investigated. Hybrid functionals, such as B3LYP, seem to yield slightly more accurate
results than simple GGA functionals especially for charge transfer states. [18]

1.3.7 Koopmans’ Theorem

Given an N-electron Hartree-Fock single determinant M) with occupied
and virtual spin orbital energies ¢, and ¢,, then the ionization potential to produce an
(N - 1)-electron single determinant Ny, with identical spin orbitals, obtained by
removing an electron from spin orbitals y,, and the electron affinity to produce an (V¥
+ 1)-electron electron single determinant M1y with identical spin orbitals, obtained
by adding an electron to spin orbitals y_, are just —¢, and —¢,, respectively.

Koopmans’ Therorem thus give us away of calculating approximate
ionization potentials and electron affinities. This “frozen orbitals” approximation
assumes that the spin orbitals in the (N + 1)-electron state, i.e., the positive and

negative ions if Myo) is a neutral species, are identical with those of the N-electron

state. This approximation neglect relaxation of the spin orbitals in the (N  1)-electron
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state, i.e., the spin orbitals of |N%> are not the optimum spin orbitals for |N+1%> or
'y). Optimizing the spin orbitals in the (N + 1)-electron single determinant by
performing a separate Hartree-Fock calculation on these state would lower the
energies ""'E, and “'E, thus the neglect of relaxation in Koopmans’ Therorem
calculations tends to produce too positive an ionization potential and too negative an
electron affinity. In addition, of course, the approximation of a single determinant
wave function leads to error, and the correlation effects, which one obtains in going
beyond the Hartree-Fock approximation, will produce further corrections to
Koopmans’ Therorem results. In particular, correlation energies are largest for the
system with the highest number of electrons. Therefore, correlation effects tend to
cancel the relaxation error for electron affinities. N general, Koopmans’ ionization
potentials are reasonable first approximations to experimental ionization potentials.
Koopmans’ electron affinities are unfortunately often bad. Many neutral molecules

will add an electron to form a stable negative ion [19].

1.4 Aims and scope of thesis

1.4.1 To study the structural and energetic properties of newly designed dyes (as
shown in Figure 1.6) using the computational calculations.

1.4.2 To study the effect of different hybrid functional such as B3LYP, PBE1PBE,
BHandHLYP and CAM-B3LYP on the calculated absorption spectra of newly
designed dyes.

1.4.3 To calculate and analysis the important key parameter, such as the density of
state (DOS), natural bond orbitals (NBO), free energies of injection (AG™*), and
light-harvesting efficiencies (LHE).

1.4.4 To calculate the adsorption energies of newly designed dyes using the
DMol® program in Material Studio 5.5 software suite.

1.4.5 To model the adsorption behavior of newly designed dyes on the TiO,
cluster surface cell and calculate the single point energy to determine the electron

injection phenomena.
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CHAPTER 2
LITERATURE REVIEW

A large amount of research has been made to organic dyes for using in dye-
sensitized solar cells (DSSCs). Several research groups have developed organic dyes
and to date some of them have obtained efficiencies in the range of 5-9%. We classify

such organic dyes into 4 groups based on the role of our target molecules.

2.1 Triphenylanine (TPA) based dyes

The electron donors in organic sensitizers play a vital role in determining the
overall conversion efficiency studied by many research teams. Triarylamine was used
as an electron donor for metal-free organic sensitizers because of its excellent electron
donating capability and aggregation resistant nonplanar molecular configuration.
Employing triarylamine as electron donor, sensitizers with various conjugating units
and acceptors were investigated. J. Xu et al. [20] reported that TPA dyes with more
conjugated thiophene units (as shown in Figure 2.1) can effect on red-shifted of
absorption spectra due to the increase of the m-conjugation system, which is one of the
approaches to improve performance of organic dyes. W. Lei et al. [21] had also
studied to describe the m-spacer effect of these various units of thiophene on the
geometrical, electronic structures, and the electronic absorption spectra using density
functional theory calculations. They found that the introduction of more thiophene
units (TPA3) provides broader absorption bands and larger extinction coefficients of
dye, but it is also enlarged the distance between electron donor group and
semiconductor surface, reduced the electronic coupling, decreased the electron

injection rate and then gave rise to lower overall conversion efficiency.
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Figure 2.1 Chemical structures of the triphenylamine dyes TPA1-TPA3

Z. Ning et al. [22] reported a novel starburst triarylamine based dyes introduced
carbazole molecules into the molecule to form the D-D-n-A structure (as shown in
Figure 2.2). They found that the absorption region can be extended to a broader which
is an advantageous spectral property for light harvesting of the solar spectrum, and the
molar extinction coefficient can be enhanced comparing with the D-n-A structure.
The HOMO and LUMO energy levels of this dye are an efficient transporting material
system in terms of balance between photovoltage and driving forces for future
preparation of highly efficient dyes by matching suitable donor-linker-acceptor

components.

& donor acceptor
Q linker cn
N

& rer

donor

Figure 2.2 The triphenylamine dyes connected by carbazole forming D-D-n-A

structure



23

C. Jia et al. also [23] studied on the carbazole-triphenylamine-based dyes for
dye-sensitized solar cells using the theoretical study (as shown in Figure 2.3). They
reported the effect of different acceptors on the geometries, electronic structures, and
electronic absorption spectra ofthese dyes. The calculated results showed that these
dyes can be used as potential sensitizers for TiO, nanocrystalline solar cells together
with /I3 electrolyte. But taking the geometries, electronic structures, frontier
molecular orbital energies and electronic absorption spectra of these dyes into account

D2 should favor the best performance for DSSCs.

o

Qs Qe Qo T
me Q@f QOﬁ

Figure 2.3 Molecular structures of D1, D2, and D3

For theoretical study, C. Jia et al. [23] reported that carbazole group was used as
secondary electron donor for triphenylamine-based dyes (as shown in Figure 2.4).
The dihedral angles formed between carbazole and benzene plane are 56.15° which
can help to inhibit the close intermolecular aggregation effectively. The calculated
TDDFT-B3LYP/6-31G(d,p) absorption peak of D2 is 475.8 nm.
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HOMO LUMO

Figure 2.4 Molecular structures, optimized geometries, and molecular orbital

distribution of D2

Z. Wan et al. [24] reported that phenothiazine group was also used as secondary
electron donor for triphenylamine-based dyes (as shown in Figure 2.5). The dihedral
angles between phenothiazine and benzene are all noncoplanar, which can help to
inhibit the close =m-m aggregation effectively between the starburst structures.
The electron distributions of the HOMOs are homogeneously distributed on
phenothiazine ring. The absorption spectrum of the PTZ-1 has one intense visible

absorption band centered at 433 nm.
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Figure 2.5 Molecular structures, optimized geometries, and molecular orbital

distribution of PTZ-1

Z. Wan et al. also [25] reported that carbazole and phenothiazine groups are used
as secondary electron donor (as shown in Figure 2.6). The UV-vis absorption spectra
of the two dyes in CH,Cl; are 473 and 468 nm for carbazole and phenothiazine

respectively which may be due to the introduction of phenothiazine unit brings the
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decrease of co-planarity between the electron donor and the electron acceptor in the
ground-state, but the molar extinction coefficient of phenothiazine is higher, which is
an advantageous spectral property for harvesting the light. The excited state oxidation
potentials of two dyes are far more negative than the band edge energy of the
nanocrystalline TiO, electrode. Carbazole sensitized cell gives an overall conversion
efficiency of 3.1%, while phenothiazine sensitized cell gives an overall conversion
efficiency of 2.1%. The research results show that the inefficient electron injection
from the excited dyes into the conduction band of TiO; results in the low efficiencies

of DSSCs based on the two dyes.

HOMO LUMO
Figure 2.6 Molecular structures and molecular orbital distribution of WD-2

and WD-3

2.2 Organic dyes in D-A-n-A configuration

During the past two decades, thousands of organic sensitizers have been
developed with the D-n-A configuration, exhibiting a promising photo-to-electricity
conversion efficiency. As is well known, the n-linker segment has influences on the
photophysical and electrochemical properties to a large extent which also greatly
affects the photovoltaic performance of sensitizers. A D-A-n-A configuration was
proposed with an auxiliary acceptor between the donor and conjugation bridge to

expand the light-harvesting capability of the sensitizer for an increase in photocurrent.
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Recently, a high photovoltaic performance of WS-9 dye (as shown in Figure
2.7) nearly 9% based on a D-A-n-A configuration was reported by Y. Wu et al. [26],
and then the dyes in D-A-n-A system was received increasing attention as promising

efficient sensitizers for dye-sensitized solar cells (DSSCs).

Figure 2.7 Chemical structure of D-A—n—A sensitizer WS-9

The D-A-n-A configuration can significantly reduce the HOMO-LUMO energy
gap along with an improved light stability, highly desirable in photovoltatic
optimization of sensitizers. The auxiliary electron-donating effect between indoline
and triphenylamine (as shown in Figure 2.8) was also studied by Y. Wu et al. [27]
They reported that sensitizers bearing indoline as the electron-donating group,
a promising electron donor with priority in optimizing the absorption spectra of

sensitizers.

IS\
N\ /N NG
/ COOH
e Oaw
. WS-1

) %0
O

Figure 2.8 Chemical structures of D-A—n—A organic sensitizers WS-1 (indoline

donor) and WS-3 (triphenylamine donor)
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2.3 Anthracene based dyes

Anthracene derivatives, being among the most frequently used and most
promising chromophores, have been extensively investigated in many fields, including
organic photovoltaic devices. This is due mainly to characteristics such as intense
luminescence, their planar conjugated backbone and their linear ring system.
Moreover, many structural variations are possible in anthracene derivatives especially
in relation to the variety of substituents in reactive positions 9 and 10 of their basic

structure (as shown in Figure 2.9), which can influence their optical properties.

8 9 1
I
6 3

5 10 4

Figure 2.9 Molecular structures of anthracene

K.R.J. Thomas et al. [28] reported anthracene-based triarylamine donor and
cyanoacrylic acid acceptor (as shown in Figure 2.10). The optical spectra of the dyes
are dominated by a charge transfer transition. This band is red-shifted and increased in
intensity on elongation of conjugation by the introduction of bithiophene or
dithienylbenzothiadiazole moiety. Theoretical calcﬁlations revealed the charge transfer
to occur between anthracene and triarylamine moieties. However, in the
benzothiadiazole containing dye the charge transfer is observed between the amine
and the acceptor segment. Dye-sensitized solar cells fabricated using these dyes
showed moderate efficiency which is highly dependent on the nature of the

conjugation bridge.
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Figure 2.10 Structures of the anthracene-based dyes 5, 7 and 9

D. Heo et al. [29] reported metal-free organic dyes bridged by anthracene-
mediated n-conjugated moieties (as shown in Figure 2.11). By introducing an
anthracene moiety into the dye structure, together with a triple bond and thiophene
moieties for fine-tuning of molecular configurations and for broadening the absorption
spectra, the short-circuit photocurrent densities (Js;), and open-circuit photovoltages
(Voo) of DSSCs were improved.

Figure 2.11 Structures of the anthracene-based dyes 13

The donor-(n-conjugation)-acceptor (D-n-A) system is the basic feature for most
metal-free organic dyes due to the effective photoinduced intramolecular charge
transfer property. C. Teng et al. [30] reported appropriate m-conjugation between an

electron donor and an electron acceptor (as shown in Figure 2.12) to be beneficial to
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red shift the charge-transfer transition. Fused aromatic compounds such as anthracene

have big m-conjugations and are available as fine chemicals.

Figure 2.12 Molecular structures of metal-Free organic dyes (TC201-203, TC401-

403) bridged by anthracene-containing n-conjugations

2.4 Phenothiazine based dyes

The electron rich nature of a phenothiazine moiety provides a good relay for the
electron migration from D to A. It is worth noting that a phenothiazine-based dye
contains electron-rich nitrogen and sulfur heteroatoms in a heterocyclic structure with
high electron-donating ability, and its nonplanar butterfly conformation can
sufficiently inhibit molecular aggregation and the formation of intermolecular
excimers. Y. Hua et al. [31] reported a series of simple phenothiazine-based dyes
(as shown in Figure 2.13) that represents the highest photovoltaic conversion
efficiency value (8.18%) when compared with other reported phenothiazine-derived

dyes, and exceeds the reference N719 (7.73%) under identical fabrication conditions.

CsH1 3n0
O . coon T R=Ety
O D/\( PT-C; R =1-Hexyl
CN PT-Cs R =1-Octyl

N
]
R PT-C; R =1-Docedyl

Figure 2.13 Structures of dyes PT-Cn (n=2, 6, 8, 12)
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S. Agrawal et al. [32] investigated the phenothiazine-based organic solar cell
sensitizers (as shown in Figure 2.14) with the computational modeling to understand
the individual effects of solvation and aggregation on the dyes optical properties.
They showed that DFT/TDDFT calculations can quantify propensity of PTZ-based

dyes to form the dye aggregation on the TiO, surface.

=
S, /N'—/_/

(a) (b)
Figure 2.14 (a) Molecular structure of the CS1A dyes, and (b) optimized struc-
tures of the dyes

2.5 Dye adsorption on TiO; surface

A key process in the operation of dye-sensitized photovoltaic solar cell devices
is the charge injection from the dye molecule at the surface of the semiconductor
nanoparticle to the conduction band states. The generally accepted injection
mechanism involves photoexcitation to a dye excited state, from which an electron is
subsequently transferred to the semiconductor, typically TiO, anatase, conduction
band states called as “indirect injection”. By contrast, a mechanism involving a direct
photoexcitation from the dye to an empty state of the nanoparticle called as “direct
injection”. [33]

F. De Angeli [34] successfully studied the direct and indirect injection
mechanisms in perylene dye-sensitized solar cells using large-scale excited state Time-
Dependent DFT (TDDFT) calculations. The electron transfer accompanying
photoexcitation have clearly shown in Figure 2.15, a purely indirect injection

mechanism in 1 to a partially direct injection regime in 2.
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Figure 2.15 Optimized geometrical structures 1 and 2 adsorbed onto the (TiO;)3s

model, and their molecular orbitals

S. Agrawal et al. [35] successfully investigated the optical properties of dye-
sensitized solar cells (DSSCs) comprised of TiO, nanoparticle sensitized with two
coumarins (as shown in Figure 2.16) using Time-Dependent Density Functional
Theory (TD-DFT). The TD-DFT results suggest that both dyes exhibit direct charge

transfer to titania due to excitation.

Figure 2.16 Relative probability density at dye’s anchor and titania interface. The
larger arrow reflects the experimentally observed increase in Jy. with

the increase in the charge density



CHAPTER 3
TUNING THE ELECTRON DONATING ABILITY IN THE

TRIPHYLAMINE-BASED D-n-A ARCHITECTURE FOR HIGHLY
EFFICIENT DYE-SENSITIZED SOLAR CELLS

3.1 Introduction

Dye-sensitized solar cells (DSSCs) have been attracting wide interest after
O’Regan and Gratzel presented their high efficiency solar cell in 1991, [4] and been
considered as major topic of research with over 1000 articles being published by the
end of year 2010. [36] As reported, the DSSCs based on the organic materials acting
as a sensitizer molecule appear to be a highly promising and cost-effective candidate
for the solar cell technology because of its application of high solar-to-electricity
conversion efficiency, low costs, and the straightforward manufacturing procedures.
[2,37] Up to now, DSSCs performance has reached power conversion efficiencies
exceeding 12%, such as N3, N719 and Black dye using ruthenium sensitizers, [38] but
has limited efficiencies exceeding 10% for metal-free organic dyes. [39]

Recently, developments of higher power conversion efficiency of metal-free
organic dyes have been considered in active research projects relating to the key
component of dye sensitizer in DSSCs. The novel designed dyes with the donor-
7 conjugated-acceptor (D-n-A) system can usually achieve an efficient photovoltaic
performance. [40,41] The properties of D-n-A dyes can be easily tuned by varying
donor, [25,42,43] spacer, [44-46] and acceptor moieties.[47,48] From this perspective,
the dyes play an important role in gaining higher solar-to-electricity conversion
efficiency because the performance of DSSCs strongly depends on the following
factors which are the criteria for a good dye sensitizer: (i) Wide absorption wavelength
in visible to near infrared (IR) region; (ii) Easy electron injection from the excited
state of the dyes to the the conduction band of TiO; and (iii) Good electron transfer
from the donor to acceptor. [49] All these factors are closely associated with the

ground and excited electronic states of the dye sensitizer. However, only few research



33

groups have studied the electronic structures and photophysical properties of dye
sensitizer. [50-52]

The design for new dyes based on synthesis is usually time consuming and
expensive. As a result, combined experimental and theoretical investigations are very
important to understand the relationship between the structure, properties, and
performance of dye-sensitizers in order to design new dye molecules. Density
functional theory (DFT) is a reliable standard tool for the theoretical treatment of
molecular structures and electronic structures. [53] In addition, its time-dependent
(called time-dependent DFT or TD-DFT) can give reliable values for valence
excitation energies and absorption spectra. [54-56]

In this work, theoretical study of the electronic structures and the optical
properties of metal-free organic dyes, were carried out. The structural modification of
organic dye molecules by investigation of the effect of different donors architectures
were mainly focused to obtain high efficient dye sensitizer for DSSC applications. We
have investigated the effect of introducing more electron donor, thereby forming
D-D-n-A and 2D-D-n-A structures. [58-60] The typical procedure to add more donor
groups by introductions of more electron donors on a simple D-n-A dye system both
of mono- and di-substituted to form D-D-n-A and 2D-D-n-A dye system were
designed as can be seen in Figure 3.1. The chemical structures of the triphenylamine
based TPA dye and its derivatives are shown in Figure 3.2. In addition, the adsorption
of dyes on TiO, surface under theoretical prediction was performed. The excitation
energies were investigated with CAM-B3LYP DFT functional. Attempts to design
different number and types of auxiliary donor effecting the electronic structures and

photophysical properties of the dyes have been made.
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Figure 3.2 Molecular structures of the triphenylamine based TPA dye and its
derivatives TPA1-TPA6 dyes added more auxiliary donor

3.2 Computational details

We used the GAUSSIAN 09 software suite for all of our calculations. All
organic dyes coded TPA1-TPAG6 represented by D-D-n-A and 2D-D-n-A dye systems
were computed in comparison with the TPA dye represented by the D-n-A dye

system. The ground-state geometries were fully optimized using the Density
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Functional Theory (DFT) method combined with Becke’s three-parameter hybrid
functional and Lee-Yang-Parr’s gradient-corrected correlation functional (B3LYP)
[60] at 6-31G(d,p) level. All calculations were performed without symmetry
constraints and only in a gas phase. These optimized structures were calculated for the
first excitation energy (E; ), maximal absorption wavelength (Amax) and oscillator
strengths (f) for the 10 states by using Time-Dependent Density Functional Theory
(TD-DFT) with CAM-B3LYP [61] at 6-31G(d,p) level in dichloromethane.
Subsequently, the TD-DFT results were entered into the SWizard program [62] for the
simulation of absorption spectra of these dyes.

Furthermore, electronic transition and its character related to the absorption
wavelength is discussed in relation to the results. To gain insight into the electron
injection capability of dyes, the adsorption of dyes on the (TiO,)3s cluster was
performed with DFT calculations using DMoL? [63] program in Materials Studio
version 5.5. The structure of (TiO;)3s was comprised of 38 TiO; units which modeled
a TiO, nanoparticle, as discussed in a previous report. [59] The (TiO,)3s configurations
were fully optimized using the generalized gradient-corrected approximation (GGA)
method. The Perdew—Burke-Ernzerhof (PBE) functional was used to account for
exchange—correlation effects with the DNP basis set. The core electron was treated
with DFT-semicore Pseudopotentials (DSPPs). After optimization, the adsorption
energies (E,gs) of dyes on the (TiO,)ss cluster were obtained using the following

equation:

E,= Edye+ ETio2 - Edye+Ti02 G.1)

where E, is the total energy of isolated dye, E;, is the total energy of (TiO2)ss

cluster, and E,,,, is the total energy of dye-(TiO,)3s complexes. After applying the

above expression equation, the results of the positive value of E,q4 indicated a stable

adsorption.
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3.3 Results and discussion
The derivatives of triphenylamine-based dye in the present study, namely TPA1-
TPAG6, were theoretically investigated. These dyes composed of an electron-accepting
cyanoacrylic acid group and a m-conjugated bridge of one thiophene moiety while
there were on different electron donor groups. We aimed to see the sensitizer donor
effects on both the geometrical structures and the optical properties of the derivatives
of triphenylamine-based dye. Therefore, the introductions of more electron donors on
a simple D-n-A dye system both of mono- and di-substituted to form D-D-n-A and
2D-D-n-A dye system were designed as can be seen in Figure 3.1. The variations of
auxiliary donor are categorized into four types: (i) mono- and di-substituted of
carbazole moiety at para position of TPA core forming TPA1 and TPA2, respectively,
(ii) fluorene-connected carbazole moity forming TPA3, (iii) mono- and di-substituted
of diphenylamine moiety at para position of TPA core forming TPA4 and TPAS,
respectively, and (iv) fluorene-connected diphenylamine moiety forming TPAS.
Figure 3.2 shows the molecular structures of TPA1-TPA6 which were studied for the
purpose of comparison with a simple triphenylamines-based TPA dye. The calculated
results are presented and were based on the variation and architecture of the auxiliary
donor.
3.3.1 The optimized ground-state structures
The optimized ground-state geometries of TPA1-TPA6 dyes are shown in
Figure 3.3, and the selected dihedral angles are listed in Table 3.1. As shown, each dye
molecule was grouped into four fragments; triphenylamine (TPA) core acting as
primary electron donor (denoted as D), secondary electron donor (denoted as D or 2D)
adding to para-position of TPA core, thiophene moiety acting as m-conjugated linker
(denotes as m) and cyano acrylic acid acting as electron acceptor (denoted as A).
Furthermore, the three units of the phenyl rings on TPA donor were labeled as 1-3 as
internal rings of TPA donor for the purpose of comparison. Considering the dihedral
angles between linker bridge and electron acceptor, the optimized structures of TPA1-
TPAG6 dyes in the ground electronic state showed that these dihedral angles in column
n-A as shown in Table 3.1 were calculated as less than 1 degree, indicating that the
n-conjugated thiophene bridge was located to be coplanar with cyano acrylic acid

group acting as both the acceptor and the anchoring group on the TiO, surface. These
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coplanar structures between the linker bridge and electron acceptor led to a strong
conjugation effect as well as being effectively injected into the conduction band of
TiO; through the cyano acrylic acid group. It can be seen that the molecular
coplanarity of the linker bridge and electron acceptor was not affected by the auxiliary
donor being added at the para-position of the TPA group.

In Table 3.1, the dihedral angles of between auxiliary donor and primary
donor (D(2D)-D) were named as external dihedral angle (EDA) while the dihedral
angles between phenyl rings on the triphenylamine core (1-2 and 1-3) were named as
internal dihedral angles (IDA) to aid comparison. It is interesting to note that
introducing carbazole auxiliary donor (TPA1-TPA2), EDAs were calculated to be
about 53 degrees whereas adding diphenylamine auxiliary donor (TPA4-TPAS), EDA
were calculated to be only 38 degrees. These results indicated that diphenylamine
auxiliary donor tends to be slightly twisted to the TPA core while carbazole auxiliary
donor was significantly more twisted to the TPA core.
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Figure 3.3 The optimized ground-state geometries of TPA1-TPAG6 dyes
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Table 3.1 Selected dihedral angle (in degrees) of the triphenylamine-based dyes
added the carbazole, diphenylamine and fluorene-connected carbazole

(or diphenylamine) moieties as the secondary electron donor

Dihedral angle (°)

Dye TPA donor

D(2D)-D D-n n-A 1-2 1-3
Triphenylamine based dye:
TPA -20.76 0.93 46.80 45.62
Modified by added carbazole:
TPA1 52.88 -21.59 1.00 44.43 47.06
TPA2 53.07 (-52.09) -22.13 0.63 45.65 45.40
Modified by added fluorene-connected carbazole:
TPA3 36.97(-36.34) -21.28 0.69 46.52 43,93
Modified by added diphenylamine:
TPA4 38.64 -20.64 0.97 49.51 45.03
TPAS 38.80 (-39.18) -19.91 0.99 48.55 47.94
Modified by added fluorene-connecteddiphenylamine:
TPAG6 36.75(-35.64) -20.86 1.00 46.58 45.82

D(2D) represented to mono- and di-substituted of auxiliary electron donor
D represented to primary electron donor
7 represented to linker bridge

A represented to electron acceptor

In the case of the TPAl and TPA2 dyes, the EDAs were calculated as
approximately 52-53 degrees while calculated IDAs were about 44-47 degrees.
The larger EDAs over the IDAs in TPA1-TPA2 may significantly lead to difficulty of
electron delocalization in the m-conjugated bridge and can effectively suppress the
increase of conjugation length. In contrast, for TPA4 and TPAS dyes, the EDAs were
calculated as 38-39 degrees while IDAs were 47-49 degrees, it was found that the
EDAs were lower than the IDAs. These smaller EDAs could provide the smooth
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electron delocalization in the m-conjugated bridge resulting in an extended
n-conjugated system.

One way to reduce the large EDA of TPA2 dyes is the insertion of fluorene
connected between carbazole and the TPA donor forming TPA3 dye. This optimized
structure revealed that the external dihedral angle of TPA3 was considerably changed
from approximately 53 degrees to about 36 degrees. This indicated that the insertion of
fluorene between secondary and primary donor is an appropriate approach to the
rational design of dyes. As discussed above, if our designed dye showed lower EDAs
than the IDA, it may virtually affect the extension of electron delocalization in the
n-conjugation of the dyes. However, the insertion of fluorene connected between
diphenylamine and the TPA donor in TPA6 dye, the EDA was slightly decreased.
According to their structural properties, we may conclude that diphenylamine can
enhance the extent of electron delocalization of the sensitizer which may be used as
the efficient secondary electron donor for the dye in the D-D-n-A and 2D-D-n-A
systems.

3.3.2 HOMO, LUMO levels and the energies diagram

The additional electron donor group’s effect on HOMO and LUMO levels
were also discussed. The appropriated dyes require suitable energy levels. The LUMO
level must be sufficiently negative with respect to the conduction band of TiO, to
inject electrons effectively and the HOMO level should be more positive than the
redox potential of I'/I;” for efficient dye regeneration. To evaluate the possibility of
electron injection to the conduction band of the TiO, and electron regeneration from
the electrolyte system, the HOMO and LUMO levels of the dyes were calculated.
The energies diagram is shown in Figure 3 .4.

As shown, the HOMO levels of triphenylamine derivative TPA1-TPA6
dyes were systematically increased when adding more donor ability approaching the
redox potential of the electrolyte system. Compared with electrolyte redox potential,
these HOMO levels were below the iodine/iodide redox potential. These results show
the suitability for accepting electron efficiency from the electrolyte system to the
oxidized dye molecules. For LUMO levels, the results show that adding both
carbazole and diphenylamine moieties slightly affected the LUMO level. However, the
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LUMO levels of all dyes were above the conduction band of TiO; which is suitable for

electron injection into the CB of TiO,.
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Figure 3.4 Energy diagram of HOMO and LUMO for the triphenylamine dyes,
TiO,, and the electrolyte

In addition, comparison between the energy gap of carbazole and
diphenylamine moiety acting as auxiliary electron donor revealed that the energy gaps
of diphenylamine auxiliary donor were narrower than that of carbazole auxiliary
donor. Therefore, triphenylamine dyes with diphenylamine auxiliary donor would be
an efficient auxiliary donor to extend the absorption wavelengths of triphenylamine
dyes.

Furthermore, the isodensity plot of HOMO and LUMO levels of TPA,
TPA2 and TPAS are shown in Figure 3.5. The HOMO plot of TPA dye presents the
electron density on the triphenylamine donor. When adding more electron donor for
carbazole and diphenylamine moieties as TPA2 and TPAS respectively, the electron
densities were extended to the auxiliary electron donor and also remain delocalized on
the triphenylamine donor which exhibited the increased donating ability 2D-D-n-A
system over the D-n-A dye. While the LUMO plots of the dyes were quite similar
when adding more electron donor, they revealed that adding more electron donors can

tune up HOMO level and increase the donating ability.
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D-n-A 2D-D-n-A 2D-D-x-A

Figure 3.5 Isodensity plotted of HOMO and LUMO for the triphenylamine dyes
(TPA, TPA2, TPAS) by B3LYP/6-31G(d,p) level

3.3.3 Absorption spectra and light harvesting properties

In order to understand electronic transitions, TD-DFT calculations in the
C-PCM continuum salvation model [64] using dichloromethane solvent were
performed with CAM-B3LYP functional. The calculated transition energies of TPA1-
TPAG6 for the maximal absorption wavelength (Amax), vertical excitation energy (Eg)
and oscillator strength (f) together with the main excitation configuration are listed in
Table 3.2.

As shown, the overall calculated absorption spectra observed peak into two
regions around 270-330 and 430-450 nm. First is at higher absorption wavelength
which was assigned to an intramolecular charge transfer (ICT) from the donor part in
HOMO to the acceptor end group in LUMO. The second peak is at the lower

absorption wavelength which was assigned as n-n* transition.
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Table 3.2 Maximal absorption wavelength (Anax), €xcitation energy (E,), oscilla-

tor strength (f), electronic transition configurations of triphenylamine

dyes obtained by TD-CAM-B3LYP/6-31G(d,p) level

Dye e 4(in nm), Fe f Transition Configuration
(ex10* M*'em™) (ineV)
TPA 269, (4.25) 4.61 0.2970 0. 85(H—L+3) + 0.07(H-1-L+3)
430, (10.37) 2.88 14305 0. 80(H-L)+ 0.14(H-1->L)
TPA1 283, (5.83) 4.38 02973  0.65(H—>L+4) + 0.07(H->L+1)
429, (10.77) 2.89 1.4860 0.61(H—L)+0.21(H-1-L)
TPA2 300, (8.27) 4.13 0.8585  0.29(H—L+2) + 0.26(H-1-L) +
428, (11.16) 2.90 1.5399  0.23(H—L+4) 0.59(H—-L) +

0.25(H-2-L)
TPA3 327, (18.99) 379 23508 0.62(H—-L+1) +0.10(H-1-L+2)
435, (12.27) 2.85 16931 0.61(H—L)+ 0.14(H-2>L)

TPA4 300, (5.49) 4.13 0.5280  0.49(H—oL+2) + 0.19(H->L+1) +
441, (10.47) 2381 1.4444 0 14(H-L+3) 0.60(H-L) +
0.25(H-1-L)
TPAS 317, (6.95) 3.91 0.6495 0.45(H-1-L) + 0.29(H-L+2) +
453, (10.58) 274 14596  0.12(H-L+3)0.65(H—>L) +
0.24(H-2-L)

TPA6 336, (21.15) 3.69 2.4086  0.54(H-L+1) + 0.21(H-1-L+2)
438, (12.25) 2.83 1.6916  0.40(H-2—-L) + 0.36(H—>L) +
0.14(H-3-L)

Comparing the absorption maxima of the dyes in aspect of three
architectures (D-n-A, D-D-n-A and 2D-D-n-A), the calculated results show the
2D-D-n-A system to have a more broadening region. Furthermore, the presence of
fluorene moiety between primary donor and auxiliary donor (carbazole and
diphenylamine moieties) in order to extend the conjugation length was found.

The calculated Amax were 435 and 438 nm for TPA3 and TPAG6, respectively. The
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presence of fluorene moiety in carbazole end-capped molecule (TPA3) was slightly
red-shifted around 7 nm compared to TPA2 with no fluorene moiety, while the
presence of fluorene moiety in diphenylamine end-capped molecule (TPA6) was
blue-shifted about 15 nm compared to TPAS. We can conclude that the presence of
fluorene moiety does not effect the extension of the conjugation length as expected.
Therefore, in this section the details of 2D-D-n-A absorption spectra with different
electron donor groups compared to the D-n-A reference is discussed. The simulated
UV-vis absorption spectra of TPA, TPA2 and TPAS dyes are shown in Figure 3.6.

For carbazole auxiliary donor, the maximal absorption wavelengths of
TPA2 dye was calculated as 428 nm. Its electronic transition was assigned as mixed-
transition in terms of linear combination between 0.59(HOMO—LUMO) and
0.25(HOMO-1-LUMO). In the case of the diphenylamine moiety, the UV-Visible
spectra of TPAS dye exhibited at 453 nm. This absorption peak was assigned as
combined transition of 0.65(HOMO—LUMO) and 0.24(HOMO-2 —»LUMO). As
mentioned above, this absorption region was assigned as intramolecular charge
transfer (ICT) which was confirmed by the computed difference in electronic density
between ground- and the first excited-state, for instance TPA, TPA2 and TPAS dyes
as depicted in Figure 3.7.

1.5x10°
——TPA

——TPA2
—— TPAS|

1.0x10° -

5.0x10"

Absorption intensity (a.u.)

250 300 350 400 450 500 550 600
Wavelength (nm)
Figure 3.6 Simulated absorption spectra of the triphenylamine dyes (TPA, TPA2,
TPAS) at the CAM-B3LYP/6-31g(d,p) level in dichloromethane

solution
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2D-D-1-A

Figure 3.7 The charge density difference between the ground- and first excited-
state of TPA, TPA2 and TPAS dyes

The purple and yellow refer to an increase and a decrease of electronic
density, respectively. As revealed, these three dyes show the decrease of electron
density on the entire molecule and particularly on the carbazole- or diphenylamine-
substituted auxiliary donor and TPA donor, while the increasing of electron density
was mainly on the linker as well as acceptor group. The computed structures clearly
show the strong charge-transfer character of the dyes as the electron densities were
separated; depleted on the donor and auxiliary donor groups, while increased on the
bridge and acceptor groups. These separated electron densities between donor and
acceptor in part provided the driving force to push forward and control the direction of
electron from donor and auxiliary donor directly to the acceptor part. We could
conclude that adding more electron donating groups enhanced the donating ability of
the triphenylamine dyes.

Generally, the dyes with broader absorption spectra and higher extinction

coefficients are expected to have higher photo-to-current efficiency. When comparing
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TPA2 and TPAS dyes with TPA dye, the results clearly show that the absorption
wavelength of TPA2 was negligibly blue-shifted (a.u. 2 nm) while the absorption
wavelength of TPAS was large red-shifted by approximately 23 nm. This red-shift on
calculated absorption results indicated that using the diphenylamine group as auxiliary
donor instead of the carbazole unit can significantly improve the wide absorption
wavelength in visible light to near infrared (IR) region as one of the key factors of
a good dye sensitizer.

To understand the reason why adding the diphenylamine group can provide
the red-shift on absorption spectra, the optimized structures of the dyes are discussed.
When comparing the calculated absorption wavelength of the dyes with their
optimized structures, the results show that the dyes, which have a lower EDA than the
IDA, can exhibit the red-shift of absorption spectra because the conjugation length of
those dyes can be extended. For instance, with TPAS dyes, the EDA is around
38 degrees and the IDA is around 49 degrees. This can enhance the extension of
electron delocalization over the whole molecule indicating that TPAS dyes have the
red-shift of absorption wavelength resulting in a good light harvesting ability.

3.3.4 Adsorption of dyes on (TiO,)3s cluster

In order to study the effect of different auxiliary electron donating groups on
the adsorption property of triphenylamine-based dyes onto the titanium dioxide (TiO,)
surface, we carried out the TPA2 and TPAS dyes adsorbed on (TiO;);3 surfaces as the
complex structures of dye-TiO, for comparison of different electronic donating ability,
the carbazole and diphenylamine as auxiliary electron donating groups were added as
shown in TPA2 and TPAS, respectively. These two dyes shared the same anchoring
group of cyanoacrylic acid. It is well known that the most favorable adsorption
configuration of cyanoacrylic acid is the bidentate bridging adsorption. [65,66]
Therefore, we only modeled the bidentate bridging adsorption mode of TPA2 and
TPAS dyes in the complex structures of dye-TiO,. The relaxed dye-TiO, structures
were calculated using the PBE functional together with the Double-Numerical as
implemented in the DMoL> program of the Material Studio software suite. The
optimized structures of dye-(TiO,)ss structures are shown in Figure 3.8. Both of the
two dyes showed the bond distances between 5c-Ti and O atom of dyes to be in the
range of 2.06-2.18 A. The adsorption energies (Eaq) of TPA2 and TPAS dyes on
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TiO, surface were calculated to be 21.98 and 22.19 kcal/mol respectively, indicating

the strong interactions between the dyes and the TiO, surface.

Figure 3.8 Relaxed structures of triphenylamine based dyes, (a) TPA2; (b) TPAS,
adsorbed on (Ti0,)3s surfaces by DMoL.? calculation

LUMO+13 LUMO+17 LUMO+21

Figure 3.9 MOs of TPAS adsorbed on (Ti0O,);3 surface related to the transitions
calculated by TD-CAM-B3LYP/6-31G(d)
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HOMO LUMO+13 LUMO+17 LUMO+21

Figure 3.10 MOs of TPA2 adsorbed on (TiO;)ss surface related to the transitions
calculated by TD-CAM-B3LYP/6-31G(d)

Besides, in order to investigate the mechanism of electron injection from
dyes into TiO; surface using the DFT/TD-DFT calculations as implemented in the
Gaussian09 program. The excitation energies and the electronic transitions were
summarized in Table 3.3 and the frontier molecular orbitals of excited-state structures
of dye-(TiO,)ss for TPAS were shown in Figure 3.9, and for TPA2 see in Figure 3.10.
There is a very similar trend between TPAS and TPA2 dyes, therefore we only
discuss the TPAS dye. The highest oscillator strength of 1.5539 for TPAS dye was
assigned as the linear combination of 0.24(H—L+21) + 0.23(H—-L+17) - 0.18
(H—L+12). The HOMO level for TPAS showed the electron density located on the
triphenylamine group extend to carbazole and diphenylamine respectively, whereas
the LOMO+12, LUMO+17 and LUMO+21 level for TPAS showed the electron
density mainly located on TiO, surface and anchoring group of dyes. These
compositions of three electronic transitions for two dyes, as shown in Figure 3.9
strongly indicated that when the intramolecular charge transfer was initially
performed, electrons moved from auxiliary donor to the anchoring group via
thiophene-bridging then jumped onto the TiO, surface. These calculated results,
indicated that both of the auxiliary electron donor diphenylamine and carbazole groups
can perform an excellent electron injection from triphenylamine dyes into the TiO;
surface, which may improve the photo current as well as the conversion efficiency of
the DSSCs cells.
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Table 3.3 The excitation energies, oscillator strengths, and molecular composi-
tions for the three lowest states of dyes adsorbed on (Ti0O;)3s surfaces
calculated by TD-CAM-B3LYP/6-31(d) level of theory

Excitation Oscillator
Dyes State Assignment
energy (eV, nm) strength (f)

0.21(H—L+13) - 0.21(H—L+21)
TPA2 So— S  2.82(440)  1.8222

+0.21(H—L+17)
Se—S;  3.15(393)  0.0000 0.70(H—L)
So—S;  3.37(368)  0.0017 0.55(H—L+1) + 0.25(H—L+4)

0.24(H—L+21) + 0.23(H—L+17)
~0.18(H—L+12)
Se—S;  2.64(449)  0.0000 0.70(H—L)
So—S;  2.89(429)  0.0030 0.64(H—L+1) + 0.19(H—L+4)

TPAS Sp— S, 2.54 (488) 1.5539

3.4. Conclusions

We have analyzed the effect of different auxiliary donor groups between
carbazole and diphenylamine moieties and the insertion of fluorene moiety on the
ground-state structure, electronic structure, the absorption spectra and the adsorption
of the dye on TiO; cluster of triphenylamine based dye. Three organic dye systems
D-n-A, D-D-n-A and 2D-D-n-A were compared. According to the computational
study of these architectures, 2D-D-n-A system showed the most red-shift of absorption
wavelength. Moreover, different auxiliary donor in the 2D-D-n-A system provided
a different effect. Diphenylamine auxiliary donor provided a small external dihedral
angle (EDA) than an internal dihedral angle (IDA) resulting in the red-shift of
absorption range due to extended conjugation length. According to the calculations,
adding an auxiliary donor can significantly increase HOMO energy while slightly
effecting LUMO energy. This study gave insight into the electronic transition of
isolated dyes and dye-(TiO,)s3 clusters. The electronic transitions of the isolated dyes
were assigned as intramolecular charge transfer (ICT) character. The electronic
transitions of dye-(TiO,)3g clusters revealed the delocalized electron from the dye

directing to TiO, surface. According to our computational study, we suggested that the




50

TPAS dye, which showed the most red-shift of absorption spectra, has the best

potential to be employed as an efficient dye sensitizer in the DSSCs applications.



CHAPTER 4
MODIFICATION ON D-A-n-A CONFIGURATION TOWARD
HIGH- PERFORMANCE STARBRURT TRIPHENYLAMINE-
BASED SENSITIZER FOR DYE SENSITIZED SOLAR CELLS:
A THEORETICAL INVESTIGATION

4.1 Introduction

Dye-sensitized solar cells (DSSCs) —the exciting work reported by O’Regan and
Gritzel [4] in 1991- have attracted much attention as one of new opportunities to be
the most promising renewable energy devices due to their potential advantages of easy
fabrication, low cost and relatively high conversion efficiency. [67-69] These
advantages are vital factors to endow DSSCs as a powerful competition to
conventional silicon-based photovoltaic devices. Therefore, over a thousand articles
on DSSCs were published just by the end of year 2010. [36] The typical components
of DSSCs usually contain three important parts consisting of dye molecules adsorbed
on nanocrystalline layers of oxide semiconductor (such as TiO;), redox electrolyte
(such as iodide/triiodide couple), and a counter electrode such as platinum. [69] As the
key component of DSSCs, the sensitizers have the function of absorbing light to
excited electrons into excited states and consequently injecting electron into the
conduction band of semiconductor. Thus, the sensitizers have been attracted
considerable attention, and a large number of the modification of new sensitizers have
been designed and investigated. [70]

The modification on dye sensitizers is an effective way to tune the structural and
absorption properties which are important to gain a promising photo-to-current
conversion efficiency (7). Therefore, metal free organicsensitizerswith high molar
extinction coefficients (>5.0x10* M'cm™) have become more promising for DSSCs
than traditional ruthenium complex dyes although the power conversion efficiency (7)
of metal free organic dyes-based DSSCs —more than 10% up to now [71]- are still

lower than that of ruthenium-based —the highest record exceeding 11%. [72] As a
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result, the most important issue is to improve the broader absorbance spectrum for
metal free organic sensitizers. Recently, donor-n-acceptor (D-n-A) configuration for
metal free organic sensitizers has been widely developed because of their high molar
absorption coefficient, relatively simple synthetic procedure, and easily molecular
modification and tailoring as well as tunable optical properties. [40, 73-74]

In the past decade, various functional groups have been arranged and combined
to construct D-n-A structural organic sensitizers for DSSCs including triphenylamine,
indoline, carbazole, phenothiazine, coumarine and porphyrin based dyes. Among
them, triphenylamine (TPA), thiophene derivative and cyanoacrylic acid moieties are
the most commonly employed subunits for the electron donor, n-linker and electron
acceptor or anchoring group, respectively. Recently, Zhang et al. [75] designed and
synthesized triphenylamine-based D-n-A sensitizers with combination of thiophene
unit and cyanoacrylic acid that exhibiting a high power conversion efficiency of 9.8%.
On the basis of this model, the sensitizers were further developed by introducing
additional electron withdrawing between the donor and =n-linker to construct a new
configuration defined as D-A-n-A.

A series of high-performance organic dyes with D-A-n-A architecture used in
DSSCs have been reported by Zhu et al. [76] These D-A-n-A dyes containing
additional electron withdrawing exhibited better conversion efficiencies relatively to
traditional D-n-A dyes. On the basis of the D-A-n-A configuration, indoline moiety is
so far used as an electron donor with high performance. It had been proved that
indoline moiety is stronger electron-donating ability than triphenylamine. However,
introducing starburst TPA structure as a donor in D-A-n-A dyes is one of the common
strategies to suppress the improper charge recombination. This bulky-starburst shape
can prevent the electrolyte from approaching the surface of TiO, and also suppressing
the undesirable molecular aggregation subsequently, enhancing J;. and ¥V, and
providing better device performance. In recent years, it has been found that the
triphenylamine (TPA) derivatives are desirable for organic sensitizers in D-n-A
system. Therefore, it is quite interesting to develop triphenylamine-based dye by
structural modification on triphenylamine donor moiety to higher efficiency used in

D-A-n-A configuration.
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In this article, we reported the molecular design of eight organic dyes TPA1 -
TPAS8 shown in Figure 4.1 that contain triphenylamine derivatives as the electron
donors (denoted as D), bithiophene units as the n-conjugated linker (denoted as ©) and
a cyanoacrylic acid as the electron acceptor or anchoring group (denoted as A). The
electron donors and m-conjugated linker were bridged by an electron deficient
benzothiadiazole fragment (denoted as A) to construct a novel specific donor-
acceptor-n bridge-acceptor (D-A-n-A) configuration. A series of novel triphenylamine
derivatives with additional auxiliary donor as well as with different linker bridge types
have been developed as promising candidates to tune up the donating ability expected

to broaden the absorption ability.
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Figure 4.1 Chemical structures of studied organic dyes: simple D-n-A and
D-A-n-A dye architectures of (a) the triphenylamine-based dyes with

different electron donating ability and (b) the dyes with different
BTD unit positions
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4.2 Computational details

We used the GAUSSIANOQ9 software suite for all of our calculations. The new
modified triphenylamine-based dyes namely TPA2-TPAS8 represented to D-A-mn-A
dye architecture were computed in comparison with the TPA1 represented to the
simple D-n-A dye system. The ground-state geometries were fully optimized using the
Density Functional Theory (DFT) method combined with Becke’s three-parameter
hybrid functional and Lee-Yang-Parr’s gradient-corrected correlation functional
(B3LYP) at 6-31G(d,p) level. All calculations were performed without symmetry
constraints and only in gas phase. These optimized structures were calculated for the
first excitation energy (E; ), maximal absorption wavelength (Ama) and oscillator
strengths (f) for the 10 states by using Time-Dependent Density Functional Theory
(TD-DFT) with CAM-B3LYP at 6-31G(d,p) level in dichloromethane. Subsequently,
the TD-DFT results were entered in to the SWizard program for the simulation of
absorption spectra of these dyes.

Furthermore, electronic transition and its character related to the absorption
wavelength are discussed in relation to the results. To gain insight into the electron
injection capability of dyes, the adsorption of dyes on the (TiO;)33 cluster was
performed with DFT calculations using DMo!® program in Materials Studio version
5.5. The structure of (Ti0O,)33 was comprised of 38 TiO; units which modeled a TiO,
nanoparticle, as discussed in a previous report. The (TiO;)ss configurations were fully
optifnized using the generalized gradient-corrected approximation (GGA) method. The
Perdew—-Burke-Ernzerhof (PBE) functional was used to account for exchange—
correlation effects with the DNP basis set. The core electron was treated with DFT-
semicore Pseudopotentials (DSPPs). After optimization, the adsorption energies (Eags)
of dyes on the (Ti0,)33 cluster were obtained using the following equation:

E = ane + ETio2 - Eaj'e+Ti02 (4.1)

where E, is the total energy of isolated dye, E; is the total energy of (TiOz)ss

cluster, and E,,.r is the total energy of dye-(TiO2)3s complexes. After applying the
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above expression equation, the results of the positive value of E,4 indicated a stable

adsorption.

4.3 Results and discussion
4.3.1 Effect of incorporating benzothiadiazole (BTD) moiety

In the first part, we compared TPA1 dye represented to a simple D-n-A
system and TPA2 dye which the BTD unit was introduced and considered as an
additional electron accepting unit represented to the D-A-n—A configuration. The
effect of incorporating BTD moiety on frontier molecular orbitals was analyzed. As
shown in Figure 4.2, TPA2 dye showed the calculated HOMO level of -4.88 eV
slightly shifting up 0.26 eV compared to HOMO level of TPA1 dye. Furthermore, it is
worth to note that the BTD unit greatly influences to stabilize LUMO levels of -3.81
eV by dramatically shifting down 1.08 eV compared to LUMO level of TPA1 dye.
These indicate that the HOMO and LUMO levels are quite sensitive with BTD unit.
According to these observations, the higher HOMO level of TPA2 dye possibly leads
to sufficient driving force for dye regeneration, whereas the lower LUMO level might
be useful for electron injection. Moreover, the increased HOMO and decreased
LUMO in TPA2 dye incorporating of BDT resulting in the decreased HOMO-LUMO
gap which may facilitate to red-shift and broad of the charge transfer (CT) band of

absorption spectra.

Energy (eV)
IS
=

-6.00 —]

TPA1 TPA2

Figure 4.2 Calculated HOMO-LUMO levels of TPA1 and TPA2 dyes using
B3LYP/6-31G(d,p) calculation
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The effect of incorporating BTD moiety on UV-vis absorption spectra was
subsequently analyzed. The excitation energies of TPA1l and TPA2 dyes were
calculated by using time-dependent density functional theory (TDDFT) at CAM-
B3LYP/6-31G(d,p) calculation. The calculated excitation energies and the
corresponding transition assignments were listed in Table 4.1. As shown, our
simulated results show that the CAM-B3LYP functionalgives the excitation energies
of TPA1 dye at 464 nm, excellently agree with experimental measurement of 473 nm
from Justin Thomas and coworker.

The simulated adsorption spectra and the illustration of main electronic
transition of TPA1 and TPA2 dyes were shown in Figure 4.3. The UV-Vis absorption
spectra above 400 nm correspond to ICT transition. It has been observed that the
presences of a BTD unit in TPA2 dye significantly red-shifts its CT absorption band
by 40 nm relative to TPA1 dye. Moreover, the adding of BTD unit results in red-shift
in 50 nm for absorption threshold indicating greatly enhances the sensitizer light-
harvesting in the long wavelength region. The CT band of TPA1 dye is a combination
of (H-L), (H-1-L) and (H—L+1), similarly, the combination in TPA2 dye are also
(H-L), (H-1-L) and (H>L+1) as appear in TPA1 except the additional transition of
HOMO-2 to LUMO+1. Considering on schematic illustrations of the charge transfer
transition as shown in Figure 4.3, the main transitions for two dyes are from HOMO to
LUMO orbitals which are corresponding to electron transfer from donor to anchoring
group. It has been observed that adding of BTD moiety, the transition from HOMO-2
to LUMO+1 which is corresponding to electron transfer from donor to BTD additional
acceptor has been performed. These indicate that BTD moiety can facilitate the
electron transfer from donor to BTD additional acceptor, and then go through
anchoring group in the D-A-n-A configuration, Figure 4.3 shows red-shifted CT band
and stronger CT character in TPA2.



Figure 4.3
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Table 4.1 Calculated excitation energies (E), oscillator strengths (f), and

compositions in terms of molecular orbital contributions of TPA1-

TPAS dyes obtained under TD-CAM-B3LYP/6-31G(d,p) level in

CHCl,
Dyes state E (eV, nm) f Main compositions
TPA1 Sy—S; 2.67(464.3) 1.7226 0.57 (H~»L)-0.37 (H-1-L)-0.15
(473)° (H->L+1)
oS, 3.62(342.4) 0.0387  0.51 (H-1->L)-0.32 (H->L+1) +0.26
(H—L) -0.18 (H-2—>L) -0.12 (H-4—L)
+0.10 (H->L+3)
TPA2 Sy—»S; 2.46(504.1) 1.8731 0.53 (H~»L)+0.38 (H-1-L) +0.19
(HoL+1)
L0.15 (H-2—L+1)
Se—>S;, 3.03(408.9) 0.1909 0.48 (H->L+1)-0.37 (H-1-5L) +0.22
(H-2->L+1) -0.22 (H-3—L) +0.10 (H—>L)
TPA3 S-S, 2.40(515.8) 1.8823 0.47 (H-2-L)-0.43 (H-»L)-0.20
(H->L+1)+0.11 (H-6—>L+1) +0.11
(H-3—>L+1)
oS, 2.94(4222) 02638 036 (HoL+1) +0.35 (H-2-L) +0.29
(H-3oL) +0.25 (HoL) -0.24 (H-2-L+1)
-0.13 (H-6->L)
TPA4 Sy—>S; 2.36(5259) 1.7988 0.45 (H-2—>L) +0.42 (H-L) +0.21
(H—>L+1) 0.16 (H-3—L) +0.13
(H-2—L+1) +0.12 (H-6 —>L+1)
S-S, 2.87(432.0) 03428 035 (H-3->L)-0.33 (H-2-L) +0.31

(HoL+1)+0.31 (H-L) +0.18
(H-2-L+1) +0.13 (H-6>L)
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Table 4.1 Calculated excitation energies (E), oscillator strengths (f), and
compositions in terms of molecular orbital contributions of TPA1-
TPAS dyes obtained under TD-CAM-B3LYP/6-31G(d,p) level in
CH,Cl; (Continued)

TPAS S¢—S; 2.22(558.3) 1.6965 0.47 (H-2—L)+0.44 (H-L)-0.21
(H-3-L)
So—S,; 2.88(430.6) 0.1424 (.50 (H—>L)-0.33 (H-2->L) +0.32
(H-3-L) +0.12 (H-6>L)
TPA6 S¢—S; 2.14(580.2) 1.7109 0.48 (H-2—L)+0.42 (H-L)-0.24
(H-3-L) +0.11 (H>L+2)
So—S; 2.75(451.4) 0.0506 0.54 (H-L)-0.32 (H-2->L) +0.27
(H-3-L)-0.14 (H-6>L)
TPA7 S¢—S; 2.43(510.5) 19413 0.48 (H-2—L)+0.35 (H-L)-0.24
(H-3-L) -0.16 (H-2—»>L+1) +0.12
(H-L+2)-0.11 (H->L+1)
Sp—S; 3.08(402.0) 0.0143  0.50 (H-L) +0.27 (H-2—>L) +0.26
(H-3-L) +0.20 (H->L+2) +0.17
(H-4-L)
TPA8 S-S, 2.18(568.1) 2.0692 0.51 (H-2—L)+0.34 (H-L) -0.25
(H-3-L)-0.11 (H-2->L+1)
So—S, 2.83(438.3) 0.0261 0.55(H—L)+0.28 (H-35L) -0.24
(H-2-L) -0.18 (H-4—L) +0.13 (HH>L+2)

® The absorption spectra were recorded in THF taken from ref [77]

In addition, a new absorption band is observed at around 420 nm for TPA2
dye incorporating with BTD unit while it disappeared in TPA1 dye. The details of the
corresponding absorption data are listed in Table 4.1. The main transition is the
excitation from HOMO to LUMO+1 which is corresponding to electron transfer from
donor to additional acceptor BTD unit. It is clearly seen that the additional band in

TPA2 dye resulted from the dramatic decreasing of secondary excitation energy (from
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3.62 eV for TPA1 dye to only 3.03 eV for TPA2 dye). In any way, a new absorption
band improves the light-harvesting of TPA2 dye which may benefit to higher
efficiency in organic sensitizers.

In brief, it is interesting to note that the advantages of the BTD unit from
above analysis confirms the designing of organic sensitizer in the novel specific D-A-
n-A configuration is outstanding than the normal D-n-A system.

To further identify the effect of incorporating BTD moiety on the adsorption
property and the mechanism of electron injection, the adsorption modeling of two
configuration dyes —one is TPA1 dye without BTD unit and another is TPA2 dye
incorporating with BTD unit- after binding to (TiO,)3s cluster were investigated under
TD-CPCM-CAM-B3LYP/6-31G(d) that can accurately predict the electron injection
of the dyes in the current study. The adsorption modeling of two configuration dyes
was simulated by PBE/DNP in Dmol® program. The optimized structures of TPA1-
and TPA2-TiO, complex dyes are shown in Figure 4.4, and the adsorption energy
(Eqds) are listed in Table 4.2. The adsorption energy (Ea4s) of TPA1- and TPA2-TiO,
complex dyes was calculated to be 22.57 and 22.20 kcal/mol, respectively. It can be
obviously seen that two configuration dyes could firmly absorb on the TiO, anatase
(101) surface. Moreover, the calculated dipole moments of these complex dyes are
listed in Table 4.2 and also shown in Figure 4.4. As shown, the calculated dipole
moments of TPA2-TiO, complex dye (40.21D) incorporating with BTD unit increases
relative to TPA1-TiO; complex dye (34.45D) without BTD unit. This indicates that
adding of BTD unit can enhance the charge transfer property in term of dipole
moments corresponding to the red-shifted of absorption property and electronic

transitions of bare dyes shown in Figure 4.3.
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Figure 4.4 Optimized structures of TPA1- and TPA2-TiO; adsorption complexes
calculated by PBE/DNP in DMoL’®

Table 4.2 The calculated adsorption energy (E,4s) and molecular dipole moment
(Debye) in perpendical direction to the TiO; surface of TPA1-, TPA2-,
TPA4- and TPA6-TiO; adsorption complexes by Dmol® calculation

Ti-O £ Dipole moment (D)
Complexes (TiO’-0) s Hx Hy H;
(Keal/mol) p*
distance (A)
TPA1- TiO; 2.13(2.15) 22.57 35.52 3.80 34.45 -1.79
TPA2- TiO, 2.12(2.13) 22.20 42.18 10.81 40.21 -6.51
TPA4- TiO; 2.12 (2.14) 26.87 73.55 1779 72.43 -9.97
TPAG6- TiO; 2.13(2.16) 25.13 75.69 9.67 74.93 -8.37

* u = the molecular dipole moment
Ux Uy and p.= dipole moment vectors in the x, y and z directions, respectively

4y is dipole moment in perpendicular direction to the TiO, surface

It is well-known that the mechanism of electron injection from the dye to
the semiconductor can be theoretically elucidated by the study of the electronic
structure of the dye adsorbed on the semiconductor, which can be classified into two

types. The first mechanism, indirect injection, involves photoexcitation to a dye
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excited state, and then an electron is transferred to the semiconductor. The second is a
direct mechanism, a one-step electron injection from the ground state of the dye to the
conduction band of the semiconductor by photoexcitation.

The electronic transitions for TPA1- and TPA2-TiO; complex dyes are
listed in Table 4.3, and their electronic structures were shown in Figure 4.5. As shown,
the strongest electronic transition with largest oscillator strength for these two dyes
was assigned to Sp—S; corresponding to the linear combination of 0.35 (H—>L+24)
+0.20 (H-1-5L+24) for TPA1-TiO; and the linear combination of 0.38 (H—>L+12)
-0.24 (H->L+10) for TPA2-TiO, complex dyes, respectively.

The HOMO-1 is delocalized over the dye, while the LUMO+12 and
LUMO+21 are distributed at the dye-(TiO;)3s interface, indicating the strong coupling
between the excited state of dye and the conduction band states of TiO,. This result
indicates that the direct injection mechanism is identified in the present dyes. These
transition characters and MOs of the dye-(TiO2)3s model system show that the
sensitization mechanism in the prototypes is an interfacial direct charge transfer
process corresponding to electron injection from the excited dyes to the conduction
band of the TiO, surface. This theoretical evidence altogether supports the direct

injection mechanism.
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Figure 4.5 Electronic transitions of TPA1- and TPA2-TiO, adsorption complexes
calculated by TD-CAM-B3LYP/6-31G(d,p) in CH,Cl,

Table 4.3 The calculated excitation energy (E), oscillator strengths (f) and
corresponding transition natures of TPA1- and TPA2-TiO; adsorp-
tion complexes obtained under TD-CAM-B3LYP/6-31G(d,p)

level in CH2Cl,
Dyes state E (eV,nm) f Main compositions
TPA1-TiO, So—S; 2.60(476)  2.1334 0.35 (H—>L+24) +0.20

(H-1>L+24)
TPA2-TIO,  Se—S; 2.24(553)  2.1583 0.38 (HoL+12) -0.24 (H—>L+10)
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As shown in Figure 4.5, the HOMO and HOMO-1 plots for TPA1-TiO;
complex dyes showed the electrons delocalized predominantly on the whole dye
molecule, while the LUMO+24 plots showed electrons mainly delocalized over the
anchoring group and (TiO;)ss cluster. This represented to the mechanism of electron
transfer from donor directly to TiO, via anchoring group. However, it is interesting to
note that there is much difference between two dyes when pay attention to the
unoccupied MOs. For the TPA2-TiO, complex dye, the LUMO+12 plot showed
electrons mainly delocalized over the anchoring group and (TiO3)3s cluster as well as
the LUMO+10 showed most of electrons moved forward to the (TiO;)3g cluster. These
two transition characters, (H—>L+12) and (H—>L+10) together with MOs of the dye-
(TiO,)33 model system showed that the sensitization mechanism in the prototypes is
also an interfacial direct charge transfer process corresponding to electron injection
from the excited dyes to the conduction band of the TiO, surface, which indicate that
TPA2-TiO; performed more ability in electron injection process with stronger ICT
character compared to TPA1-TiO; complex. This revealed that the incorporating of
additional electron acceptor BTD moiety is beneficial to facilitate the electron transfer
as well as the electron injection mechanism into the (TiO,)33 surface.

4.3.2 Effect of tuning the electron donating ability of starburst triphenyl-
amine (TPA) donor

The current sensitizers are triphenylamine (TPA) donor which is widely
used in DSSCs due to its good electron donating ability as well as its special propeller
starburst molecular structure. Therefore, many research groups have great interest of
using triphenylamine as electron donor in the field of solar cells. Recently, our group
reported the introduction of diphenylamine moiety at para position of TPA acting as
auxiliary donor to improve the donating ability of TPA donor which significantly
improved the absorption ability. For this reason, we aim to design more efficient dye
sensitizers via adding different auxiliary donor into TPA donor for a novel specific
D-A-n—-A configuration. TPA3 dye containing the diphenylamine moiety as auxiliary
donor and TPA4 dye containing a stronger donating group of bis(4-methoxyphenyl)

amine as auxiliary donor introduced at para position of TPA donor were designed to

compare with TPA2-based dye containing bared TPA donor.
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The simulated UV-vis absorption spectra for TPA2 — TPA4 dyes are plotted
in Figure 4.6 and the data are summarized in Table 4.1. According to Figure 4.6, there
are two strong absorption peaks in the UV-visible spectrum. The major absorption
band at higher absorption wavelength is around 500-525 nm and is ascribed to the
intramolecular charge transfer (ICT) from donor to anchoring part for all dyes,
whereas the additional absorption band is around 400 nm corresponding to electron
transfer from donor to additional acceptor BTD unit (see in Figure S2-S4 in supporting
information). By tuning the electron donor group, the A value of the charge transfer
band for the dyes was systematically red-shifted in the order of 504 < 515 < 525 nm
for TPA2 < TPA3 < TPA4, respectively. This phenomenon can be as ascribed mainly
due to the electron donating effect of insertion of the diphenylamine and bis
(4-methoxyphenyl) amine moieties of TPA3 and TPA4 dyes which benefit of some
steric congestion and elongate the length of n-conjugation. Thus, when compare to a
simple TPA donor (TPA2 dye), a significant red shift of the absorption spectra was
observed in TPA3 and TPA4 dyes. We found that the latter with strong donating
ability of bis(4-methoxyphenyl)amine exhibits a bathochromic shift (10 nm) of the
absorption wavelength compared to the former. Therefore, we choose our largest red
shifted dye (TPA4) as initial conformation to further finding out the position of

additional acceptor in dye molecules.
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Figure 4.6 Simulated UV-vis absorption spectra of TPA2-TPA4 dyes calculated
by TD-CAM-B3LYP/6-31G(d,p) calculation in CH,Cl,

4.3.3 Effect of different positions of BTD unit in n-conjugated bridge

Our continuous interest is to study a series of triphenylamine derivatives
with an introduction of benzothiadiazole (BTD) unit by varying different positions of
BTD into the molecular framework. The positions of BTD as an additional electron
withdrawing group are between donor and 7 conjugated in TPA4 dye denoted as Ann
linker , between n conjugated linker in TPAS dye denoted as mA= linker, and between
n-conjugated and anchoring group for TPA6 dye denoted as mmA linker. Their
absorption spectra were shown in Figure 4.7, as well as their electronic transitions
were summarized in Table 4.1. As shown, we found that the systematically red-shifted
of the major absorption band for these dyes were obviously increased in order from
526 <558 <580 nm for Ann < A7 < nrA linker, respectively. A significant red shift
of the absorption spectra can be attributed to elongate the length of n-conjugation with
planarity of dyes incorporating with BTD unit. As results, the red-shifted broadening
of the absorption spectrum to near IR region of TPA6 is desirable for harvesting the

solar spectrum and leads to a higher photocurrent.
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Figure 4.7 Simulated UV-vis absorption spectra of TPA4-TPA6 dyes calculated
by TD-CAM-B3LYP/6-31G(d,p) calculation in CH>Cl,

As shown in Table 4.1, the main electronic transitions are the combination
of 0.45 (H-2-L) +0.42 (H-L) for TPA4 dye, the combination of 0.47 (H-2—L)
+0.44 (H-L) for TPAS dye, and combination of 0.48 (H-2—L) +0.42 (H>L) for
TPAG6 dye, respectively. The HOMO plot showed electron density mainly located on
the triphenylamine and its auxiliary donor, while the HOMO-2 showed a slight higher
electron density over m-linker. Meanwhile, electron density at the LUMO is mainly
delocalized across the Anm, TAT or A linker of thiophene () and benzothiadiazole
(A) units to anchoring group. These electronic transitions exhibited the electron-
separated in D-A-n-A architecture which suggests that the HOMO—LUMO electronic
transitions corresponding to intramolecular charge transfer (ICT) character, while
HOMO-2—-LUMO electronic transitions corresponding to mixed transitions between
ICT and n-m* transitions.

As known from our results, the best BTD position is at the end of

n-conjugated bridge (nnA linker) in TPA6 dye with the largest red-shifted of the
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spectrum to absorb most of the sunlight. To further explore on how the different
behaviors of BTD positions in linker affect to the anchoring group were questioned.
TPA4-TiO; and TPA6-TiO2 complexes dyes represented to AnA and mAA linker,
respectively, were modeled and performed in DMoL? program. The adsorption
property of TPA4-TiO, and TPA6-TiO, complexes dyes was calculated. The
optimized structures of TPA4-TiO; and TPA6-TiO; adsorption complexes are shown
in Figure 4.8, and the calculated adsorption energy (Ea4s) are listed in Table 4.2. As
shown, the calculated adsorption energy (Fq4s) for TPA4-TiO, and TPA6-TiO; are
26.87 and 25.13 kcal/mol, respectively. These results indicated that TAA is slightly
weaker in adsorption energy than AmA dye. The dipole moments of these complexes
were also investigated, it is worth to note that the absorption spectra for TPA6 (580
nm) is significantly red-shifted from TPA4 dye (525 nm), therefore, we expected to
see stronger dipole moment in TPA6 as well. Unfortunately, the calculated dipole
moment after binding to TiO, surface for TPA6 (74.93D) is only slightly decreased
compared to TPA4 (72.43D), see Table 4.2. As can be seen from those values, this
indicates that the strength of charge transfer property of TPA6-TiO; complex dyes
could be decreased. It is probably due to the designing of additional BTD unit was
adjacently connected to the anchoring group (rAA) which is very close to TiO;
surface, consequently, the injected electron on the surface might be pulled back by
electron-deficient character of BTD unit. Moreover, Bauerle et al. [78] studied on
experiments of transient photovoltage/photocurrent measurements, time correlated
single photon counting technique, nanosecond laser photolysis, ultrafast transient
absorption and electrochemical impedance spectroscopy. They reported that additional
BTD unit which is placed close to the anchoring group (trAA) showed unusually fast

recombination with injected electrons in semiconductor surface.
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Figure 4.8 Optimized structures of TPA4- and TPA6-TiO; adsorption complexes
calculated by PBE/DNP in DMoL®

Therefore, we attempted to improve our best dye (TPA6) by placing away
additional BTD unit from the anchoring group with a rigid linker to block the electron
recombination between TiO; and oxidized dye. The BTD unit and anchoring group of
cyanoacrylic are separated by phenyl for TPA7 dye (denoted as A-n(P)-A) and
thiophene for TPA8 dyes (denoted as A-m(T)-A), respectively. Their absorption

spectra were shown in Figure 4.9.
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Figure 4.9 Simulated UV-vis absorption spectra of TPA6-TPAS8 dyes calculated
by TD-CAM-B3LYP/6-31G(d,p) calculation in CH,Cl,

As shown, the introduction of different rigid linker in between additional
acceptor and anchoring group affected to different of absorption wavelength as in
following order of 511 and 568 nm for the TPA7 and TPA8 dye with phenyl and
thiophene moieties as n-bridge, respectively. Compared to TPA6 dye, the absorption
spectra of TPA7 dye which adding of phenyl ring as rigid linker showed very large
blue shift. When replacing of phenyl ring with thiophene moiety as rigid linker in
TPAS dye, the absorption spectra of TPA8 dye was significantly red-shifted of 58 nm.
This is due to the more planar conformation of thiophene as n-bridge (0.27 degree)
than phenyl (32.67 degree) as shown in Figure 4.10. However, these dyes with
introduction rigid linker (phenyl and thiophene moieties) show a slightly blue-shifted
from the dye without rigid linker corresponding to the HOMOs and LUMOs level as
shown in Figure 4.11. The main electronic transitions are listed in Table 4.1 and are

also corresponding to HOMO — LUMO and HOMO-2 — LUMO as assigned as ICT

and m-m* transition.
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Figure 4.10 Comparison of optimized ground-state structures of TPA7 and
TPAS dyes
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Figure 4.11 Comparison of calculated energy level of HOMO and LUMO for
TPA7 and TPAS8 dyes compared with TPA6 dye

4.4 Conclusions

In conclusion, the triphenylamine-based dyes with D-A-n-A configuration
featuring with benzothiadiazole (BTD) unit as additional electron acceptor group were
designed and theoretically investigated. Interestingly, the incorporating BTD moiety
significantly decreased LUMO level and energy gap, while increased HOMO level
and dipole moment leading to the red shift of absorption spectra which could be
helpful to facilitate the electron transfer as well as to greatly enhance the light
harvesting ability. Consequently, the broader absorption region was achieved by the
introducing of more auxiliary donor on starburst triphenylamine moiety in the

D-A-n-A structure. Furthermore, the difference in the position of BTD moiety in
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m-conjugation spacer can also broaden the absorption spectrum to near IR region.
Although the absorption band of TPA6 dye with the designing of additional BTD unit
adjacently connected to the anchoring group was found to be red-shifted compared to
others, the calculated dipole moment was not dramatically improved owing to its fast
recombination process. However, the insertion of the planar rigid linker in between
BTD moiety and anchoring group was effectively maintained the appearance of best
character of the light absorption property as well as can be expected to block the
unfavorable charge recombination due to the further BTD position away from
anchoring group. According to our computational study, the successfully theoretical
study should be able to use as first attempt to design and screen of new efficient

organic dyes for the experimental synthesis, to save cost and time.



CHAPTER S
TRIPLE BOND-MODIFIED ANTHRACENE SENSITIZERS FOR
DYE-SENSITIZED SOLAR CELLS: A COMPUTATIONAL
STUDY

5.1 Introduction

DSSCs have received extensive attention since the first report of high-efficiency
dye-sensitized solar cells (DSSCs) by O’Regan and Gritzel in 1991, [4] DSSCs
manufacture requires relatively low-cost, facile processes compared to traditional
silicon-based solar cells. Thus, the conversion of sunlight to electricity using DSSCs is
a promising source of affordable renewable energy. During recent decades, there have
been numerous reports of DSSCs-based investigations, with over 1000 articles
published by the end of the 20" century, [36] and this trend continues to grow. Metal-
free organic-dye-based sensitizers show promise for DSSCs applications, and there is
active experimental and theoretical research into the development of organic-dye-
based DSSCs cells with high solar-to-electricity conversion efficiency.

The majority of research into metal-free organic dyes is concerned with the
design of novel dye sensitizers, which are a key component in the DSSCs working
principle to harvest solar irradiation for converting light to electricity. The metal-free
dye based on a donor-m-conjugated-acceptor (D-m-A) architecture can provide
high-efficient photovoltaic performance, the highest record exceeding 11%. [72]
A variety of electron donating groups (D) have been reported, including triarylamine,
coumarin, carbazole, fluorine, and phenothiazine. Three main electron acceptor groups
(A) are used, namely, cyanoacrylic acid, carboxylic acid, and rhodanine-3-acetic acid.

The presence of a n-conjugated linker in an organic sensitizer broadens the visible
region absorption band by extending the length of the n-conjugation system. Structural
modification of the m-conjugated linker can greatly improve DSSCs performance.
Researchers have varied n-conjugated bridges by using a series of acenes comprising

polycyclic aromatic hydrocarbons with fused benzene rings in a rectilinear arrange-
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ment. In particular, an anthracene moiety, which consists of three fused benzene rings,
shows promise as an acene-modified linker. In recent years, Fan et al. [77] reported

a series of dye sensitizers with acene-modified linkers, from benzene to pentacene.
Fan reported that the presence of an anthracene unit provided several advantages,
including good light-harvesting efficiency (LHE) and improved electron injection
properties. Thus, anthracene shows promising as a linker component to provide
a highly efficient dye sensitizer for DSSCs applications. Additionally, the anthracene
group outperforms other acene-modified linkers in the benzene to pentacene series,
with an overall efficiency of approximately 5.44%.

Generally, there are two ways to derivatize anthracene as a m-conjugated linker;
substituent groups can be introduced at either the 9,10- or the 2,6-positions on the
anthracene unit to provide alternative conjugation pathways. However, substitution at
the 2,6-positions on anthracene is less thermodynamically favorable compared to 9,10-
disubstitution, and there are few reports on the incorporation of substituents at the 2,6-
positions. Nonetheless, substitution at the 2,6-positions offers lower steric congestion
than that seen for 9,10-disubstitution, and generally maintains better planarity with the
rest of the conjugated system. A planar structure can provide a broader absorption
spectrum, leading to better light harvesting performance. The majority of previous
reports have focused on development of organic sensitizers containing 9,10-
disubstituted anthracene moieties for DSSCs. For example, Thomas et al. [28] reported
the preparation of dye sensitizers featuring 9,10-substituted anthracene linkers inserted
between triarylamine-based donor and cyanoacrylic acid acceptor units via
a conjugation pathway composed of thiophene and benzothiadiazole units. Teng et al.
[30] designed and synthesized a series of metal-free organic dyes bridged by
a m-conjugation system containing anthracene. One of the reported dyes showed
excellent power conversion efficiency of up to 7.03% under simulated AM 1.5
irradiation (100 mW/cm?). Heo et al. [29] reported the synthesis of various anthracene
mediated n-conjugated dyes incorporating triple-bond and thiophene moieties for fine-
tuning molecular configuration and for broadening the absorption spectrum. Li et al.
[21] reported a series of organic sensitizers featuring a 9,10-diaryl-substituted
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anthracene unit that facilitated the construction of high conversion efficiency solar
cells. However, all of the reported 9,10-anthracene-based sensitizers suffered severe
steric congestion between the anthracene core and the substituent aromatic rings.
Therefore, relieving the steric congestion introduced by substitution at the 9,10-
positions on anthracene has the potential to improve the power conversion efficiency
of these organic-dye-based DSSCs.

Recently, Yan et al. [79] had studied on the introduction of triple bond (TB)
moiety between an electron donor and m-conjugate linker. However, the triple-bond
insertion on this way brings to reduce open-circuit photovoltage (V) owing to faster
interfacial charge recombination. On the other hand, Yang et al. [80] had employed
TB inserted between n-conjugate linker and an electron acceptor. The results showed
that better electron injection from the excited state resulting in significantly improved
a short circuit photo current (Ji;). Thus, we believed that the triple-bond modification
is an important consideration in the future dyes design.

Theoretical studies investigating the relationships between structure, and the
properties and performance of dye sensitizers offer shorter development times and
significant cost savings over traditional synthetic approaches. Accurate first-principle
density functional calculations using supercomputing facilities are now commonly
available to research groups. Calculations are employed as a tool to design, study, and
screen dye sensitizer candidates prior to synthesis. Computer-aided rational design of
new dye sensitizers has recently seen reports from several groups, including our own
group. In this study, we aimed to develop anthracene-based dyes that incorporate
a triple bond (TB)-modified n-conjugated linker to alleviate steric congestion between
the anthracene moiety and its neighboring aromatic rings. We introduced thiophene
units at the 9- and 10- positions of an anthracene ring without TB-modification for dye
Anl, as a reference dye. For the An2 dye, we introduced a TB connector between the
9-position on anthracene and the thiophene substituent. The An3 dye incorporated a
TB group at the 10-anthracene position, and the An4 dye featured TB 9,10-
disubstitution. The molecular structures of the An1-An4 dyes are shown in Figure 5.1.
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Structural, optical, and electronic properties were investigated to identify the effects of

the different TB-substitutions on the light harvesting properties of the dyes.
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Figure 5.1 Sketch map of the studied dyes An1-An4

5.2 Computational details

All calculations on the structure and electronic properties of the isolated dyes
have been performed with the GAUSSIAN 09 program. The ground state geometries
of the modified An1-And anthracene-based dyes were fully optimized using Density
Functional Theory (DFT) with Becke’s three-parameter hybrid function and
Lee-Yang-Parr’s gradient-corrected correlation function (B3LYP) at the 6-31G(d,p)
level. All calculations were performed without symmetry constraints in the gas phase.
Optimized structures were then be used to calculate excitation energy (£g), maximum
absorption wavelength (Amax), and oscillator strength (f) for the 10 lowest energy
states in dichloromethane solvent (CH,Cl,), by applying Time-Dependent Density
Functional Theory (TD-DFT) with CAM-B3LYP at the 6-31G(d,p) level of theory.
The TD-DFT results were entered into the SWizard program for simulation of the dye

absorption spectra.
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To gain insight into the electron injection properties, the TiO; film were modeled
with a stoichiometric anatase (101) surface as the (TiO)s3s cluster, which is similar to
that described by Nazeeruddin et al. [81] This model by DFT calculations using the
DMolL? program in Materials Studio, version 5.5 has been wildly used to study
dye@TiO, adsorption and represents a reasonable choice between accuracy and
computational convenience, and nicely reproduces the main electronic characteristics
of TiO, nanoparticles. The HOMO, LUMO and HOMO-LUMO energy gap of the this
cluster are calculated to be 27.98, 23.52, and 24.46 eV, respectively, while the lowest
excitation is obtained as 3.75 eV which is reasonably higher than typical band gaps of
TiO; nanoparticles of a few nm size of 3.2-3.3 eV. The TiO; conduction band edge
was calculated at ca. -4 eV vs. vacuum, in good agreement with experimental values.
In addition, this cluster size has been comparatively tested with a relatively larger
(TiOy)g2 cluster and the both clusters shows a similar conduction band structure,
within 0.1 eV, to the corresponding periodic model. Therefore, this work we use the
(TiO,)35 cluster for representing the TiO, surface for dye adsorption.

The (Ti0,)ss configurations were fully optimized using the generalized gradient-
corrected approximation (GGA) method. The Perdew—Burke-Ernzerhof (PBE)
function was applied with the DNP basis set to account for exchange-correlation
effects. The core electron was subjected to a DFT-SemicorePseudo Potential (DSPP).
The criteria for the optimization threshold are similar to those used in our previous
reports. After optimization, adsorption energies (E,4s) of the dyes on (TiO,)ss clusters

were obtained by Equation 5.1:

E = E,t Epp - Edye+Ti02 ¢

where E,,is the total energy of the isolated dye, E, is the total energy of the

(TiO3)33 cluster, and anmz is the total energy of the dye-(Ti03)33 complex. Following

calculation, a positive E,q4s value indicates stable adsorption of the dye onto TiO,.
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5.3 Results and discussion
5.3.1 Optimized ground-state geometries

To gain insight into the molecular structures of the studied dyes, the
ground-state geometries of dyes Anl-An4 were optimized using DFT at the B3LYP
level with the 6-31G(d,p) basis set. The dyes are grouped into three parts as shown in
Figure 5.2 (a): (i) two carbazole groups (Cbz) acting as donor, (ii) different thiophene
groups (Thi), an anthracene moiety (An), or a triple bond (TB) as linker, and (iii)
cyanoacrylic acid (Cyn) as the acceptor. Figure 5.2 (b) shows optimized ground-state
geometries for Anl-An4. Table 5.1 summarizes the dye C-C bond lengths () and
dihedral angles (¢). The calculated C-C bond lengths are identical for all dyes within
the donor moiety (Cbz-Cbz) (1.42 A), between the donor and linker (Cbz-Thi)
(1.46 A), and between the linker and acceptor (Thi-Cyn) (1.43 A). The dihedral angles
formed between the two donors (Cbz-Cbz) lie approximately 60° out-of-plane from
each other, resulting in reduced dye-aggregation at the donor group. All of the
calculated dihedral angles formed between the m-linker and the cyanoacrylic acid
acceptor (Thi-Cyn) are close to zero and accordingly, these components are almost
coplanar.

To investigate the relationships between the various m-conjugated linkers
and the charge transfer properties, we examined the critical dihedral angles on the
linker moiety. From the side view of the studied dyes in Figure 5.2 (b), the presence of
an anthracene moiety as linker-bridge in the Anl dye, produces a large dihedral angle,
with the anthracene and thiophene groups almost perpendicular at the 9,10-anthracene
positions, providing significant steric effects and loss of planarity. Insertion of TB at
position 9 on anthracene in An2, at position 10 in An3, and at both 9,10-positions in
And, significantly decreases the dihedral angles compared to the Anl dye. These
observations reveal that the presence of a triple bond decreases the dihedral angles at
the 9,10-funtionalized positions on anthracene, which in turn reduces steric hindrance,
and increases planarity within the anthracene dye.

Furthermore, to describe the length of the conjugated bridge in the dye, we

define “L” as the distance of coplanarity formed between m-conjugated linker and the
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cyanoacrylic acid acceptor. The side view in Figure 5.2 (b) shows that distance L for
the Anl dye is approximately 8.18 A. Substitution with TB at 9-position in the An2
dye has little effect on L; the distance is similar to that seen for dye Anl. Insertion of
TB at position-10 in dye An3 produces a significant increase in L, to 10.72 A. This
suggests that the presence of TB at the 10-functionalized position on anthracene
extends the m-conjugation system. Position 10 is closer to the cyanoacrylic anchor than
is the 9-position, which is positioned opposite to the acceptor group. Finally, the
presence of TB groups at both the 9- and 10-positions in An4 results in coplanarity
between the anthracene moiety and the core molecule, and provides the longest L
distance of 17.53 A. The distance L is a key parameter for optimizing these anthracene

based sensitizers.



(a) - Donor : Hnker é_qup}g(:

z

{Cbz)

L 'lq ((‘hzli

(b) front view
2 “‘ 2
" S SR
8 J ;" b4
A1 34808 35377
P ?/‘\'h" 4
e,
"; 9 [ )
2 /“‘ ,0.“:..&"‘"‘
”’%‘y 3 0"0“
T »
An2 ﬁ,‘%;t 42 s,
‘A,
2 B
) @ r Wt At o
) 9 S
‘ g 22
“0".‘0 4
9 “‘
%
e AT
An4 ‘ﬂ‘l‘?,’ WN "v"’"?‘
a T3 °2 ‘;, v ‘ﬂa Y
“‘yﬂ.O%’ A
.

80

side view
e . planar :
>3 L=8.18A :
9 94 :
’* i ,
WBDIE SISHIDO

T pd -
ool @9,
$=88.83° ¢4 < ¢$=-87.57°

planar
L=1753A
$=-011°
R

L9=-005¢
~80 03 PPN

6=-040° $=0.01°

Figure 5.2 (a) The molecular structures were categorized into three parts of

donor, linker, and acceptor, (b) Optimized structures of the studied

dyes Anl - An4 calculated by B3LYP/6-31G(d,p) level of theory



81

proe o1jAroeouei)) = uk)) ‘puoq o[duy =g

‘QuaseIuUyY = Uy ‘auaydoryJ = Y], ‘o[ozeqre)) = zqD

80°0- 10°0- 110 00 0v°0 9¢'LE- 97'8S puy
S1°0- 60°0 9¢°0 6£°08 89°6¢- TL8s guvy
€10 86°06 §€0 990 T6'LT- 86'6S uy
61°0 LS'LS- €8'88 076 176§ [uy
(@) s13ue [e1payrd
€'l or'1 Il 171 0F'1 9’1 W puy
€'l or'1 'l 8'1 9’1 W £ay
€'l 8t Wi or'1 9’1 W uv
€'l 8v'1 8Y'1 9’1 Wl uy
(4) m3us puog

WML LUy M-l dLuv uv-dL gl-yL  uy-iL 129D  29D0-29D
103da00y Jjuary EEY( |

Jyumy Jouo(q

-Ryul| -Iouo(q

"A1099) Jo 9491 (d°P)D1€-9/dAIEH
34} J& PAEINI[LD FUY—[UY SIAP JO saunpdna)s pazimndo Joj (32132p P) sa[due [eapayip pue (y 4) sYI3ud] puoq pajdPs 1°SqelL




82

5.3.2 Frontier molecular orbitals (FMOs)

To further explore the effects of different n-conjugated linkers on
intramolecular charge transfer (ICT), we plotted the electron distributions in two
frontier molecular orbitals: the highest occupied molecular orbitals (HOMO) and the
lowest unoccupied molecular orbitals (LUMO). Figure 5.3 illustrates the HOMO and
LUMO frontier molecular orbitals, and the charge density differences (Ap) between
ground and the excited states. An important characteristic of electron density in the
frontier molecular orbitals is the overlap between the HOMO and LUMO. At LUMO
of Anl and An2, there are no electron distributions on anthracene unit indicating that
the HOMO and LUMO do not overlap. This suggests that ICT would not occur across
the anthracene unit for these dyes. From the An3 and An4 in Figure 5.3, the well-
overlapped HOMO and LUMO orbitals extend across the anthracene =-linker,
suggesting good induction and electron-withdrawing properties for the donor and
acceptor, respectively. Thus, we anticipate that this strong-overlapping character will
facilitate ICT between the donor and acceptor, subsequently toward to conduction
band of TiOs.

Furthermore, we performed the Ap plots revealing electron density
differences between the ground- and excited-states to provide further evidence for
ICT. The decreased (purple) mainly localized on the donor and linker parts, while the
increased (yellow) electron densities localized on the anchoring group. In regards to
the electron density delocalized throughout the entire molecular backbone, the ICT as
well as the injection mechanism are possible when transition occurs for all dyes.
The ICT property was generally accepted that is related to the dipole moment () of
the individual dye perpendicular to the surface of semiconductor. It is reasonable that
the larger p of the adsorbed dyes, the larger V... Therefore, we performed dipole
moment calculation under B3LYP/6-31G(d,p) level at the geometry of isolated dyes.
The calculated total dipole moments (1) are listed in Table 5.2. The total p of dyes
increases in the order of Anl (6.30) < An2 (7.25) < An3 (7.47) < An4 (9.52) as the
planarity changes. The largest vertical dipole moment of An4 dye is considered to

provide the great ICT property.
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Figure 5.3 The frontier molecular orbitals of HOMO (left) and LUMO (middle),
and the charge density difference between the ground- and excited-
state (right) of the studied dyes calculated under TD-CAM-B3LYP/
6-31G(d,p). The purple represents where the electrons are decreased

and the yellow represents where the electrons are increased
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5.3.3 Energy diagram

Figure 5.4 shows calculated HOMO and LUMO energy levels for dyes
Anl-An4. Importantly, the HOMO energy level is required to match with the redox
potential of the iodine/triiodide (I/I37) electrolyte system for suitable charge
recombination back to the oxidized dyes, whereas the LUMO level is required to
match with the TiO, conduction band (CB) edge for efficient injection of excited
electrons. For LUMO levels, the criterion for an efficient electron injection process
requires that the energy gap between the LUMO and the CB edge of TiO, is greater
than approximately 0.2 eV. As shown in Figure 4, the simulated LUMO levels are
-2.89, -3.14, -2.96, and -3.12eV for Anl-And4, respectively, which are greater
magnitude than the CB of (TiO;)ss cluster of -4.00 eV in the experiment. The energy
gaps between the acceptor LUMO and TiO, CB calculated to be 0.61, 0.36, 0.54, and
0.38 eV for the Anl-An4 dyes, respectively, indicating that injection of excited
electrons from the dye excited-state into the TiO, conduction band edge should be

thermodynamically favorable.
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Figure 5.4 Computed HOMO-LUMO energy levels for the studied dyes An-An4
at the TD-CAM-B3LYP/6-31G(d,p), together with the TiO-

conduction band edge and thel /I;” redox potential.
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For HOMO level, HOMO energy levels must lie below the I'/I; redox
couple (-4.80 V) for efficient electron regeneration. Figure 5.4 shows that the HOMO
energies of the studied dyes are -5.31, -5.13, -5.23, and -5.14eV for Anl-An4,
respectively. Thus, there is a sufficient driving force for fast and efficient regeneration
of the oxidized dye. Relatively large energy gaps between the LUMO energies of these
dyes and the semiconductor CB together with the low lying HOMO of the I'/I5" redox
couple would be beneficial to photovoltaic conversion.

5.3.4 Absorption spectra and light harvesting properties

To determine the dye optical absorption characteristics and electronic
transitions in CH,Cl, solvent, we performed TD-DFT calculations using the CAM-
B3LYP function under the C-PCM continuum salvation model. The calculated
maximum absorption wavelengths (Aabs), oscillator strengths (f), electronic transitions,
and light harvesting efficiencies (LHE) are listed in Table 5.2. Simulated absorption
spectra for the Anl—-An4 dyes are shown in Figure 5.5.

The dyes exhibit two major absorption regions at roughly 292-374 and
450-562 nm. We ascribe the absorption bands below 400 nm to n-n* transitions of the
conjugated molecules. Bands in the longer wavelength region greater than 400 nm
commonly arise from to ICT transitions, which are an important band for DSSCs
applications. Figure 5.5 shows that Anl exhibits Ay at 374 nm, which is below 400
nm, and thus ICT is probably absent due to the large dihedral angles measured at the
position 9 and 10 of anthracene for Anl, as discussed in Section 5.3.1.

It is interesting to compare the optical properties of the Anl dye without
TB, and the An2—-An4 dyes, which incorporate TB as a « linker. The dye A values
fall in the order An4 (562 nm) > An3 (490 nm) > An2 (450 nm) > Anl (374 nm).
The inclusion of TB in the n-conjugation chain causes red shift of the dye A5 values.
Compared to Aqps of Anl dye at 374 nm, the red shifts of the A, are calculated to be
76, 116, and 188 nm for An2, An3, and An4, respectively. These results clearly
indicate that TB significantly extends the n-conjugation length, resulting in emergence
of strongly favorable ICT. The extension of the linker conjugation length is further

confirmed by the L distance, which increases in the order An2 (8.18 A) <
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An3 (10.72A) < An4(17.53 A). And4 exhibits the broadest and most intense

absorption spectrum. Therefore, And is expected to be the most suitable dye for

DSSCs applications.
5
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Figure 5.5 The simulated UV-Vis spectra of Anl-An4 dyes using TD-CAM-
B3LYP/6-31G(d,p) model in CH,Cl; solution

We also calculated the light harvesting efficiency (LHE) to determine the
extent of light absorption and J;; values for the dyes. The LHE can be approximated by
Equation 5.2.

LHE=1-104=1-10" (5.2)

where, A(f) is the absorption intensity (oscillator strength) of the dye, associated with
Aabss Pinject is the quantum yield of electron injection, and 7t represents electron
collection efficiency. The LHE against absorption wavelength are plotted in Figure
5.6, while the calculated LHE values at maximum wavelengths are listed in Table 5.2.
An2-An4 dyes with triple bond-modified linkers show greater LHE values than the
Anl dye without TB. These results show that TB-modification can greatly improve
the light harvesting efficiency. LHE curves obviously show high efficiency of An4
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which is superior to others, and is expected to be potential sensitizers for harvesting
light in near infrared region than the other compounds. Because the LHE is
proportional to J, as shown in Equation 5.3, we expect that the An4 dye will also
have the greatest J;. value, and thus, use of And4 would provide the greatest efficiency

DSSCs.

Joe = f LHE(A) @i ject 7, e 42 (5.3)
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Figure 5.6 LHE curve of An21-And dyes along with photon flux spectrum at
ASTM-G173 AM1.5

5.3.5 Driving force (AG™™*") and the electron injections process
For electron injection processes in DSSCs, the free energy change (AG™)
is an important parameter for characterizing the rate and efficiency of the reaction.
Figure 5.7 schematically shows the free energy change (AG™®) that occurs as a result
of electron injection in a DSSCs. The initial state of the reaction is the excited state of
dye adsorbed on TiO; particles, and the final state corresponds to the injection of an

electron into the conduction band of the TiO, particle. The AG™* can be obtained
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from Equation 5.4, representing the energy difference between these initial and final
states, where Eqx* representing to the photo-induced excited states of the organic dyes
and Ecg representing to reduction potential of the TiO, semiconductor. The En* can
be computed from Equation 5.5, where E, is the redox potential of the dye in the

ground state and A,ps is the absorption energy.
AG™** = Eqe* - Ecp (5.4)
Eox® = Eox - Aabs (5.5)

Taking into account the AG™** listed in Table 5.2, we found that all AG™**
values are negative with sufficiently high AG™* values (>0.2 eV) to obtain a high
efficiency of electron injection in DSSCs, the electron injection process
thermodynamically possible (i.e., AG™* <0), confirming that the LUMO level of the
dye must lie above the TiO, CB edge. Therefore, photo-excitation should be capable
of producing sufficiently excited electrons for injection into the TiO, conduction
bands. To enable sufficient driving force for electron injection, a good overlap of the

excited states of the dye and the potential of the TiO; is crucial.
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Figure 5.7 Schematic of free energy change (AG™*") producing from the energy

difference between Eyymo and Ecg
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5.3.6 Adsorption of dyes onto a (TiO);s cluster

To further study the structure of the dye sensitizer-semiconductor interface
and the process of electron transfer from the dye sensitizer to semiconductor surface,
we modeled the Anl-, An2-, An3-, and An4-TiO; adsorption complexes (Dyes-TiO>)
using the Dmol® computer program. Figure 5.8 shows the optimized structures, and
Table 5.3 lists the adsorption energies (Fads). As shown, the optimized adsorbed-dye
structures are positioned almost perpendicular to the TiO, surface, linked by two O-Ti
bonds in a bidentate-bridging adsorption mode. The calculated E,4s values for Dyes-
TiO; are in the range 19-21 kcal/mol, indicating strong interactions between the dyes
and the TiO, surface. In addition, to consider to dipole moment of the dyes adsorbed
onto (TiO3)s3s cluster, we made the C2 axis of the carboxylate in the dye parallel to the
y-axis, and the semiconductor surface is parallel to the xz plane as shown in Figure
5.8. As shown, the calculated dipole moments along y-axis (j,) were also shown in
Figure 5.8. The py of dyes increased in the order of Anl (21.730) <An2 (24.52) < An3
(25.04) <An4 (26.02), respectively. This calculated result confirms the strong
intramolecular charge transfer (ICT) property of TB modified-linker dyes (An2, An3,
An4) over the anthracene linker dye Anl.

P
.

Anl-TiO, An2-TiO, An3-TiO, And-TiO,

Figure 5.8 Optimized structures of Anl-, An2-, An3- and An4-TiO, adsorption
complexes calculated by PBE/DNP in the DMoL?
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Table 5.3 The calculated adsorption energy (E,q4s) obtained using the DMoL?
computer program. Excitation energies (E.y), oscillator strengths (f),
and the transition compositions for Anl-, An2-, An3-, and An4-TiO;

adsorption complexes, calculated by the TD-CAM-B3LYP/3-21G

(d,p) level of theory
Complexes Eqags E, f Transition compositions
(kcal/mol) eV(nm)
Anl-TiO, 20.72 3.07 (404) 0.5570 (+0.90) H—L
An2-TiO, 19.58 3.76 (449) 1.6644 (+0.24)H—L+60(+0.24) H—L+59
An3-TiO, 19.88 2.50 (495) 2.0339 (+0.26) H-1-L+21(+0.21)
H-1-L+12
And4-TiO, 20.80 2.19 (566) 2.6740 (+0.26) H—L+9 (+0.26) H—L+20

Upon excitation, electronic coupling and electron transfer take place
between the LUMO on the dye and the CB on TiO,. Thus, it is important to analyze
the frontier molecular orbitals of the Dyes-TiO; complexes, and for the LUMO in
particular. A schematic description of the electronic structure for the free dyes, bare
TiO, and dye@TiO, system is depicted in Figure 5.9. In order to see which dye has
the electron coupling between the dye’s LUMO and the conduction band of TiO;,
there are two points of view to discuss. First is the position of electronic transition
from the ground to the excited state. Second is their electronic character before and
after excitation for confirming the electron injection mechanism. To get more insights
into the orbital charge densities for frontier molecular orbitals of the Dyes-TiO;
complexes, the optimized geometries of the Dyes-TiO; complexes from DMoL? were
further calculated the electronic transition energies with TD-DFT calculations using
CAM-B3LYP functional with the 3-21G(d) basis as implemented in the
GAUSSIANO9 program. The results are shown in Table 5.3. Figure 5.10 shows
selected isosurface frontier molecular orbitals, including HOMO, LUMO, and other
interacting orbitals of the Dyes-TiO; complexes. For the Anl-TiO; adsorption
complex in Figure 5.10 (a), the electronic transition corresponds to a HOMO—LUMO
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interaction. The HOMO electron density localizes on the Cbz-Cbz donor group, while
electron density in the LUMO is located on the TiO, surface. However, this transition
does not represent the direction. of electron transfer, because there is no electron
density located at the cyanoacrylic acid anchoring group for the LUMO of the dye
acceptor. This calculated result probably arises because of the twisted anthracene
geometry in Anl, with dihedral angles at the 9- and 10-positions that are almost
perpendicular to the cyanoacrylic acid anchoring plane (Section 5.3.1), and which

result in suppression of electron transfer.
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Figure 5.9 Schematic energy diagram of isolated An3 and An4 dyes, isolated
Ti0O;, and interacting An3@TiO,; and An4@TiO:

For the An2-TiO, adsorption complex in Figure 5.10 (b), the electronic
transition corresponds to the linear combination of HOMO—LUMO+59 and
HOMO—LUMO+60. The electron distribution of the HOMO mainly localizes on the
anthracene moiety and the adjacent carbazole unit. This calculated result is consistent
with the incorporation of TB between 9-anthracene and the carbazole donor, which
results in a significantly decreased dihedral angle between anthracene and the adjacent
carbazole group, and consequently improved electron transfer from the carbazole

donor onto anthracene. However, electron density cannot extend past the 10-position
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because of the large dihedral angle, and consequently, there is no electron density
located on the cyanoacrylic acid anchoring group for LUMO+59 or LUMO+60. Thus,
this transition also could not represent a route for electron transfer from the dye to the
Ti0O; surface.

In contrast, An3-Ti0O; and An4-TiO; adsorption complexes in Figure 5.10
(c) and 5.10 (d) with TB at positions 10 and 9,10 on anthracene, respectively, have
much smaller dihedral angles at the 10-position and are essentially planar.
Consequently, electron transfer to the TiO, surface via the cyanoacrylic-anchoring
group can occur. As shown, the HOMO-1 electron distribution for An3-TiO; and
HOMO for And4-TiO; are mainly localized on the anthracene moiety, with slight
delocalization to the anchoring group, while the patterns of LUMO+12 and
LUMO+21 for An3-Ti0,, and LUMO+9 and LUMO+20 for An4-TiQ,, show that the
electron distribution is delocalized across both the TiO, surface and the
cyanoacrylic-anchoring group. These distributions represent electron transfer from the
dye via the anchoring group to the TiO, surface as a consequence of direct electron
injection. The effects of connecting the anchoring group to anthracene at different
positions for An3-TiO; (9-position) and And4-TiO; (9,10-positions) adsorption
complexes are similar. The reason is that electron density can transfer from anthracene
to the TiO, surface through the small dihedral angle between anthracene and thiophene
at the 10-position10-position. Thus, the presence of TB plays a key role in electron

transfer and in the injection mechanism at the (TiO;);5 surface.

5.4 Conclusions

In summary, we used computational methods to design and investigate a series of
three anthracene-based dyes, An2—And, with a TB-modified n-conjugated linker and
compared these to the Anl dye without TB substitution. Interestingly, all three
anthracene-based sensitizers An2—-An4 showed significant decreases in the dihedral
angle between the anthracene unit and its substituents at the 9,10-positions, resulting

in a nearly planar molecular geometry for each dye. The presence of a planar structure



94

s ith urh

HOMO-1 LUMO+12 LUMO+21 HOMO LUMO+9 LUMO+20

Figure 5.10 Electronic transitions of a) Anl-, b) An2-, ¢) An3- and d) An4-TiO,
adsorption complexes calculated by TD-CAM-B3LYP/6-31G(d,p).

greatly affects the absorption spectra, which broadens with increasing coplanarity
distance (L). Furthermore, molecular coplanarity of with the m-conjugated linker has
a significant effect on electron distribution overlap on anthracene, which facilitates
ICT. According to calculated absorption spectra, the An4 dye exhibits a prominent
red-shift in its absorption peak, which is beneficial to its light-harvesting efficiency.
The calculated electronic transitions for the dye-(TiO,)s3s clusters revealed that dyes
bearing a TB moiety directly linked between anthracene and the anchoring group,
exhibit electron injection from the dye to the TiO, surface. These results indicate that
inclusion of a triple bond-modified n-conjugated linker in these dyes during synthesis

is necessary for the construction of high-efficiency organic sensitizers.



CHAPTER 6
THEORETICAL INVESTIGATION ON INFLUENCE OF
DIFFERENT ELECTRON DONORS AND CONJUGATE BRIEGES
IN ORGANIC DYES FOR DYE-SENSITIZED SOLAR CELLS

6.1 Introduction

Dye-sensitized solar cells (DSSCs), first presented by O’Regan and Gratzel in
1991, are the low-cost photovoltaic device to convert sunlight to electricity due to
using the low-cost materials of titanium dioxide nanoparticles compared to an
expensive material of pure silicon in traditional silicon-based solar cells. Moreover,
DSSCs are also presented the advantages of high sunlight-to-electricity conversion
efficiency as well as easy manufacturing procedures. These lead to considerable
increasing attention in scientific research resulting in numerous publications on
DSSCs investigations over 1000 articles by the end of 21st century. The challenge for
DSSCs study is to develop high solar-to-electricity conversion efficiency which the
highest record was limited at about 12% for ruthenium (Ru) complex dye sensitizer so
far discontinued increasing for two decades. In the past decade, metal-free organic
dyes were developed and the conversion efficiency records are around 9%. At present,
the study on metal-free organic dyes considered promising sensitizer in DSSCs have
been greatly high attended both of an experimental synthesis and testing as well as
theoretical calculations.
The majority of development on metal-free organic dyes is devoted to design novel
dye sensitizer which is the key component in DSSCs working principle to harvest of
solar irradiation for converting light to electricity. Recently, a widely used approach to
modify the dye structure is to design in the donor- @ conjugated -acceptor (D-n-A)
architecture which can achieve high efficient photovoltaic performance. In D-n-A
system, a variety of electron donating groups (D) such as triarylamine, coumarin,
carbazole, fluorene, and phenothiazine, etc. have been widely employed. On the
other side, basically three types of electron acceptor groups (A) namely cyanoacrylic

acid, carboxylic acid and rhodanine-3-acetic acid were widely used.
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The electron donors in organic sensitizers play a vital role in determining the
overall conversion efficiency studied by many research teams. Wan and coworkers
reported the effect of different electron donor groups affecting to a significant
distinction for the overall conversion efficiencies of the dye-sensitized solar cells.
In order to fine tune donating ability for a good electron transfer from donor to
acceptor, the double electron donor groups were presented called as D-D-n—-A type
organic dyes. Namuangruk and coworkers reported that double electron donor groups
can enhance the electron-donating ability as well as can provide a direct electron
injection from the dyes to TiO; in one step. Interestingly, Khanasa and coworkers
suggested that further improvements could be made by introducing an additional
donor moiety into the organic dyes to form a 2D-D-n—A structure. Based on this type,
the organic dyes have a beneficial influence to enhanced energy conversion efficiency
as a promising candidate for improved performance DSSCs. Because the electron
donors in organic sensitizers play a crucial role in determining the overall conversion
efficiency, thus, it is interesting to study the influence of the electron donor. However,
to the best of our knowledge, there were only a few reports studied on the different
electron donors in D-D-n—A and 2D-D-n—A types organic dyes. Therefore, this study
interested in the design of new sensitizers based on D-D-n—A system with different
electron donor groups.

As in the case of new dye sensitizer development, the theoretical investigations
are very important to understand the relationship between the structure, properties, and
performance of dye sensitizer by worthy less time and cost consuming compared to
synthetic approach. Today, accurate first principle density functional calculations are
available on supercomputing facilities used by more research groups. The calculations
are employed as a tool to design, study, and screen the new dye sensitizer before
synthesis. Computer-aided rational design of new dye sensitizers has recently attracted
a considerable for several groups, including ours.

In this work, we reported on the development of new dye sensitizers based on
D-D-n—A system with different electron donor groups as well as n-conjugate bridges
in order to compare their effects on the dye structure and light absorption. The studied
organic dyes as influence of different electron donor are showed in Figure 6.1. These

dyes are designed in Donor-Donor-n conjugate-Acceptor (D-D-n-A) architecture
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where carbazole acting as primary donor group (denoted as D) and cyanoacrylic acid
acting as acceptor group (denoted as A). We decide to only change the secondary
donor group (denoted as D) based on fluorene, carbazole and phenothiazine moieties
in an attempt to improve absorption ability. In addition, to improve the phenothiazine-
based dye, we decide to change only on the linker bridges to red shift (bathochromic
shift) the absorption spectrum. Therefore, the new dyes can be rationally designed by
increasing conjugation lengths from 1 to 3 units of two different linker bridges
between thiophenephenyl and thiophene linkers. The new designed dye structures in
the present study consist of “carbazole” and ‘“phenothiazine” moieties acting as
electron donors, “thiophenephenyl”’and “thiophene” acting as linker bridges, and
“cyanoacrylic acid” acting as an electron acceptor. The chemical structure of new

designed dyes is shown in Figure 6.1.
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Figure 6.1 Chemical structure of newly designed dyes

6.2 Computational details

At the ground-state-optimized geometries, the Gaussian09 package software
suite was carried out for all ab initio calculations. The calculations were done
respectively in following 2 steps: first step, the geometry optimized structures and
frontier orbital energy levels were calculated using the density functional theory

(DFT) with hybrid functional of Becke’s three parameter gradient-corrected exchange
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potential and the Lee-Yang-Parr gradient-corrected correlation potential (B3LYP)
combined with 6-31G(d,p) level of theory. The HOMO/LUMO orbital distributions
were also calculated in this step. Second step, the excited-state energies, absorption
wavelengths and theirs oscillator strengths of all optimized structures were computed
using time dependent density functional theory (TD-DFT) method. The solar cells
work in solvent phase, thus, UV/Vis calculated data for these dyes were reported in
solvent. The Conductor-like Polarizable Continuum Model (CPCM) was used to
evaluate solvation effects. The UV/Vis absorption calculations were carried out in
dichloromethane (DCM) according to the experimental set up at C-PCM/TD-
CAMB3LYP/6-31G(d,p) level of theory. Calculation of the lowest 25 singlet—singlet
excitations at the ground-state-optimized geometries allowed us to simulate a large
portion of the absorption spectrum. The simulation of the absorption spectra was

performed by using the SWizard program with using the Gaussian model.

6.3. Results and discussion
6.3.1 Ground-state structures
The ground-state geometries of the dyes were fully optimized using
popular method of density functional theory (DFT) combined with the hybrid
functional of B3LYP at 6-31G(d,p) level of theory. The calculated conformations on
ground-state of the new designed phenothiazine-based are shown in Figure 6.2 and

6.3. Their selected dihedral angle parameters (in degree) are summarized in Table 6.1
and 6.2.
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Figure 6.2 Optimized ground-state geometries of CFTPA, CCTPA and CPTPA
dyes by B3LYP/6-31G(d,p) calculation

To get further insight into the effect of different electron donors on
molecular conformation, we have scanned the dihedral angel for the optimized
structures. They are composed of five moieties on the dye molecules; (i) “carbazole”
group acting as secondary electron donor (C-section), (ii) different primary electron
donor groups of “fluorene”, “carbazole” and “phenothiazine” (F/C/P-section) for
CFTPA, CCTPA and CPTPA dyes, respectively, (iii) group acting as linker
(T-section), (iv) “phenyl” group acting as linker (P-section), and (v) “cyanoacylic

acid” acting as electron acceptor (A-section).

Table 6.1 The optimized geometrical parameters, dihedral angle (in degree), of

the studied organic dyesby using B3LYP/6-31G(d,p) method

Dyes Dihedral angle (°) / intergroup in F/C/P group
C-(F/IC/P) (F/IC/P)-T T-P P-A P-P
CFTPA -54.3798 26.2205 13.5076 -0.1143 0.1054
CCTPA -57.7809 -25.9635 -12.8374 0.4249 -0.1841
LCPTPA -55.4947 25.4326 -18.3203 0.1902 35.8452

The results showed that the dihedral angels between intergroup of whole
molecules are the same trend. The dihedral angel between secondary and primary
electron donor groups exhibit large dihedral angle calculated to be of 54.3798,
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57.7809 and 55.4947 degree for CFTPA, CCTPA and CPTPA dyes, respectively.
These twisted conformations should beneficial to minimize the dye aggregation.
However, all of the studied organic dyes exhibit nearly coplanar conformations
between the n-conjugated linker system (calculated dihedral angle to be in the rage of
12-18 degree) and planar conformations between the m-conjugated and cyanoacrylic
acid group (calculated dihedral angle close to 0 degree). We believe that these planar
molecular structures should improve the intramolecular electron transfer (ICT) from
the electron-donor to the electron-acceptor groups in these dyes.

It is interesting to note that the dihedral angels between the phenyl groups
(P-P column) of primary electron donor group (F/C/P groups) are different. For both
CFTPA and CCTPA optimized structures, we observed that fluorene and carbazole
moieties exhibit coplanar conformations between the phenyl groups of electron-donor
calculated to be close to 0 degree. On the other hand, CPTPA optimized structure
showed non-planar structures with butterfly conformations (calculated dihedral angle
to be around 35 degree) that could suppress dye aggregation. These findings are quite
similar to the previous studies. Therefore, these calculated results indicate that the
effect of different primary electron donor group is to facilitate potentially to inhibit

aggregation by using phenothiazine moiety as electron donor group
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Figure 6.3 Optimized ground-state geometries of CPPA, CPTPA, CPT2PA, and
CPT3A dyes by B3LYP/6-31G(d,p) calculation

For the effect of conjugate bridge, the results showed that the dihedral
angles for thiophenephenyl and thiophene linkers are the same trend (i.e., large
dihedral angles between carbazole-phenothiazine plane around 55 degree, while small
dihedral angles between linker bridge and acceptor group around 0 degree), except the
dihedral angles between intergroup of each linker. The dihedral angles between
adjacent thiophene units of thiophenelinker (calculated to be 22.57, 7.40 and 3.57
degree for CPTA, CPT2A and CPT3A dyes, respectively) are smaller than that of
thiophenephenyl linker (calculated to be 33.51, 18.32 and 16.62 degree for CPPA,
CPTPA and CPT2PA dyes, respectively). These optimized structures of the dyes in
the ground state indicate that the n-conjugate thiophene linker bridge is more suitable

to electron transfer from the donor to acceptor part.
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Table 6.2 The optimized geometrical parameters, dihedral angle (in degree), of

the new designed phenothiazine-based dyesby using B3L.YP/6-31G

(d,p) method
Dihedral angle (°) / intergroup in P group
Dyes C-P P-P T1-T2 T-P P-A P-P
CPPA -54.03 -33.51 0.27 35.57
CPTPA -55.49 25.43 -18.32 0.19 35.85
CPT2PA  -55.56 24.86 8.38 -16.62 -0.67 35.84
P-T T2-T3 T-A
CPT3A -55.32 25.56 -11.53 357  -0.10 35.73

6.3.2 Intramolecular charge transfer (ICT)

In DSSCs, one of the most important features for organic dye sensitizer is
intramolecular charge transfer (ICT) from electron donating part to the electron
accepting part. In order to study the effect of different electron donor groups on
intramolecular charge transfer, the distribution patterns of the frontier molecular
orbitals (FMO); highest occupied molecular orbitals (HOMOs) and lowest unoccupied
molecular orbitals (LUMOSs) of the studied dyes at ground-states were calculated. The
plotted of electronic structures for HOMO and LUMO were shown in Figure 6.4 and
6.6. The contribution portions of their density of state were summarized in Table 6.3

and 6.4.

Figure 6.4 The frontier molecular orbitals of CFTPA, CCTPA and CPTPA dyes
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Table 6.3 Calculated charge distribution oneach group of the donor, n-spacer

and acceptor of the studied organic dyesunder B3LYP/6-31G(d,p)

method.
The percent contribution (%)
Electronic
Dyes D D n A
levels
(Carbazole) (F/C/P) (Thiophenephenyl) (Acceptor)
LUMO 0 4 46 50
CFTPA
HOMO 88 12 0 0
LUMO 0 4 46 50
CCTPA
HOMO 77 20 3 0
LUMO 0 4 46 50
CPTPA
HOMO 51 43 5 1

It can be clearly seen that charge distributions on HOMOs are mainly
delocalized on the carbazole donor unit and some on the F/C/P units. The calculated
percent contributions are increased from 12% to 20% and 43% when secondary
electron donor groups were changed from fluorine (CFTPA dye) to carbazole
(CCTPA dye) and phenothiazine (CPTPAdye), respectively.

On the other hand, for LUMO, the contributions of electron density are
delocalized on the linkers (thiophenephenyl or bithiophen) and cyanoacrylic acid
acceptor group. The portion of electron density is the same (calculated to be 4%, 46%
and 50% for primary donor, linker and acceptor parts, respectively, for all CFTPA,
CCTPA, CPTPA dyes) when electron donor groups were changed among fluorene,
carbazole and phenothiazine moieties.

These results indicate that the charge separate between the HOMO and
LUMO levels can provide the ability to control unidirectional of electron flow from
the donor to acceptor part. This different spatial orientation of HOMO and LUMO is
favorable for intramolecular charge transfer (ICT) phenomena.

In order to visualize the charge transfer features of these dyes, we examined
the changes of the total electron densities between the ground- and the first excited-

states as shown in Figure 6.5, where the yellow and purple color refers to an increase
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and a decrease of electron density, respectively. As the density difference map reveals,
the electron density of the studied organic dyes exhibits a decrease at the electron
donor group and n-linker while an increase mainly at the cyanoacrylic acid acceptor
group. This indicates that these dyes have a larger intramolecular charge transfer (ICT)
phenomena occurred throughout the whole backbone of the molecules. This charge
transfer character of the lowest excited state is expected as one of the key factors
influencing the injection efficiency of the photoexcited electron into the TiO;

conduction band.

CPTPA

£8s

Figure 6.5 The different density between ground- and the first excited-state of
CFTPA, CCTPA and CPTPA dyes

HOMO LUMO Different density

Figure 6.6 The frontier molecular orbitals of CPPA, CPTPA, CPT2PA, and
CPT3A dyes, and the different density between ground- and the first
excited-state of CPPA, CPTPA, CPT2PA, and CPT3A dyes
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Table 6.4 Calculated charge distribution on each group of the donor, = spacer and

acceptor of the new designed phenothiazine-based dyes under B3LYP/

6-31G(d,p) method.
The percent contribution (%)
Electronic
Dyes D D n A
levels
(Carbazole) (Phenothiazine) (Thiophenephenyl) (Acceptor)
CPPA LUMO 0 8 33 59
HOMO 61 37 1 1
CPTPA LUMO 0 4 46 50
HOMO 51 43 5 1
CPT2PA LUMO 0 2 53 46
HOMO 36 48 16 1
(Thiophene)
LUMO 0 2 59 38
CPT3A
HOMO 38 45 16 1

For the effect of conjugate bridge, the charge distributions on HOMO are
still localized on the donor part, but the calculated percent contributions are decreasing
when thiophene units were increased in both of thiophenephenyl and thiophene
linkers. On the other hand, the electron density of LUMO is mainly localizedon the
bridge and acceptor units. Obviously, the results exhibited that this different spatial
orientation of HOMO and LUMO is favorable for intramolecular charge transfer
(ICT). We also examined the different of the total electron densities between the
ground- and excited-state as shown in Figure 6.6, and we observed that a larger
intramolecular charge transfer (ICT) phenomena was occurred throughout the whole
backbone of the molecule. This result indicates that these new designed phenothiazine-
based dyes are suitable to use for efficient dyes with high ICT character.

6.3.3 Energy level

The energy levels of the molecular orbital from the HOMO-3 to the
LUMO+2 of the studied organic dyes obtained at the B3LYP/6-31G(d,p) level of
theory are shown in Figure 6.7 and 6.8. For HOMO level, the effect of different

electron donor groups (fluorene, carbazole and phenothiazine) is energetically
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favorable affect to randomly stabilize and destabilize the HOMO for both of
thiophenephenyl and bithiophene linkers. For LUMO level, all the LOMO levels of
the studied organic dyes are higher than the conduction band of TiO, providing

enough driving force for electron injection.
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Figure 6.7 LUMO and HOMO energy level diagram of CFTPA, CCTPA, and
CPTPA dyes

Furthermore, the effect of conjugate bridge, the increasing of conjugated
linker lengths (both of thiophenephenyl and thiophene linkers) up to 3 units can affect
on both of HOMO and LUMO levels. The calculated HOMO levels are systematically
destabilized when the number of thiophene go up to 3 units, whereas the calculated
LUMO levels are systematically stabilized. As a result, the HOMO-LUMO gaps (Ey.
1) are narrowed in order of 2.55 > 2.46 > 2.36 eV for CPPA, CPTPA, CPT2PA dyes
and 2.50 > 235 > 226 eV for CPPA, CPTPA, CPT2PA dyes, respectively.
Furthermore, the LUMO levels of all dyes are located above the TiO, LUMO level.
Therefore, these dye sensitizers have sufficient driving force for electron injection to

TiO,.
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Figure 6.8 LUMO and HOMO energy level diagram of CPPA, CPTPA, CPT2PA
and CPT3A dyes

6.3.4 UV-Vis Absorption spectra

To gain insight into the effect of different electron donor groups on the
optical property, TD-DFT method has been used to calculate and simulate the
absorption spectra with the hybrid functional CAM-B3LYP at 6-31G(d,p) level in
dichloromethane. The calculated results obtained through these calculations are
summarized in Table 6.5 and 6.6, and their simulated absorption spectra are shown in
Figure 6.9 and 6.10.

These dyes showed two absorption bands around 250 and 400 nm for
thiophenephenyl linker (CFTPA, CCTPA, and CPTPA dyes). The absorption peak
around 250 nm is assigned as w-n* electronic transitions while the absorption peak
around 400 nm are assigned as intramolecular charge transfer between the donor and
acceptor moieties. The calculated maximum absorption wavelengths (Amax) for
CFTPA, CCTPA, and CPTPA dyes are in order of 391 < 406 = 404 nm, respectively.
It is clearly seen that the dyes with carbazole and phenothiazine moieties showed a red

shift in absorption maxima than that of the dyes with fluorene moiety. These results
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exhibit that the absorption ability of carbazole and phenothiazine moieties are better

than that of fluorene moiety.
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Figure 6.9 Simulated absorption spectra of CFTPA, CCTPA, and CPTPA dyes
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Table 6.5 Maximal absorption wavelength (Anx), excitation energy (E,), oscilla-

tor strength (f), and electronic transition configurations of the studied
organic dyes obtained by TD-CAM-B3LYP/6-31G(d,p) level indichlo-

romethane

Amax (in nm), E,

Dye f Transition Configuration
(ex10? M'lcm'l) (in eV)

CFTPA  391(118,939)  3.17  1.6422 0.64(HOMO-1—-LUMO),
-0.16(HOMO-3—>LUMO),
0.13(HOMO-15>LUMO+1),
-0.13(HOMO-5—-LUMO)

CCTPA  406(118,293)  3.05  1.6324 0.45HOMO-1-LUMO),
0.42(HOMO—LUMO),
0.21(HOMO-4—LUMO),
-0.13(HOMO-3—LUMO),

CPTPA  404(124,787) 307  1.7288  (0.46(HOMO—LUMO),
0.34(HOMO-1-LUMO),
0.31(HOMO-3—LUMO),
0.17(HOMO—LUMO+1)

-

We notice that the trend of the calculated oscillator strengths for CFTPA,
CCTPA, and CPTPA dyes are in order of around 1.64 = 1.63 < 1.73, respectively.
These indicate that the computed oscillator strengths of the dyes with phenothiazine
unit slightly increase compared to the dyes with fluorene and carbazole moieties.
Thus, the dyes with phenothiazine-based moiety should be better absorbance

efficiency than the dyes with fluorene and carbazole moieties.




110

s ~—a— CPPA
-—e— CPTPA

~—i— CPT2PA
—»—CPT3A

Absorption intensity
o
(4
ot
s

250 300 350 400 450 500 550 600
Wavelength (nm)

Figure 6.10 Simulated absorption spectra of CPPA, CPTPA, CPT2PA, and
CPT3A using the hybrid functional CAM-B3LYP at 6-31G(d,p) level

in dichloromethane

The visible absorption spectra of the new designed phenothiazine-based
dyes were shown in Figure 6.10, exhibiting two absorption bands around 260 and 350-
500 nm. The first peak is consistent with n-n* electronic transitions, while the second
peaks for each dyes are consistent with an intramolecular charge transfer (ICT)
character. As can be seen from Figure 6.10, the ICT peaks were red-shifted when the
number of conjugation length was increased from 1 to 3 units which consistent with an
increase in conjugation linker length of the dyes.

The calculated maximum absorption spectra (Amax) are in order of 369, 404,
435 nm for CPPA, CPTPA, CPT2PA dyes, respectively, and 414, 450 477 nm for
CPTA, CPT2A, CPT3A dyes, respectively. This indicates that the CPT3A dye which
is the broadest of absorption wavelength shows the best absorption property to harvest
the more sunlight. Also, the calculated absorption intensities (molar extinction
coefficient; &) are increased in order of 8.6, 12.4, 15.2x10* M'cm™ for CPPA,
CPTPA, CPT2PA dyes, respectively, and 9.2, 11.9, 14.6x10™* M'cm™ for CPTA,
CPT2A, CPT3A dyes, respectively. These results are similar to the calculated
oscillator strength (f) are in order of 1.1949, 1.7288, 2.1018 for CPPA, CPTPA,
CPT2PA dyes, respectively, and 1.2735, 1.6424, 2.0269 for CPTA, CPT2A, CPT3A
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dyes, respectively. These indicate that CPT2PA and CPT3A dyes are high absorption
ability which are suitable to use for the efficient dye sensitizers.

Comparing between thiophenephenyl and thiophene linkers, these results
clearly indicate that the Apma of dyes with thiophene linkers (i.e., Amax = 477 nm for
CPT3A dye) is more red-shifted than that of dyes with thiophenephenyl linker
(i.e., Amax = 435 nm for CPT2PA dye). The longer absorption wavelength is probably
due to the more planar structure on bithiophene linker than that on thiophenephenyl
linker (see in Table 6.6). Thus, we expect that CPT3A dye is the promising dye for
using in DSSCs application.

Table 6.6 Maximal absorption wavelength (An,x), €xcitation energy (Eg), oscilla-

tor strength (f), and electronic transition configurations of the new
designed phenothiazine-based dyes obtained by TD-CAM- B3LYP/
6-31G(d,p) level in dichloromethane

Amax (in nm), E,
Dye el 1 ) f Transition Configuration
(ex10°M7em™)  (ineV)

CPPA 369 (8.6) 3.36 1.1949  0.50(HOMO—LUMO),
-0.35(HOMO-1—-LUMO),
-0.22(HOMO-3—>LUMO),
0.16(HOMO-5—LUMO),
-0.13(HOMO—LUMO+2)

CPTPA 404 (12.4) 3.07 1.7288  0.46(HOMO—LUMO),
0.34(HOMO-1-LUMO),
0.31(HOMO-3—LUMO),
0.17(HOMO—LUMO+1)
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Table 6.6 Maximal absorption wavelength (Anax), €xcitation energy (E;), oscilla-
tor strength (f), and electronic transition configurations of the new
designed phenothiazine-based dyes obtained by TD-CAM- B3LYP/
6-31G(d,p) level in dichloromethane (Continued)

Amax (in nm), E,
Dye f Transition Configuration
(ex10* M'em™)  (ineV)

CPT2PA 435 (15.2) 2.85 2.1018  0.47(HOMO-LUMO),
0.34(HOMO-1-LUMO),
0.25(HOMO-2->LUMO),
0.22(HOMO—-LUMO+1)

CPT3A 477 (14.6) 2.60 2.0269  0.49(HOMO-—LUMO),

0.36(HOMO-1-LUMO),
0.25(HOMO-2-LUMO),
0.15(HOMO—-LUMO+1)

6.4 Methods validation with the Performance of DSSCs

In general, there are two ways to approach the computational calculations: (1)
to have a deeper understanding of the observed results and (2) to screen predicting the
properties of newly designed molecules. For the first approach, we are attempting to
disclose the relationship between the DSSCs performance tested by experimentalist
and the dye structures calculated by computational method, for example, the number
density of dye, the dye aggregations, and other properties corresponding to cell
parameters. In the commonly accepted method, such as DFT calculation, if methods
are a validated quantitative analytical procedure that can provide accurate trend similar
to experimental results, it is considered as a suitable tool for predicting the properties
of newly designed dyes in the second approach. [50-59, 66, 83-84]

Nowadays, DFT is probably the most widely used method in computational
chemistry, yielding an accurate prediction of several ground- and excited-state
properties. Its success is mainly related to the recent development of a wide variety of

increasingly complex and accurate exchange-correlation functionals. In order to set up
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an approach to screen novel candidate dyes, the calculation approach is need to be

validated.
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Figure 6.11 The absorption spectra of PhCPdye, PhCT1Pdye, PhCT2Pdye, and
PhCT3dye

In this work, we use TD-CAM-B3LYP/6-31G(d,p) method for all calculations.
We should compare our calculated results based on TD-CAM-B3LYP/6-31G(d,p)
method and the available experimental observation. The absorption spectra of dyes
recorded in dichloromethane are shown in Figure 6.11 taken from ref. 82. Compared
to the calculated absorption spectra shown in Figure 6.10, the PhCT3dye shows the
highest molar extinction coefficient and the most absorption broad peak which are
agree with the calculated results. From our calculated results, we expect that CPT3A
(or PhCT3dye) is the promising dye for using in DSSCs application.

To this end, we confirm the predicting dye efficiency by comparison with the
available power conversion efficiency taken from ref. 82. The photovoltaic
performance of DSSCs based on phenothaiazine dyes were listed in Table 6.7. As
shown, PhCT3dye shows the highest photovoltaic performance of 4.02% which are
agree with as observed in the DFT calculations. Thus, we believe that our approach

allows for an accurate the methods validation.
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According to their appealing performance to accuracy, our calculation methods
are finally aimed to be used to qualitatively screen the suitable candidates for efficient

dye sensitizers.

Table 6.7 Photovoltaic performance of DSSCs based on phenothaiazine dyes

Sample Jsc (mA-cm®) Voe (V) I n
N719 12.68 0.71 0.71 6.34
PhCPdye 8.00 0.71 0.63 3.60
PhCT1Pdye 9.12 0.66 0.65 3.90
PhCT2Pdye 9.21 0.68 0.64 4.02
PhCT3dye 9.58 0.64 0.70 4.33

The experimental data were taken from ref [82]

6.5 Conclusions

In summary, we have employed DFT and TD-DFT to investigate the effect of
different electron donors and conjugate bridges on the structural, optical, and electron
transfer properties of new designed dyes. The different electron donor of fluorene,
carbazole, and phenothiazine showed different structural conformation. The planar
conformation was found by using fluorene and carbazole acting as electron donors,
while the butterfly conformation was found by phenothiazine as electron donor.
However, these two different conformations are not significantly effect on energy
level, ihtramolecular charge transfer property as well as optical property.

For the effect of conjugate bridge, the LUMO energy level can be significantly
decreased when increased the thiophene units. In addition, the red shifted of
absorption spectra was found when the conjugated bridge was extended. Therefore,
the increasing of conjugation length is one of the ways to develop new designed dye

sensitizers for high efficiency.




CHAPTER 7
SUMMARY

Computational calculations based on DFT and TDDFT methods were used to
design and investigate the properties of organic materials for using as dye sensitizers
in dye-sensitized solar cells. Organic materials such as carbazole and diphenylamine
moieties were designed as auxiliary donor groups connected between carbazole and
diphenylamine donors. These dyes were designed in different three dye systems,
D-n-A, D-D-n-A and 2D-D-n-A, and they were compared. According to the compu-
tational study of these architectures, 2D-D-n-A system showed the most red-shift of
absorption wavelength. Moreover, different auxiliary donor in the 2D-D-n-A system
provided a different effect. Diphenylamine auxiliary donor provided small external
dihedral angle (EDA) than internal dihedral angle (IDA) resulting in the red-shift of
absorption range due to extended conjugation length. Adding an auxiliary donor can
significantly increase HOMO energy while slightly effecting LUMO energy.
Therefore, we summarized that designing of dye architecture in 2D-D-n-A system
with different auxiliary donor groups (2D) is one way to develop the dye’s efficiency.
New organic dyes were designed in new dye system called as D-A-n-A by featuring
a BTD unit as an additional electron acceptor group, and they were computationally
investigated. Interestingly, an incorporated BTD moiety significantly decreased the
LUMO level and energy gap, whereas it led to an increase in the HOMO level and
dipole moment, leading to a redshift of absorption spectra, which could help facilitate
electron transfer as well as greatly enhance the light-harvesting ability. Furthermore,
the difference in the position of the BTD moiety in the r-conjugation spacer can also
affect the absorption spectrum and lead to a broadening to the near IR region.
However, the insertion of a planar rigid linker between the BTD moiety and the
anchoring group effectively maintained the best character of the light absorption
property and blocked the unfavorable charge recombination, because the BTD is

positioned further away from the anchoring group. According to our computational
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study, the successful theoretical results show that computational models can be used to
aid the design of efficient organic dyes for experimental synthesis, thus saving cost

and time.

The conjugated linker is also important part in D-n-A dye’s system. We used
a triple bond (TB) to modify m-conjugated linker of antracene based dyes and
compared these to the dye without TB substitution. Interestingly, all TB-modified
sensitizers showed significant decreases in the dihedral angle between the anthracene
unit and its substituents at the 9,10-positions, resulting in a nearly planar molecular
geometry for each dye. The presence of a planar structure greatly affects the
absorption spectracoplanarity of with the p-conjugated linker has a significant effect
on electron distribution overlap on anthracene, which facilitates ICT. These results
indicate that inclusion of a triple bond-modified n-conjugated linker in these dyes
during synthesis is necessary for the construction of high-efficiency organic
sensitizers.

Finally, the different electron donor of fluorene, carbazole, and phenothiazine as
well as different conjugate bridges on the structural, optical, and electron transfer
properties of new designed dyes were calculated. The different electron donor of
fluorene, carbazole, and phenothiazine showed different structural conformation.
The planar conformation was found by using fluorene and carbazole acting as electron
donors, while the butterfly conformation was found by phenothiazine as electron
donor. However, these two different conformations are not significantly effect on
energy level, intramolecular charge transfer property as well as optical property.
For the effect of conjugate bridge, the LUMO energy level can be significantly
decreased when increased the thiophene units. In addition, the red shifted of
absorption spectra was found when the conjugated bridge was extended. Therefore,
the increasing of conjugation length is one of the ways to develop new designed dye

sensitizers for high efficiency.
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