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ABSTRACT

TITLE : DEVELOPMENT OF FUNCTIONAL ORGANICS MATERIALS
FOR HIGH EFFICIENT DYE SENSITIZED SOLAR CELL: A
CHALLENGE FOR SUSTAINABLE ALTERNATIVE ENERGY

AUTHOR : YAOWARAT SURAKHOT

DEGREE : DOCTOR OF PHILOSOPHY

MAJOR : CHEMISTRY

ADVISOR  : ASSOC.PROF.SIRIPORN JUNGSUTTIWONG, Ph.D.

KEYWORDS : DENSITY FUCNTIOANAL THEORY, DYE-SENSITIZED SOLAR
CELL, BULKY DONOR EFFECT, AUXILIARY ACCEPTOR,
SUBSTITUTION POSITION OF ANCHORING GROUP

In this research, the structure and energetic properties of sensitizer for dye-
sensitized solar cells were investigated, the ground-state structure of all molecules
were fully optimized using density functional theory (DFT) method. Optimized

structures were then be used to calculate excitation energy (Ez), maximum absorption

wavelength (Amax), and oscillator strength (f) in dichloromethane solvent (CH,Cl,), by
applying Time-Dependent Density Functional Theory (TDDFT). Furthermore, the
adsorption complexes of dyes on the TiO, anatase (101) surface were carried out by
means of the periodic calculation. The optical properties and electron-injection
characteristics from dyes to the TiO, surface are then computed by TDDFT method.
The D-wn-A structural system is the basis of metal-free dyes owing to its effective
photoinduced intramolecular charge transfer properties. Moreover, in order to possess
broad and intense spectral absorption in the visible light region, one strategy for
optimizing dye structure is to introduce more n-conjugation linker between the donor
and acceptor, Another strategy is to incorporate a donor-donor moiety into the
framework, D-D-m-A structural system, resulting in stronger electron-donating ability
but also greater steric hindrance, which can prevent unfavorable dye aggregation.
However, more bulky of the donor moiety could reduce the number density of the
adsorbed dye on the TiO, surface. In addition, increase conjugated bridge between the

donor and acceptor units and auxiliary acceptor to form a D-n-A-n-A and D-A-n-A
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v

frameworks owing to the expended conjugation. It was found that a system can
improve light harvesting efficiency. Furthermore, we also study in the effect of
substitution position of anchoring groups on indole derivatives. It was found that the
effect of substitution position of anchoring groups on indole ring affected to the
absorption properties of dyes molecule. In conclusion, it has been shown that these
computational tools described above can provide the detailed characterizations which
are in agreement with experimental efficiency and therefore can be of valuable help in

further design of novel organic sensitizer for higher efficiency of photovoltaic device.
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CHAPTER 1
INTRODUCTION

1.1 Dye-sensitized solar cells (DSCs)

Dye-sensitized solar cells (DSCs) are one of the most promising alternatives to
compete with the traditional silicon solar cell because organic dye molecules in DSCs
show distinguished advantages such as their high optical absorption extinction
coefficient, adjustable spectral wavelength response, low cost materials, and their
environmental friendly [1-2]. A schematic of the interior of DSCs showing the
principle of how the device operates is shown in Figure 1.1. The typical basic
configuration is as follows: The mesoporous oxide layer composed of a network of
TiO, nanoparticles that have been sintered together to establish electronic conduction.
The mesoporous layer is deposited on a transparent conducting oxide (TCO) on a glass
or plastic substrate. The most commdnly used substrate is glass coated with fluorine-
doped tin oxide (FTO). Attached to the surface of the nanocrystalline film is a
monolayer of the charge-transfer dye. Photoexcitation of the latter results in the
injection of an electron into the conduction band of TiO,, leaving the dye in its
oxidized state. The dye is restored to its ground state by electron transfer from the
electrolyte, usually an organic solvent containing the iodide/triiodide redox system.
The regeneration of the sensitizer by iodide intercepts the recapture of the conduction
band electron by the oxidized dye. The basic electron transfer processes in DSCs are
shown in Figure 1.1. Reaction 1 is direct the exited electron from ground state.
Besides the desired pathway of the electron transfer processes (processes 2, 3, 4, and
5) shown in Figure 1.2.

In general the molecular structure of an organic dye for DSCs has been designed
and synthesized based on following properties: (i) matching of oxidation potentials of
the ground and exited states for a dye, which are usually replaced by the highest
occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital

(LUMO), with the energy levels of I/I;” redox potential and Ecg of the TiO,



electrode, respectively; (ii) a donor-linkage-acceptor (D-n-A) system required for a

wide range absorption extending to the near-infrared [3].
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1.2 Molecular properties
1.2.1 UV-Visible Absorption Spectra

Molecular absorption in the ultraviolet (UV) and the visible region of the
spectrum is dependent on the electronic structure of the molecules. Absorption of
energy is quantized, resulting in the elevation of electronics from orbital in the ground
state to the higher energy orbital an excited state. The absorption characteristics of
organic molecules in the UV region depend on the electronic transitions that can occur
and the effect of the atomic environment on the transitions. The relative ease with
which the various transitions can occur is summarized in Figure 1.3. Although the

energy changes are not shown in scale, it is readily seen, for example, that an n—>n*

transition requires less energy than t—zn* or g—0* transition.

A
Antibonding o (o*)

Antibonding 7 (71*)

Energy

Nonbonding n(p)

i Bonding 7t

Bonding o

Figure 1.3 Summary of electronic energy levels. Both n - x * and & > =n*

transition are represented

As conjugation is increased in a molecule more delocalization (stability) of
the 7 electrons results. The effect of this delocalization is to decrease the ©* molecular
orbital. The result is a decrease in transition energy from n—>n* and thus a red shift or
bathochromic shift. The molar absorptivity will increase in this case and better
quantitative analysis will be achieved. The molar absorptivity will increase as well
depending on the number of the double bonds. Spectroscopists use the terms defined

in the table on the right when describing shifts in absorption. Thus, extending



conjugation generally results in bathochromic and hyperchromic shifts in absorption
[4].
1.2.2 Franck-Condon principle
According to the Born-Oppenheimer approximation, the motions of
electrons are much rapid than those of the nuclei (i.e. the molecular vibrations). The
time when the electron excited to the excited state takes about 10™° s, which is very
quick compare to the characteristic time for molecular vibration (10°-10"? s). These
observed are the basic of Franck-Condon principle: an electron transition occurs without
changing in the position of nuclei and environment. The result of state is called a
Franck-Condon state and the transition is called vertical transition, as shown in Figure
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Energy Energy \
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Exited state A Exited state
0
0-2
2
1
0 Ground state
Nuclear configuration Nuclear configuration b

Figure 1.4 Potential energy diagrams with vertical transition

As shown, the potential energy curve as a function of the nuclear
configuration (in a diatomic molecule) is represented by a Morse function. At room
temperature, most of molecules vibrate in the low level of the ground state. Thus, the
electronic transition is also 0-0 transition (at least). On the other hand, at high
temperature (assumed with high energy), the electronic transition can be 0-1, 0-2, 0-3

or arbitrary state depending on vibration energy [5].



1.3 Koopmans’s theorem

Given an N-electron Hartree-Fock single determinant [¥ W) with occupied and
virtual spin orbital energies & and &, then the ionization potential to produce an
(N - 1)-electron single determinant |¥""¥,) with identical spin orbitals, obtained by
removing an electron from spin orbital z, , and the electron affinity to produce an
(N + 1)-electron single determinant [¥*'¥") with identical spin orbitals, obtained by
adding an electron to spin orbital ¥, , are just-g, and -&; , respectively. Koopmans’
theorem thus gives us a way of calculating approximate ionization potentials and
electron affinities. This “frozen orbital” approximation assumes that the spin orbitals
in the (N £ 1)-electron states, i.e., the positive and negative ions if |¥ W) is a neutral
species, are identical with those of the N-electron state. This approximation neglects
relaxation of the spin orbitals in the (N £ 1)-electron states, i.e., the spin orbitals of IN
W¥o) are not the optimum spin orbitals for [V"¥,) or [V""¥"). Optimizing the spin
orbitals of the (N + 1)-electron single determinants by performing a separate Hartree-
Fock calculation on these states would lower the energies ME, and ™'E" and thus the
neglect of relaxation in Koopmans’ theorem 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 errors, and the
correlation effects, which one obtains in going beyond the Hartree-Fock
approximation, will produce further corrections to Koopmans’ theorem 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
ionization potentials, but add to the relaxation error for electro affinities. In general,
Koopmans’ ionization potentials are reasonable first approximations to experimental
ionization potentials and we shall be discussing a number of such calculations later in
this chapter. Koopmans’ electron affinities are unfortunately often bad. Many neutral
molecules will add an electron to form a stable negative ion. Hartree-Fock calculations
on neutral molecules, however, almost always give positive orbital energies for all the

virtual orbitals. Electron affinities are considerably more difficult to calculate than

ionization potentials,
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Figure 1.5 Frozen orbital approximation

1.4 Computation chemistry
1.4.1 The Hatree-Fock Theory [6-8]
Hamiltonian operator for many-electron system, the quantum chemical
methods is based on finding solution to the Schrodinger wave equation on molecular

orbital theory.
HY =E¥ (1.1)

Where H is Hamiltonian operator which gives the kinetic and potential
energies of the system The Hamiltonian operator for many electrons system can be

written.

f=Fivi-yov 55 43 DI (1.2

11A1,A ’11<’lj A=1 B<4

In Equation 1.2, the first and second term represent the kinetic energies of
electron and nucleus, respectively. The third term is the electron-nucleus attraction.
The forth term corresponds to the electron-electron repulsion and the fifth the nuclear-

nuclear repulsion.



1.4.2 Born-Oppenheimer approximation

The Born-Oppenheimer approximation is central to quantum chemistry.
Since nuclei are much heavier than the electron one can treat electrons as if they are
moving in the field of fixed nuclei. In other words, for any give atom configuration the
electron are always located in the energetically lowest possible configuration. Another
way to explain this approximation is that since the moment of the electrons is rapid
compared to the moment of the nuclei, the 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,

1 > ZLZ —2
Eprar = Zizmiri 2 4 X Zj>im+ Eelee (T )) (1.3)

Where 7 is the position, 7; is the velocity, m; the mass and Z; the change of
i: th ion. The first term describes the classical kinetic energy of the ions and the second
term is 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 seft-interaction.
The third term is the total energy of the electron gas in current ion configuration.
1.4.3 Density functional theory [9-10]

All the ab initio methods started from the Hartree-Fock (HF) approximation
in the HF equation. Currently, these methods are widely used by quantum chemistry.
However, we found that for higher accuracy calculations it also requires higher
computing cast with large basic sets. So that, an alternative to the HF methods that is
also popular among quantum chemists is density functional theory (DFT). Main reason
for population of DFT is that it has the electron correlation and less computational
demand. Moreover, it can be used to calculate on molecules of 100 or more atoms.

The basic idea of DFT is that the energy of an electronic system can be
written in terms of the electron probability density (o) and the electronic energy (E)

can also be a functional of the electron density and is denoted E[g].



1.4.4 Kohn-Sham orbitals and equations
In 1920s Fermi and Thomas developed the approximate models such as the
Thomas-Fermi method. However, Hohenberg and Kohn proved that the ground-state
energy and all other ground-state electronic properties can be determined by the
electron density. Kohn and Sham (1965) considered system in which pared electron
are described by the same spatial one-electron orbitals and they showed that the exact

ground-state electronic energy (E) and » electron system can be written as

)e(r.)

| gt

2’:; > v (r)Viw (r)dr.- JoZzeelr)dr+ ZJI drdr.+E.lel  (1.4)

Where the one-electron spatial orbitals y; (i=1, 2,..., n) are the Kohn-

Sham orbitals. The exact ground-state electron density is given by

2 (1.5)

We can write in the easy form as

wr=TlP]+ E Iol+J[p]+ E . [P] (1.6)

Where the sum is over all the occupied Kohn-Sham (KS) orbitals; p is
known once these orbitals have been computed. The first term on the right in equation
1.6 represents the kinetic energy of the electron; the second term represents the
electron nucleus attraction; the third term represents the Coulomb interaction between
the total charge distribution at r; and r; the last term is the exchange-correlation
energy of the system, which is also s functional of the density and takes into account
all non-classical electron-electron interactions of the four terms, E,. is the one we do
not know how to obtain exactly. Although the Hohenberg-Kohn theorem tells us that £
and therefore E,. must be functional of the electron density, we do not know the

latter’s exact analytical form and so are forced to use approximate expressions. For the

n-electron orbitals have the form.
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Where ¢ is the KS orbital energies and the exchange-correlation potential,

V. is the functional derivative of the exchange-correlation energy:

SE «[P] (1.8)
0,

Vxelel=

E,.is the sum of the exchange energy and the correlation energy, E,. = E, +

E.. Each of the parts can be treated under the density functional models. If E,. is

known, then V. can be computed. The significance of the KS orbitals is that they

allow the density (p) to be computed from equation 1.5. The KS equations are solved

in a self-consistent fashion. Initially, we guess the electron density (p), typically by

using a superposition of atomic densities. By using some approximate form for the

functional E,[p], we next compute V. as a function of r. The set of KS equations is

then solved to obtain an initial set of KS orbitals. This set of KS orbitals is then used

to compute an improved density from equation 1.8 and exchange-correlation energy

have converged to within some tolerance.
1.4.5 Functional

The important key in DFT is to find the exchange and correlation functional

E,. that gives the accurate calculated result. The various functions were proposed and
obtained from experiments and high-level ab initio calculations.

1.4.5.1 Local density approximation

The generation of approximations for E,. has lead to large and still

expanding field of research. Thomas and Fermi studied the Homogeneous electron gas

in early 1920’s the orbital of system are, plane waves. If the electron interaction is

approximate by the classical Hatree potential the total energy functional can be readily

computed. Under these condition the dependence of kinetic and exchange energy on

the density of electron gas can be extracted and expressed in term of local functions of

the density. This suggests that inhomogeneous system we might approximate the

function as an integral over a local function of the charge density. Using the kinetic
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and exchange energy densities of the non-interacting homogeneous electron gas this

leads to;

T[] =287 o (e
E,[o}=0.4[ P (ar (1.9)

These results are highly suggestive of a representation for E,. in an
inhomogeneous system. The local exchange correlation energy per electron might be
approximate as a simple function of the local charge density. That is, approximation of

the form;
EL* [p(M]= [exe (p(r))p(rdr (1.10)

Within the LDA €, is a function of only the local value of the density. It
can be separate into exchange and correlation contribution;

€ (P)=5x (P)+<c (P) (1.11)

The Dirac form can be used for

<, (p)=—Cp% (1.12)

Where for generality a free constant, C, has been introduced rather than
that determined for the homogeneous electron gas. This function is form much more
widely applicable than is implied from its derivation and can be established from
scaling arguments. The functional form for the correlation energy is unknown and has
been simulated for the homogeneous electron gas in numerical quantum Monte Carlo
calculations which yield essentially exact result. The resultant exchange correlation
energy has been fitted by a number of analytic forms all of which yield similar results

in practice and are collectively referred to as LDA functional.
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1.4.5.2 Gradient corrected or generalized gradient approximation

The local density approximation can be considered to be the zeroth
order approximation to the semi-classical expansion of the density matrix in term of
density and its derivatives. A natural progression beyond the LDA is that gradient
expansion approximation in which first order gradient terms is the expression are
include. In the generalized gradient approximation (GGA) a function a functional from
is adopted which ensure the normalization condition and that the exchange hole is
negative definite. This lead to an energy functional that depends on both the density
and its gradient but retains the analytic properties of the exchange correlation hole
inherent in the LDA. An approach to improving the LDA, so call generalized gradient
approximation (GGA), is to include gradient correlations by making E,. a functional of
the density and its gradient:

Es [p(N)]= [exe (p()p(r)dr + [ Fyc [ p(n|V|p(r) d (1.13)

Where F,. is a correction chosen to satisfy one or several known
limits forF,.. Clearly, there is no unique recipe for F,., and several functional is

currently a currently a very active area of research and although incremental
improvements are likely, it is far from clear whether the research will be successful in
providing the substantial increase in accuracy that is desired.
1.4.5.3 Hybrid functional

There is an exact connection between the non-interacting density
functional system and the fully interacting much body system via integration of the
work done in gradually turning on the electron-electron interaction. The adiabatic
connection approach allow the eact functional to be formally written as
Ae’
—-F

Erclp]=3] arar’ [ az lr”_—l[< P(FIP(F) >, ~p(FI6(F -F)] (1.14)

Where the expectation value <...> .1 18 the density-density correlation functional and

is computed at density p(r) for a system described by effective potential;
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2
Ve_ﬁ‘zVen+Z le y| (115)

Thus the exact energy could be computed if one knew the variation of density
correlation function with the coupling constant, A . The LDA recover by replacing the
pair correlation function with that for the homogeneous electron gas. The adiabatic
integration approach suggests a difference approximation for the exchange- correlation
functional. At A=0 the non-interacting system corresponds identically to Hartree-
Fock ansatz, while the LDA and GGA functional are constructed to be excellent
approximations for the fully interacting homogeneous electron gas that is, a system
with A=0 It is therefore not unreasonable to approximate the integral over the

coupling constant as a weighted sum of the end point that is, we might set:
Ey =aEg,, + aEg\(’;A (1.16)

With the coefficients are to be determined by reference to a system for which
the exact result is known. Becke adopted this approach in the definition of a functional
with coefficients determined by a fit to the observe atomization energies, ionization
potential, proton affinities and total atomic energies for a number of small molecules.
Hybrid functional of this type is now very widely used in chemical applications with
the B3LYP functional being the most notable. Computed binding energies, geometries
and frequencies are systematically more reliable than the best GGA functional.
A Becke style three- parameter functional may be defined via the following

expression:

B3LYP

Evw =(-a)E +aE +bEy +c B +(1-¢) EXF (1.17)

Here, the parameter C, allows any admixture of Hartree-Fock and LDA local
exchange to be used. In addition, Becke’s gradient correction to LDA exchange is also
included, scaled by the parameter cx. Similarly, the VWN3 local correlation functional

is used and it used, and it may be optionally corrected by the LYP correction via the
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parameter the parameter cc. In B3LYP functional, the parameters values are those
specified by Becke, which he determined by fitting to the atomization energies,
ionization potential, proton affinities and first row atomic energies in the G1 molecule
set: ¢co= 0.20, cx= 0.72 and cc = 0.81. Note that Beck used the Perdew-Wang 1991
correlation functional in his original work rather than VWN3 and LYP. The fact that
the same coefficients work well with different functional reflects the underlying
physical justification for using such a mixture of Hartree-Fock and DFT exchange first
pointed out by Becke.

1.4.6 Basis Sets

Each molecular orbital (one electron function) is expressed as a linear

combination of n basis functions. The individual orbital ¥ molecular or atomic

depending on the investigated system, are expanded in term of set of basis function,

centered on the nucleus or nuclei.

¥ = Zciv‘Pv (1.18)

v

Where the orbital expansion coefficient, are optimized during the
calculation. The set of basis function available for an expansion is called the basis set.
These basis function can be slater type orbital (STO) function which similar to the
orbital obtained by analytical solution of Schrédinger equation for hydrogen atom.
However, a more efficient computational of two electron integrals is achieved with
Gaussian type orbital (GTO) function, It is therefore more common to use called
contracted Gaussian function, 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
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level of representation, e.g. minimal basis, and an outer component describing the
valence electrons with another level of representations.

The choice of basis set is very important for the quality of the computational
results. A sufficient flexible and balanced basis set must be used to obtain accuracy
results, but accuracy and computational cost has to be weighed against each order. The
trade-off becomes increasingly important to consider when large systems are
investigated.

1.4.6.1 Minimal basis sets
Minimal basis sets contain the minimum number of basis function
need for each atom. Minimal basis sets use fixed-size atomic type orbitals. The STO-
3G basis is minimal basis set. It uses three Gaussian primitive per basis function,
which accounts for the “3G” in its name. STO stands for “Slater type orbital”, and the
STO-3G basis set approximates slater orbitals with Gaussian function.
1.4.6.2 Split-valence basis sets
The description of the valence electrons can be significantly improved
over that in the minimal STO-3G basis set, if more than one basis function is used per
valence electron. Basis sets of this type are called "split valence" basis sets as the
description of valence orbitals are split into two (or more) basis functions.
A related term is “double zeta” in reminiscence of the greek symbol used for the
orbital exponents of STOs. The term "double zeta" (DZ) does not imply, however,
whether two basis sets are used for all of the orbitals or only for the valence space. .
One very economical, small split valence basis set is the 3-21G basis set. The
nonvalence electrons are described by single basis functions composed of a
contraction of three Gaussians. Each valence electron is described by two basis
functions. The first of these basis functions is composed of two Gaussian primitives
while the second consists of a single uncontracted Gaussian primitive.

1.4.6.3 Polarization functions

Split valence basis sets allow orbital to change size, but not change
the shape. Polarized basis sets remove limitation by adding orbitals with angular
momentum beyond what is required for the ground state to description of each atom.
To further increase the flexibility of the orbital description, double zeta basis sets are

frequently augmented with basis functions of higher angular momentum. A typical
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first step consists of the addition of a set of d-type functions to the basis sets of those
atoms, which have occupied s- and p-shells in their electronic ground states. For
hydrogen, this corresponds to the addition of a set of p-type functions. Two different
notations exist to specify the addition of polarization functions. The first notation adds
one asterisk to the basis set to specify addition of polarization functions to non-
hydrogen atoms, while two asterisks symbolize the addition of polarization functions
to all atoms (including hydrogen). The 6-31G** basis set1( is thus constructed from
the split valence 6-31G basis set through addition of one set of d-functions to all non-
hydrogen atoms and one set of p-functions to all hydrogen atoms. In the second
(preferable) notation the polarization functions are specified through their angular
quantum number explicitly. The 6-31G** basis set would then be termed
“6-31G(d,p)". This latter notation is much more flexible as multiple sets of
polarization functions can be specified much more easily.
1.4.6.4 Diffuse basis functions
The theoretical description of negatively charged species is
particularly challenging for ab initio MO theory. This is due to the fact that the excess
negative charge spreads outward to a much larger degree than is typically the case for
uncharged or positively charged molecules. The description of such a diffuse charge
distribution is not very well possible with the typical split valence basis sets discussed
before. Addition of very diffuse basis functions (with correspondingly small orbital
exponents) cures this problem to certain extends as it allows the description of electron
density relatively far from the nucleus. Diffuse basis functions are typically added as
an additional set of uncontracted Gaussian functions of the same angular momentum
as the valence electrons
1.4.7 Time depéndent density functional theory [11-15]
In general introduction to TDDFT is given before deriving the working
equations of TDDFT linear response theory for the calculation of excitation energies.
Subsequently, we present route to computing excited state nuclear gradients within

TDDFT linear response theory, the popular extended Lagrangian ansatz and the

implicit differentiation method.
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1.4.7.1 Time-Dependent Kohn-Sham Theory

According to the Runge-Gross theorem there is a one to one
correspondence between the time-dependent external potential, vey (1, t), and the time-
dependent electron density, p(r, t) for a fixed initial state. This can be seen as a
generalization of the usual Hohenberg-Kohn theorem electronic ground states. Similar
to the static case, one can cast the many-electron problem into the Kohn-Sham non-
interacting electrons form assuming non-interacting v-representability. The latter
assumption means that the density of the interacting system can be reproduced by the

non-interacting potential vg, i.e.
o 2
p(r,0)= 3|6 (5,0 (1.19)

Where the orbitals satisfy ¢i(r, ¢) the time-dependent Kohn-Sham

equations

iZ ¢ 0) =[—y5—+us[p](r,r)J¢,(r,t) (1.20)

p[r'af.]

=

vsleln=p EO+[dr + Vel Pl (1.21)

With defining the exchange-correlation potential vey [p] (r, £). In
the usual adiabatic approximation the exchange-correlation potential is taken to be

simply the derivative of the static ground state exchange-correlation energy, Exc, with

respect to the density,

OF Al

Ve P)r.0) = F; (1.22)
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In the past few years, time dependent density functional theory (TDDFT) has
been developed to calculate the properties on the excited state of molecules.
TDDFTextends the basic ideas of ground state density functional theory (DFT) to the
treatment of excitations and of more general time-dependent phenomena. Recently, it
was important implemented in many quantum calculation programs such as Gaussian.
TDDFT is a very popular tool in studying photochemistry due to its computation cost
is not expensive. Furthermore, many research groups have reported the good

agreement between TDDFT results with experiments.
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1.5 Objectives of this research

The aim of this project is to develop high efficiency DSCs based on organic dyes
using combined theoretical and experimental studies. The target dye molecules are
shown in Figure 1.6. The theoretical part will do the calculation of dye molecules with
varieties of donor groups, Linker and acceptor. The experimental part will do the
synthesis of the obtained molecules and DSCs device fabrication and testing. To
divide in to three sections, the first is effect of donor moiety (Figure 1.6), the second is
difference linker (Figure 1.7) and series and the third is difference acceptor position
series (Figure 1.8).

1.5.1 To study the structural and energetic properties of different donor dyes
based on of organic dyes using the computational calculations.

1.5.2 To calculate the adsorption energies of organic using the DMol® program
in Material Studio 5.5 software suite.

1.5.3 To improve and enhance the electronic and optical properties of target
organic dye molecules using the combined theoretical and experimental studies.

1.5.4 To provide useful information such as calculated energy band gap,
electronic transition and optical properties of organic dye-sensitizer to experimentalist
for the molecular level of understanding.

1.5.5 To study mode of adsorption of dye molecule on TiO, surface which
related to effect of electron injection from dye to external load and then related to
power conversion efficiency of DSCs.

1.5.6 To develop and design new efficient dye solar cells (DSCs) based on

D-=-A using the electronic and optical properties from our known target molecules.
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Figure 1.6 Molecular structures of target molecules in the effect of donor
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Figure 1.8 Molecular structures of target molecules in the effect of difference
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CHAPTER 2
LITERATURE REVIEWS

Dye-sensitized solar cells (DSCs) have attracted great attention over the last
15 years owing to their prospect of high energy conversion efficiency and low
production cost. The major factor for the low conversion efficiency of many organic
dyes in the DSCs is due to the sharp and narrow absorption band of organic dyes.
Therefore, the absorption spectra of organic dyes must be broadened and red-shifted
for efficient solar-cell performance. DSCs have attracted much attention since the
breakthrough made by Gritzel et al. in 1991 [1]. Several ruthenium-based sensitizers,
such as N3, N719, and black dye have achieved remarkable conversion efficiency of
10-11% under standard global air mass [16]. However, ruthenium complex dyes are
not suitable for cost-effective environmentally friendly photovoltaic systems, because
ruthenium is a rare and expensive metal, which limits the potentially wide application
of these complexes. Many scientists are paying a good deal of attention to organic
dyes for use in DSCs due to their high extinction coefficient, facile molecular design,

and no concern with the noble metal resource. [17]

2.1 Donor-n-acceptor frameworks

Sanghoon Kim and coworker synthesized the organic sensitizers that consist of
the bis-dimethyl-fluoreneaniline moiety acting as electron donor and cyanoacrylic acid
moiety acting as acceptor (JK-5 and JK-6), the two functions being connected by
conducting thiophene units and perform DFT/TDDFT calculations to provide a
detailed characterization of the structural, electronic and optical properties of the two
sensitizers. They found those two sensitizers shown a highly efficient, yielding 91%

IPCE and 8.01% conversion efficiency respectively [16].
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Figure 2.1 The chemical structures of JK-5 and JK-6

Duckhyun Kim and coworker synthesized novel organic dyes containing
N-aryl carbazole bridged by thiophene units (JK-24 and JK-25). They obtained a
maximum solar energy to electricity conversion efficiency of 5.15% under AMI1.5
irradiation with DSCs [18].

Figure 2.2 The chemical structures of JK24 and JK-25

Zhong-Sheng Wang and coworker synthesized carbazole derivative as an
electron donor and a cyanoacrylic acid moiety as an electron acceptor and an
anchoring group (MK-2 and MK-5). They found that sensitizers shown a highly
efficient, 8.3% of efficiency, which is comparable to 8.1% for the DSCs based on
N719 under a comparable condition [19].
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Figure 2.3 The chemical structures of MK-2 and MK-5

Cai-Rong Zhang and coworker was studied organic dye sensitizer TA-St-CA,
which contains a m-conjugated oligo-phenylenevinylene unit with an electron donor-
acceptor moiety using density functional theory (DFT), and the electronic absorption
spectrum was investigated via time-dependent DFT (TDDFT). From the results
features of electronic absorption spectra were assigned on account of the qualitative

agreement between the experiment and the calculations [20].

Q TASKCA
dcoon

Figure 2.4 The chemical structures of TA-St-CA

Sirtiporn  Jungsuttiwong and coworker investigated the electron injection
capability of carbazole base dyes, the adsorption of dyes on the TiO, anatase (101)
was performed with DFT calculations using DMol® program, and they found that the
calculated adsorption energies of these dyes on TiO, cluster were -14 kcal/mol,
implying that these dyes strongly bind to TiO, surface. Moreover, the electronic
HOMO and LUMO shapes of all dye-TiO, complexes exhibited injection mechanism
of electron via ICT transition [21].
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Figure 2.5 FMO of CFT1A, CFT2A, and CFT1PA adsorbed on (TiO;)3s
surfaces by B3LYP/6-31G(d,p)

Eunji Lee and coworker were studied novel carbazole based organic dyes, JD4,
photophysical characteristics and DSCs performances. They found that carbazole

based organic dyes show high efficiency, 6.25% [22].

Figure 2.6 The chemical structures of JD4

Yuan Jay Chang and Tahsin J. Chow were synthesized organic dipolar
compounds containing a donor (D), a bridge (B), and an acceptor (A), forming a
D-B-A type. The best performance among these compounds was found in 1N-PSP,
which showed a maximal IPCE value of 82%, J;. value of 16.81 mA-cm'z, V,. value of
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0.74 V, and FF value of 0.57, that correspond to an overall conversion efficiency of

7.08% [23].
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Figure 2.7 The chemical structures of IN-PSP

Supawadee Namuangruk and coworker report newly designed D-D-n-A type
dyes and studied the cluster model (TiO;);s-dye systems with the TD-CAM-B3LYP
method and fully relaxed geometries that were optimized by the PBE/DNP method
with DMol’. They found that the potential of direct electron injection from the dye to
TiO, in one step with electronic excitation for the present D-D-n-A dyes. The direct
electron injection, inhibited aggregation, and high molar extinction coefficient may be
the origin of the observed high efficiency. This type of D-D-n-A structure with direct

electron injection would simplify the strategy for designing organic sensitizers [24].
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Figure 2.8 (a) HOMO-1, (b) LUMO +12, and (c) LUMO +21 of the (Ti0,)3;3-UB1
System
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2.2 Auxiliary acceptor

Wengqin Li and coworker designed and synthesized LS-5 along with the same
conjugated bridge and anchoring group, but TPA as electron donor, to systematically
investigate the effect of electron donor on photovoltaic performances of DSCs.
Remarkably, with respect to the reference dyes of LS-1, LS-5 and LS-4 (Figure 2.9 ).
They found that the indoline containing dye shows a more negative oxidation potential
and a bathochromic shift in absorption spectra than the TPA substituted dye, indicative
of the more powerful electron-donating capability of the indoline unit. The indoline
dye based dye-sensitized solar cell exhibited promising conversion efficiency of
6.05% [25].
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Figure 2.9 Chemical structures of sensitizers LS-1, LS-4 and LS-5

Weihong Zhu and coworker report a series of novel cyanoacetic acid derivatives
with a novel specific donor-acceptor-n-bridge-acceptor (D-A-n-A) configuration to
construct metal-free organic sensitizers coded as WS-1 to WS-4 (Figure 2.10). They
found that the stability and spectral response of indoline dye-based DSCs are
improved by the strong electron-withdrawing BTD unit in the conjugation bridge. The
incident-photon-conversion efficiency of WS-2 reaches nearly 850 nm with a power
conversion efficiency as high as 8.7% in liquid electrolyte and 6.6% in ionic-liquid

electrolyte [26].
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Figure 2.10 Chemical structures of D-A-n-A sensitizers (WS-1 to WS-4) and
reference dye LS-1

Dan Wang and coworker study a series of isoindigo-based metal-free organic
sensitizers have been synthesized and used in DSCs. Measurement data indicated that
the fine-tuning of the donor or linker moiety could conveniently adjust the HOMO and
LUMO energy levels. All DSCs sensitized by three new dyes displayed an efficient
panchromatic spectra response with the improved light-harvesting capability in near-

infrared region, in which a highest photovoltaic conversion efficiency of 5.56% [27].
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Figure 2.11 Chemical structures of ID7-ID9 and reference dye
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Weijiang Ying and coworker designed and synthesized six new D-A-n-A organic
sensitizers (ID1-ID6 shown in Figure 2.12), in which triarylamine as the donor,
isoindigo as an auxiliary electron withdrawing unit, thiophene, furan and benzene as
the linker, and a cyanoacrylic acid moiety acting as the anchoring group. It was found
that their absorption spectra were broad with long wavelength absorption maximum
approximately at 589 nm and the absorption onset at 720 nm on the TiO; film.
Electrochemical experiments indicate that the HOMO and LUMO energy levels can
be conveniently tuned by alternating the donor moiety and the linker. All of these dyes
performed as sensitizers for the DSCs test under AM 1.5 similar experimental
conditions, and a maximum overall conversion efficiency of 5.98% is obtained for ID6
[28].
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Figure 2.12 Molecular structures of isoindigo dyes (ID1-ID6)
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2.3 Indole dyes

A. Venkateswararao and coworker synthesis and characterization of new organic
dyes containing indolo[2,3-b]quinoxaline donor, cyanoacrylic acid acceptor and the
conjugation pathway composed of phenyl or thiophene fragments. The structures of
the dyes are shown in Figure 2.13.We found that the optical and photovoltaic
properties are mainly dependent on the nature of the n-linker. The nature of the linker
plays a significant role on the absorption and electrochemical properties of the dyes.
A dye containing bithiophene linker (8d) exhibited the red-shifted absorption with
high molar extinction coefficient. However, the aggregation propensity of the planar
structures of the compounds containing extended conjugation affected its light
harvesting properties in the dye sensitized solar cells. Among the series a dye
containing thiophene directly attached to the indoloquinoxaline unit (5) displayed the
highest efficiency in DSCs [29].
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Figure 2.13 Structures of the indoloquinoxaline-based dyes

Dickson D. Babu and coworker synthesized three new sensitizers by following
the simple synthetic protocols as shown in Figure 2.14. Three new Donor-n-Acceptor
type dyes D1-D3 carrying 3-(1-hexyl-1H-indol-3-yl)-2-(thiophen-2-yl) acrylonitrile as
backbone with three different acceptor units. The study reveals that the dye carrying
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4-aminobenzoic acid as an acceptor showed the highest photovoltaic efficiency among

the three dyes [30].
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Figure 2.14 Structures of the D1, D2 and D3 dyes



CHAPTER 3
THE NUMBER DENSITY EFFECT OF N-SUBSTITUTED DYES
ON THE TiO, SURFACE IN DYE SENSITIZED SOLAR CELLS

Dye-sensitized solar cells (DSCs) have attracted great attention over the last
15 years owing to their prospect of high energy conversion efficiency and low
production cost [1]. The typical basic conjugation is as follows: the mesoporous oxide
layer, which is composed of a network of TiO; nanoparticles that have been sintered
together to establish electronic conduction, is deposited on a transparent conducting
oxide (TCO), on a glass or plastic substrate. The most commonly used substrate is
glass coated with fluorene-doped tin oxide (FTO). Attached to the surface of the
nanocrystalline film is a monolayer of the charge transfer dye. Photoexcitation of the
charge-transfer dye results in the injection of an electron into the conduction band of
TiO,, leaving the dye in its oxidized state. The dye is restored to its ground state by
electron transfer from the electrolyte, which is usually an organic solvent containing
the iodide/triiodide redox system. The regeneration of the sensitizer by iodide,
intercepts the recapture of the conduction-band-electron by the oxidized dye [3]. There
are mainly three kinds of dyes commonly used in DSCs, including ruthenium dyes
[31], porphyrin dyes [32-36] and metal free organic dyes [37-40]. Compared with the
other two dye types, the metal-free organic D-n-A dyes have received a great deal of
attention due to their low cost, relatively simple synthetic procedure, ease of molecular
modification and tailoring high molar extinction coefficients, and environmental
friendliness.

However, organic dyes also have their own drawbacks, such as a narrower
absorption spectrum, and a faster charge recombination. In this study, we are
attempting to improve their solar-to-electrical-energy conversion efficiency in DSCs
regarding charge recombination. There are two different improper recombination types
in DSCs. One is the “inner-path recombination” consisting of the recombination of an

electron injected into the semiconductor with the dye action before dye regeneration,
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which deteriorates the rate of electron injection, leading to a decrease of photocurrent
and J;. value. The other type of charge recombination in DSCs is “outer-path
recombination”, which occurs between the injected electrons in the semiconducting
oxide electrode and the oxidized electrolyte. It strongly affects the theoretical potential
difference between the oxide electrode and the electrolyte, resulting in a reduced V.

One of the common strategies to suppress this improper recombination path, while
also suppressing undesirable molecular aggregation, is to introduce a starburst-
triarylamine derivative as a donor group in D-n-A dyes. An extra-bulky donor could
prevent the electrolyte from approaching the surface of the semiconducting oxide
electrode, therefore, J;. and V,. would be enhanced and finally provide better device
performance [41-42]. However, one drawback of this dye design is that its bulky
donor greatly reduces the number density of the adsorbed dyes on the oxide electrode
surface, which decreases the absolute amount of injected electrons from the dyes to the
electrode, resulting in poorer photocurrent generation in DSCs. Recently, various
kinds of metal-free organic dyes have been developed as sensitizers in DSCs, and their
efficiency has been improved gradually through molecular design. Many efficient
organic dyes for DSCs containing triphenylamine [43-44], coumarin [45-46], indoline
[17], fluorene [47], or carbazole [19] moieties have been developed, yielding
efficiencies in the range of 4-9%. Among them, N-substituted derivative dyes are
promising due to the high efficiency and good stability. In this study, molecular design
concepts were introduced in order to additionally improve their solar-to-electrical-
energy conversion efficiency in DSCs regarding electron injection efficiency. We are
attempting to disclose the relationship between the performance, structures, and the
number density of the adsorbed dye on the TiO; surface using combined theoretical
and experimental investigations of the physical properties of dye sensitizers. The
effect of different N-substituted electron donating [48-49] has been investigated. The
calculated results are very helpful when designing and synthesising novel dye
sensitizers with higher performance. The derivatives of N-substituted donor with
D—n—A architecture in the present study, namely D1TC, D2TC and D3TC are
theoretically investigated. These dyes compose of an electron-accepting cyanoacrylic

acid group (A) and a m-conjugated bridge () of one thiophene moiety while there are



33

different electrons donating moieties on the donor group (D). We aim to reveal the
effects of the sensitizer donor on the performance of the photovoltaic devices affecting
both the geometrical structures and the optical properties of the derivatives of N-
substituted donor with a D-n-A structure. Therefore, the introductions of more
electron donors on a simple D-n-A dye system are designed, as can be seen in Figure
3.1. The variations of the donor are categorized into two types: (i) carbazole
substituted at N-position (ii) diphenylamine (DPA)-like substituted at N-position, one
phenyl of DPA is replaced by naphthalene unit forming D2TC while in D3TC, two
phenyl units of DPA are replaced by naphthalene and fluorene, respectively. Figure
3.1 shows the molecular structures of D1TC, D2TC and D3TC which are studied for

the purpose of comparing the variation and architecture of the donor.

O DITC Q D2TC
= S N 9 S9S CN
|\ N N COOH \ COOH
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Figure 3.1 Sketch map of the synthesized D1TC, D2TC and D3TC sensitizers

3.1 Computational details

The ground-state structures of organic dye molecules are fully optimized using
density functional theory (DFT) at the Becke3 (exchange) and the Lee—Yang—Parr
(correlation) hybrid functional [50] with 6-31G(d,p) basis set [51]. The excitation
energies and the electronic absorption spectra of organic dye molecules are
investigated using time-dependent density functional theory (TDDFT) at the CAM-
B3LYP functional [52], with the same basis set as in the ground-state calculations.

The solvation effect is included by means of conductor-like polarizable continuum
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model (C-PCM). The solvent used in our calculations and experiment is
dichloromethane (CH,Cl,). The absorption spectra of all organic sensitizers and the
contribution of molecular orbitals in the electronic transitions are simulated using the
GaussSum program version 3.0 [53]. The results are compared with the experimental
data [54]. All calculations are performed using the Gaussian(09 program package [55].
The electron-injection characteristics from D2TC and D3TC to the TiO, (101) anatase
surface [56] are carried out. The dye@)(TiO,)3s systems are fully optimized by the
Perdew—Burke-Ermzerhof (PBE) functional with the double numerical polarization
(DNP) basis set. The core electron is treated with DFT semicore pseudopotentials
(DSPPs) by DMol® code in Materials Studio 5.5. The energy convergence tolerance is
set to 2 x 107 Hartree, the maximum force 0.004 Hartree A, and the maximum
displacement 0.005 A. The optical properties of the relaxed complex are then
computed with the TD-CAMB3LYP/6-31G(d) method. The adsorption energies (Eags)

of dyes on the (TiO,)33 clusters can be obtained using the following expression:

E. = Edye+TiOZ - [Edye + Erio2 ]

where E,,. 50, 1is the total energy of the dye@(TiO,)ss system, and E, and

ET,O2 are the energies of the dye and (TiO,)33 cluster, respectively.

3.2 Results and discussion
3.2.1 Ground-state geometries of organic sensitizers

The optimized geometries obtained by density functional theory (DFT)
B3LYP/6-31G(d,p) level of organic dye molecules are shown in Figure 3.2, and
selected important inter-ring distance and dihedral angle parameters are listed in
Table 1. The bond lengths of all the important inter-ring bonds are in the range of 1.40
to 1.46 A. Due to the rigid structural arrangement of a carbazole donor, the dihedral
angles between the donor unit (D) and the phenyl ring (Ph) is calculated to be 49.27°
which is significantly larger than those of D2TC and D3TC (26.71° and 26.86°), with

free rotation around the N-position of a DPA-like structure. Consequently, the twisted



35

structure in the donor part of these dyes resulted in preventing dye aggregation
[57-58]. In the acceptor part, the dihedral angles between the thiophene ring (T) and
the cyanoacrylic acid anchoring are coplanar in the range of 0.64° to 1.08°. Therefore,
the electron from the donor can efficiently delocalize to the acceptor moiety and as a

result transfers to the conduction band (CB) of the semiconductor.

Table 3.1 The selected important inter-ring distances (r, A) and dihedral angle
(¢, °) calculated by B3LYP/6-31G(d,p) calculations

Dihedral angle (¢) and inter-ring distance (r)
Dyes
D-Ph Ph-T T-CA
DITC -49.27 (1.41) 23.75 (1.46) -0.64 (1.42)
D2TC -26.71 (1.40) 20.78 (1.45) -1.05 (1.42)
D3TC -26.86 (1.40) 21.02 (1.45) 1.08 (1.42)

D = Donor, Ph = Phenyl, T = Thiophene, CA = Cyanoacrylic acid

Figure 3.2 Optimized structures of D1TC and D2TC by DFT/B3LYP/6-31G(d,p)
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Table 3.2 The energies and percentage composition of frontier molecular

orbitals of organic sensitizers

Molecular Orbitals Percentage composition

Dyes bital energy

orbitals (eV) Donor Linker Acceptor

LUMO -2.78 1 49 50
DITC

HOMO -5.38 81 17 5

LUMO -2.57 3 48 49
D2TC

HOMO -5.27 52 41 7

LUMO -2.57 3 48 49
D3TC

HOMO -5.14 63 32 5

3.3.2 Electronic structures of organic sensitizers

To gain insight into the electronic structures, frontier molecular orbitals are
obtained to examine the highest occupied molecular orbital (HOMO) and the lowest
unoccupied molecular orbital (LUMO) due to the relative ordering of the HOMO and
LUMO which provides a reasonable qualitative indication of the charge transfer
properties. The molecular orbitals of D1TC, D2TC and D3TC are depicted in Figure
3.3 and the density of state (DOS) are presented in Table 3.2. In organic sensitizers,
the electron density on the HOMO is delocalized on donor group and the electron
density on the LUMO is delocalized on acceptor group. The HOMO to LUMO
transition corresponds to the intramolecular charge transfers (ICT) from the donor
group to the acceptor group. The different electronic densities between the ground
state and excited state (shown in Figure 3.3) are clearly assigned to the unambiguous
character of excited state. Obviously, the decreasing electron density is primarily from
the electron donor, whereas the increasing electron density is mainly on the acceptor
group, which is indicative of the intramolecular charge transfer when transition occurs
upon photoirradiation. This agrees well with the electronic structure analysis discussed
above. Moreover, the HOMO of all dyes show that the electrons density of DITC is
predominantly located at the rigid carbazole moiety while D2TC and D3TC, the
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electron is located all over the donor moiety and contributed to the linker part.
Therefore intramolecular charge transfer could be more efficient in D2TC and D3TC
than in D1TC according to Marcus theory. The distance of charge transfer (Dcr, A)
and the transition dipole moment (y, Debye) are calculated for a better understanding
of the performance of the intramolecular charge transfer upon photoexcitation.
The Dcr is the spatial distance between two barycenters of the density depletion (o)
and density enhancement (p+) distributions, while dye is under irradiation. The
isosurface (p/p+) of the dyes are illustrated in Figure 3.4, and the DCT and m values
are listed in Table 3. As shown, the D¢t values (A) are found to be in this order:
DITC (3.59) < D2TC (4.04) < D3TC (4.20). The m also give the same trend as
DITC (12.9) < D2TC (14.9) < D3TC (15.9). Based on the D¢r and m, D3TC is
predicted to give the best DSC performance among these dyes.

A o LS.
P ;;; e N W

Figure 3.3 HOMO (left) LUMO (middle) and charge density difference (right)
between the excited and ground states of the dyes. The green and red

colors indicate a decrease and increase of charge density
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Table 3.3 The distance of charge transfer upon excitation (Dcr), dipole moment
(1) electronic properties, maximum absorption wavelength and
oscillator strength (f) obtained by TDDFT at the CAM- B3LYP/
6-31G (d,p) in CH,Cl, solvent (C-PCM model)

Dyes Dcr (A)Y Electr(.)nic Amas Asgﬁ%ﬁgt; Expt. Amax
p (Debye) transitions (nm/eV) L=LUMO, etc. (nm/eV)
(+0.53) H> L

DITC 3.59/129 Sy—S; 397(3.12) 1.4218 (+0.43) H-2 >L  355(3.49)
(-0.11) H> L+1
(+0.62) H>L

(+0.21) H-1 > L
(-0.17) H-1>L
(-0.10) H>L+2
(+0.60) H-> L

(+0.24) H-1 > L
(-0.19) H-2->L
(-0.11) H> L+2

D2TC 4.04/149 Sy —> S; 428(2.90) 1.4686 436(2.84)

D3TC 4.20/156 So— S, 434(2.85) 1.4867 438(2.83)

(b)

Figure 3.4 p-/p+(green/red) isocontour surfaces of (a) D1TC, (b) D2TC, and (c)
D3TC, computed at the TD-CAM-B3LYP/6-31G(d,p) level

In addition, suitable energy levels of the HOMO and the LUMO orbitals of the
organic dye are required to match the I'/I;” redox potential and conduction band level
of the TiO, semiconductor. The calculated molecular orbital energies of DITC, D2TC
and D3TC are computed by using B3LYP/6-31G(d,p) in CH,Cl, as shown in Figure
3.5. For the LUMO levels, the results show that the replacement of carbazole with
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diphenylamine-like substituent raises the LUMO level from -2.80 (D1TC) to -2.69 eV
(D2TC and D3TC). However, the LUMO levels of all dyes lie above the Ecp of TiO,
leading to efficient injection of excited electrons into the semiconductor electrode.
Compared with electrolyte redox potential, the HOMO levels of all dyes are below the
I'/I3” redox potential. These results show the accepting electron efficiency of the
oxidized dye from the electrolyte system. The HOMO energy levels of D1TC, D2TC,
and D3TC are calculated to be -5.37, -5.22, and -5.12 eV, respectively. As shown, the
HOMO levels of D1TC-3 are systematically increased with increasing donor ability
(D3TC < D2TC < DI1TC) approaching the redox potential of the electrolyte system,
which resulted in the energy gaps being in a sequence of D3TC (2.43) < D2TC (2.53
eV) < DITC (2.57 eV). Therefore, D3TC with its narrow energy gap would be an

efficient sensitizer to extend the absorption wavelengths of these organic dyes.
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Figure 3.5 Molecular orbital energy level diagram of the dyes, TiO, conduction

band, and redox potential of I'/I3 electrolyte

3.2.3 Absorption spectra of organic sensitizers
The absorption spectra of these molecules have been studied by TD-CAM-
B3LYP/6-31G(d,p) level in the CH,Cl, solvent. Comparison of the theoretically

calculated wavelength with experimental data has been performed. The corresponding
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simulated absorption spectra of D1TC-D3TC are shown in Figure 3.6. The electronic
properties, oscillator strengths, conjugations of the orbitals, and the maximum
wavelength in the solvent phase of all organic sensitizers are shown in Table 3.3. The
strongest absorption peak with the largest oscillator strength arises from So — S
transition and corresponds to the intramolecular charge transfer transition, which is

primarily contributed from the HOMO to the LUMO.
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Figure 3.6 Absorption spectra of DITC, D2TC and D3TC calculated by
TDCAM-B3LYP/6-31G(d,p) level in CH,Cl, solvent (C-PCM model)
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It is found that the calculated data have similar tendencies with the experiment.
The trend of maximum absorption wavelength is D3TC > D2TC > DITC which
exhibits red-shift and the absorption intensity increases with the increase of electron
donating ability of donor groups. This tendency also confirms the Dcr prediction.
These results indicate that D1TC exhibits obvious blue-shift due to the electrons from
the rigid carbazole donor, connected at N-position with large twisted angle, hardly
transferred to the anchoring group. Therefore, its conjugation length, and D¢t values
are smallest in comparison to D2TC and D3TC. In the next section, the adsorption of
the organic sensitizers on the TiO, cluster, of D2TC and D3TC will be compared and
discussed.
3.2.4 Adsorption of organic sensitizers on the TiO; cluster
The TiO; film were modelled with a stoichiometric anatase (101) surface
as the (TiO,)3s cluster, which is similar to that described by Nazeeruddin et al [59].
This model 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 (TiO,)s; 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,)s3 cluster for representing the
TiO; surface for dye adsorption. The optimized structures of dye@)/(TiO,)3s adsorption
complexes are shown in Figure 3.7. The intermolecular Ti—~O bond distances and
adsorption energies calculated by PBE/DNP are tabulated in Table 3.5. The bond
distances between Sc-Ti and O atom of D2TC and D3TC are in range of 2.14-2.26 A.
The adsorption energy (Eaq) of D2TC@TiO, and D3TC@TiO; are calculated to be
-15.89 and -19.54 kcal mol™ respectively, indicating the strong interactions between

the dyes and the TiO; cluster. The higher adsorption energy of D3TC, with a stronger
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electron donating group, can be related to the stronger electronic coupling strengths
between the anchoring group of dye and the TiO; surface, which could corresponds to
higher observed J,.. However, we found that the adsorption energies did not
correspond to observed J,. as expected. The J,. of 10.96 mA cm? for D2TC is
significantly higher than 7.62 mA cm™ for D3TC.

Table 3.4 Molecular volume, Box size, and projected area of D2TC and D3TC

D Molecular volume * Box size Projected area
yes (A3 axbxec(4% ax b(A%)

D2TC 3311.80 10x 20.40 x 21.20 180

D3TC 4614.18 10 x18 x 21.20 214

® Molecular volume is calculated by Connolly surface

«— 14.505A — «—— 159804 .

D2TC@TiO, D3TC@TiO,

Figure 3.7 Molecular widths of D2TC and D3TC calculated by PBE/DNP on
DMol®
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Table 3.5 The selected bond length (A) and adsorption energy (Eag) of dye-TiO,
calculated by PBE/DNP in DMol®

Dye uptake

. s _ O Eads JSC VOC o
Complexes Ti-O Ti-O (keal/mol) (mA em®) (V) FF (mcol:::_g;lle (%)

D2TC@TiO, 2.14 226 -1589 10.96 0.77 0.645 4.55x 10" 545

D3ITC@TiO, 2.14 218 -19.54  7.62 0.76 0.674 1.38x 10" 3.91

These results can be rationalized by molecular volume and projected area
(Figure 3.8), as well as molecular width (Figure 3.7). The molecular volume is
calculated by a Connelly surface, which represents the molecular volume of the dye
including its van der Waals volume. The projected area explains the area on the TiO,
surface that is occupied by the adsorbed dye. These values of D2TC and D3TC are
listed in Table 3.4. As shown, the molecular widths are calculated to be 14.505 A and
15.980 A (Figure 3.7), the molecular volumes are 1810.68 A’and 1937.13 A® (Table
4), together with the measured projected area (dark area in Figure 9) of 180 A%and
214 A?, for D2TC and D3TC respectively, which correspond to the dye uptakes of
4.55 x 10" and 1.38x 10'” molecule per cm?, see Table 3.4.

240

D2TC D3TC
Figure 3.8 Molecular volume and projected area of D2TC and D3TC
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These results indicate that D3TC would cover a larger area on the TiO; surface
due to the bulky of the donor moiety. Consequently, the number density of the
adsorbed D3TC on the surface could be reduced leading to the lower dye uptake. Then
the absolute amount of injected electrons from the dyes to the electrode per cm? is
decreased, related to the lower observed J,. value of 7.62 mA cm™ compared to 10.96
mA em” of D2TC. These findings highlight the poorer energy conversion efficiency
of 3.91% in D3TC compared to the better performance of 5.45% in D2TC under
simulated AM 1.5 irradiation (100 mWcm™), see Table 3.5.

3.2.5 Dye@TiO; adsorption and the electron injection mechanism

To study the electron injection mechanism of selected dyes at the interface
of the dye@TiO, surface, the ten lowest vertical transitions are simulated using
TD-CAM-B3LYP/6-31G(d). The calculated excitation energies for the peak having
the highest oscillator strength are illustrated in Figure 3.9. The results show that the
strongest transition in our dyes is characterized as a linear combination of some
conjugurations. The Kohn-Sham orbitals, which are most relevant to these transitions,
are shown in Figure 3.10 (a) and (b). There is a very similar trend between D2TC and
D3TC, Therefore we only discuss D3TC. The highest oscillator strength of 1.5635 for
D3TC is assigned as the linear combination of 0.17(H —» L + 25) + 0.14(H-1 —»
L +27) +0.27(H-2 — L + 38). These orbitals, together with TDDFT functional, show
that the transition with large oscillator strength is characterized as the transition from
the orbitals localized in the donor-n-spacer (D-mt) unit to the orbitals delocalized over

the acceptor (A) unit of dyes and the (TiO;)33 clusters.
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Figure 3.9 Absorption spectra of D2TC@TiO; and D3TC@TiO; calculated by
TD-CAM-B3LYP/6-31G(d) level in gas phase

The former orbitals are similar to the HOMOs of dyes and the latter orbitals
correspond to the interacting orbitals between the LUMOs of dyes and the conduction
band of TiO,. This means that the electron excitation of this system directly induces
the electron injection from dye into TiO, surface. This is the origin of the high
photoelectric conversion efficiency of this system. Note that the latter orbitals are
firstly embedded in the conduction band of TiO; and then the injected electron is
transferred to the conduction bands of TiO,. These compositions of the electronic
transitions for two dyes, as shown in Figure 3.10 (a) and (b), strongly indicated that
when the intramolecular charge transfer is initially performed, electrons moved from
the donor to the anchoring group via phenyl-thiophene bridging, then jumped onto the
TiO; surface.
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D2TC@TiO,

LUMO+7 LUMO+60

(b)

LUMO+25 LUMO+27 LUMO+38

Figure 3.10 MOs relevant to the transition from Sy to S, of organic sensitizer
adsorbed on the (Ti0O;)3s in gas phase calculated by TD-CAM-
B3LYP/6-31G(d) on DMoP® geometry. (a) D2TC@TiO,

(b) D3ITC@TiO,

3.3 Conclusions

In summary, DITC, D2TC and D3TC have been studied for the purpose of
comparison, based on the variation and architecture of the donor, N-substituted
donors-n-acceptor type. These dyes are composed of cyanoacrylic acid anchoring
group and phenyl-thiophene moiety as n-spacer. We have designed 3 different donors
for variation, carbazole substituted at N-position forming DI1TC, diphenylamine
(DPA)-like substituted at N-position, one phenyl of DPA is replaced by naphthalene
unit forming D2TC, while two phenyl units of DPA are replaced by naphthalene and
fluorene forming D3TC, respectively. We found that D3TC, with the strongest

electron donating ability, shows the most red shift in the UV absorption spectra and
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the highest performance charge transfer. Moreover, the calculated adsorption energy
-19.54 kecal mol” for D3TC@(TiO,)ss complex indicates the strongest interactions
between the dyes and the TiO, surface, therefore D3TC is expected to be the most
potential sensitizer. Nevertheless, D2TC has shown the best photovoltaic
performance. This controversial issue has been solved by performing the molecular
volume, projected area on the TiO, surface and molecular width to investigate the
effect of N-substituted donors on the number density of the adsorbed dye on TiO,
surface. It has been found that the more bulky donor moiety in D3TC reduces the
number density of the adsorbed dye on the TiO, surface. The molecular width of
D2TC and D3TC are calculated to be 14.505 A and 15.980 A together with the
computed projected area of 180 and 214 A? (Figure 3.8) which excellently agrees with
the dye uptake of 4.55 x 10'7 and 1.38x 10'" molecule per cm?, respectively. The
photovoltaic performance shows a poorer energy conversion efficiency of 3.91% in
D3TC compared to the significantly better performance of 5.45% in D2TC under
simulated AM 1.5 irradiation (100 mW cm™). In conclusion, it has been shown that
these computational tools described above can provide detailed characterizations,
which can qualitatively explain experimental efficiency and therefore can be of great
valuable in further design of novel organic sensitizers for higher efficiency

photovoltaic devices.



CHAPTER 4
THE EFFECT OF BULKY-DONOR TO CHARGE
RECOMBINATION AND CHARGE SEPARATION

Organic dyes also have their own drawbacks, such as a narrower absorption
spectrum, and a faster charge recombination. There are two different improper
recombination types in DSCs. One is the "inner-path recombination" consisting of the
recombination of an electron injected into the semiconductor with the dye action
before dye regeneration, which deteriorates the rate of electron injection, leading to a
decrease of photocurrent and J;. value. The other type of charge recombination in
DSCs is “outer-path recombination”, which occurs between the injected electrons in
the semiconducting oxide electrode and the oxidized electrolyte. (Figure 4.1) It
strongly affects the theoretical potential difference between the oxide electrode and the

electrolyte, resulting in a reduced V,. [60-61]

Dye Photocathode

Recombination

N

s/ an)
1 ¢
etes. HOMO e
(S/S)
Photoanode
——
¢ Load e

Figure 4.1 The recombination processes in DSCs
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4.1 Computational details

The ground-state structures of dye molacules were performed using the density
functional theory (DFT) and time-dependent DFT (TDDEFT) for static (all series) and
the density-functional tight-binding (DFTB) method for CCTA and CFTA molecular
dynamics [62-63]. The vertical excitation energies and the electronic absorption
spectra of molecule were investigated using time-dependent density functional theory
(TDDFT) at B3LYP, PBEO, BHandHLYP, CAM-B3LYP, LC-wPBE and ®B97X-D
functions. We used these five different functionals in TDDFT within adiabatic
approximation to evaluate the effect of different functional on predicting the
absorption spectra for CCTA and CFTA series. The solvation effect was included by
means of conductor-like polarizable continuum model (C-PCM) model. The solvent
used in our calculations were CH,Cl,. The vertical excitation energies were performed
using Gaussian09 program package. The optimized bidentate bridging modes of
CCTA and CFTA on the Tij30s7Hs, surface are carries out [64]. The dye-TiO,
systems are optimized by molecular dynamics simulation of S, using DFTB.

In this chapter, three series of dyes are investigated therefore the discussions
are divided in to three section, first is carbazole-fluorene derivatives to form D-D-n-A
system were investigated theoretically by means of quantum mechanical calculations
based on the DFT [65]. The carbazole has strong absorption in the near UV region and
a low redox potential. The electrochemical and spectroscopic properties of carbazole
and its derivative have been extensively investigated. The 3, 6 positions of carbazole
have been substituted with rert-butyl groups to prevent oxidative coupling reaction. In
order to increase solubility property and prevent the recombination of electron from
the semiconductor to the electrolyte, alkyl groups were introduced at the C-9 position
of fluorene ring. The effects of increasing thiophene units for tuning the absorption
spectra of the dyes were investigated. The effects of increasing different conjugation
length for tuning the absorption spectra of the dyes (CarFTPC), (CarFT20),
(CarFP2C) and (CarFT3C) as shows in Figure 4.2 were investigate,
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Figure 4.2 Chemical structures of the synthesized CarFTPC, CarFT2C,
CarFP2C and CarFT3C dyes

4.2 Results and dicussion
4.2.1 Absorption spectra of carbazole-fluorene derivatives

To gain insight into the excited states giving rise to the absorption spectra of
D-D-n-A organic dyes, TDDFT calculations were employed by TD-CAM-B3LYP/6-
31G(d,p) level in CH,Cl, solvent (C-PCM model). Comparison of the theoretically
calculated wavelength with experimental data was performed. It is found that the
calculated data have similar tendency with the experiment. The transition energies of
electronic spectra, oscillator strength, configurations of the orbitals, and the calculated

values of the absorption wavelength in the solvent phase of all organic dyes are shown

in Table 4.1. It was found that, the Ay of CarFTPC, CarFP2C, CarFT2C and

CarFT3C are 413, 444, 472, and 487 nm, respectively. These results indicate that
CarFT3C dye exhibits red-shifted compared to that of organic dyes.
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Table 4.1
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Absorption spectra of CarFTPC, CarFP2C, CaeFT2C and CarFT3C
calculatet by TD-CAM-B3LYP /6-31G (d,p) level in CH,Cl, solvent
(C-PCM model)

Calculated TDDFT (CAM-B3LYP) excitation energies for the lowest
transition (eV, nm), oscillator strengths (f), composition in terms of

molecular orbital contributions and experimental absorption maxima

. E
Dyes State Composition (€V, nm) f
-0.42) Ho> L
CarFTPC S-S, EO 48)) ML 3.04,407 22017
(-0.18) H-3 > L
CarFP2C So—S, (047) HoL 351,352 22188
(0.34) H-1 5> L
CarFT2C Sp—S, (-046) Ho L 2.73, 453 1.9595
(0.47) H-1>L
CarFT3C So—>S; (0.53) H»L 2.56, 482 2.2435

(-0.36) H-1 - L
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To estimate the photocurrent performance of these dyes, the light harvesting
efficiency (LHE) needs to be as large as possible to maximize the photocurrent
response. We were interested in how the n-spacer within the molecular structure

affect J;, values. To provides an approximation to J;. following equation.
Jse = JLHE() ®injectncotteecd

In this equation, LHE is the light-harvesting efficiency at a specific A, @ipject is
the electron injection efficiency, and mect is the electron collection efficiency, which
is constant. According to above equation, to obtain a high value forJy, LHE
and ®Piyject should both be as large as possible. The LHE can be calculated using this

equation.
LHE = 1-10"4=1-107

where A(f) is the absorption intensity (oscillator strength) of the dye, corresponding to
Amax.
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Figure 4.4 LHE of CarFTPC, CarFP2C, CarFT2C and CarFT3C calculated by
TD-CAM-B3LYP /6-31G (d,p) level in CH,Cl, solvent (C-PCM model)
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The light harvesting efficiency (LHE) is the efficiency of dye in responding to
light. The value of LHE of the dyes has to be as high as possible to maximize the
photocurrent response. The LHE of CarFTPC, CarFP2C, CarFT2C and CarFT3C
molecules are shown in Figure 4.3. The LHE of all dyes will give similar trend with
absorption spectra. We can assume that the CarFT3C with three thiophene ring can
improve light harvesting efficiency than other molecules.

For the second series is the conformation of target molecules as dye-
sensitizers, a donor-donor-n-conjugate acceptor (D-D-n-A) organic material based on
carbazole-carbazole as the donor group, with different linker unit and cyanoacrylic

acid moiety as acceptor as show in Figure 4.5.

\w/ CarCarFuC

O & ~ ‘coon S J CarCarTFuC
Q O Q /S ) \S ) /0\ CarCarT2FuC

Figure 4.5 Chemical structure of the synthesized CarCarFuC, CarCarTFuC,
CarCarT2FuC and CarCarT3C dyes

4.2.2 Absorption spectra of carbazole-carbazole derivatives
The absorption spectra of these molecules have been studied by TD-CAM-
B3LYP/6-31G(d,p) level in CH,Cl; solvent (C-PCM model). Comparison of the
theoretically calculated wavelength with experimental data was performed. It is found
that the calculated data have similar tendency with the experiment. The transition
energies of electronic spectra, oscillator strength, configurations of the orbitals, and

the calculated values of the absorption wavelength in the solvent phase of all organic

dyes are shown in Table 4.2. It was found that, the Apa of CarCarFuC,
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CarCarTFuC, CarCarT2C and CarCarT3C are 413, 444, 472, and 487 nm,
respectively. These results indicate that CarCarT3C dye exhibits red-shifted

compared to that of organic dyes.
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Figure 4.6 Absorption spectra of CarCarFuC, CarCTFuC, CarCarT2C and
CarCarT3C calculated by TD-CAM-B3LYP /6-31G (d,p) level in
CH;C1; solvent (C-PCM model)

Table 4.2 Calculated TDDFT (CAM-B3LYP) excitation energies for the lowest
transition (eV, nm), oscillator strengths (f), composition in terms of

molecular orbital contributions and experimental absorption maxima

E

Dyes State Composition (eV, nm) f

CarCarFuC Se—>S; (-038) H-»L 2.99,413 1.2303
(+0.54)H-1 > L

CarCarTFuC So—S; (-045) H>L 2.78,444 1.6875
(+0.46)H-1 > L

CarCarT2FuC So—>S; (-027) HH> L 2.62,472 2.0006
(+0.55)H-1 > L

CarCarT3C Se—S; (-028) HH»L 2.54, 487 2.0183

(+0.55) H-1 > L
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The light harvesting efficiency (LHE) is the efficiency of dye in responding to
light. The value of LHE of the dyes has to be as high as possible to maximize the
photocurrent response. The LHE of CarCarFuC, CarCarTFuC, CarCarT2C and
CarCarT3C molecules are shown in Figure 4.6. The LHE of all dyes will give similar
trend with absorption spectra. We can assume that CarCarT3C molecules can

improve light harvesting efficiency than other dyes molecule.
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Figure 4.7 LHE of CarCarFuC, CarCarTFuC, CarCarT2C and CarCarT3C

calculated by TD-CAM-B3LYP /6-31G (d,p) level in CH,Cl, solvent
(C-PCM model)

4.2.3 The effect of bulky-donor to charge recombination and charge

separation in carbazole-cased sensitizer

Carbazole derivatives have interested in their excellent electron donating
moiety in DSCs, which providing efficient charge-separationin a molecule
[60-66-68], the bulky, nonplanar structure of the designed moiety may prove to be
valid in solving the problem of the close n-n aggregation of the dye molecules [69].
Both 3,6-di-tert-butyl and N-dodecyl substituents assist the solubility of the dye, but
they also form a hydrophobic blocking layer on the TiO, surface to suppress the
approach of iodide/triiodide in the electrolyte to TiO, [70]. CCTA and CFTA (Figure
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4.8) using Ndodecyl-3-(3,6-di tert-butylcarbazol-N-yl)carbazol-6-yl and 2-(3,6-di-tert
butylcarbazol-N-yl)-9,9 bishexylfluoren-7-yl as donor moieties were synthesized [71].
The third series is theoretically prove that introducing carbazole as a donor group
in D-n-A dyes can suppress the improper recombination, and also suppressing
undesirable close m—n aggregation of the dye molecules. An extra-bulky donor could
form a hydrophobic blocking layer on the TiO, surface to suppress the approach of
iodide/triiodide in the electrolyte to TiO,, consequently leading to an improvement of
the open-circuit voltage (V,.). In order to disclose the relationship among the
performance, structures and the properties, the theoretical investigations of the

physical properties of dye sensitizers are indispensable.

)

B
L)
o

Figure 4.8 Chemical structure of the synthesized CCTA and CFTA dyes

4.2.3.1 Effect of various DFT functionals on absorption spectra
The calculated excitation energies of all analogues using B3LYP,
PBEO, BHandHLYP, LC-oPBE, CAM-B3LYP and ®B97XD functional in solvent
phase are listed in Table 4.3. The amount of the Hartree-Fock exchange included in

the applied functional increased in the order B3LYP (20% HF) < PBEO (25%HF)
< BHandHLYP (50%HF). The results showed that the maximal wavelength (Anax) of

ICT spectra was significantly red-shifted as the amount of the HF exchange

decreased. For the long-range-corrected, LC-oPBE function was significantly blue-
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shifted than CAM-B3LYP and ®wB97XD functions. We also found that the maximal
wavelength (Amax) of ICT spectra is Sy — S; excitation which is significantly red-
shifted as the amount of the HF exchange decreased for hybrid function. For the
long-range-correction function, the long-range-corrected wB97XD empirical
dispersion provide the most stable and reliable results. The discrepancies between
calculated and experimental excitation energies were found to be within 0.04 eV for
CCTA and 0.08 eV for CFTA with ©®B97XD function. The frontier molecular

orbital results indicated that the intramolecular charge transfer (ICT) was occurred.

Table 4.3 Wavelength (Ansx) for ICT spectra of CCTA using TDDFT method

during DFTB dynamics
CAM-
B3LYP PBE0 BHandHLYP LC-oPBE ©B97X-D Expt.
B3LYP
637 604 506 492 433 473 456
(1.94) (2.05) (2.45) (2.52) (2.86) (2.62) (2.71)
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Figure 4.9 HOMO-LUMO plots of CCTA and CFTA

The optimized geometries obtained by density functional theory (DFT)
B3LYP/6-31G(d,p) level of organic dye molecules are shown in Figure 4.9. They are
composed of four moieties on the dye molecules; (i) “carbazole” group acting as

secondary electron donor (ii) different primary electron donor groups of “carbazole”
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and “fluorene”, forming CCTA and CFTA dyes, respectively (iii) “thiophene” group
acting as linker (iv) “Cyanoacylic acid” acting as electron acceptor. CFTA dye, with
donor carbazole-fluorine moiety, performs a straight structure (linear). Replacing
carbazole-fluorene by carbazole-carbazole donor resulted in V-shape conformation
which can prevent the aggregation of dye molecule. The frontier molecular orbital
properties were obtained to examine the HOMO and the LUMO due to the relative
ordering of the HOMO and LUMO provides a reasonable qualitative indication of the
charge transfer properties. The electron density on HOMO is delocalized on donor
group and the electron density on LUMO is delocalized on acceptor group, the HOMO
to LUMO transition that corresponding to ICT from donor group to acceptor group.
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Figure 4.10 Absorption spectra of CCTA during DFTB dynamics

Figure 4.10 illustrated absorption spectra of CCTA during DFTB dynamics. The
trajectory sampling was then performed from the available NVE trajectories, drawing
independently selected sets of 20 geometries for subsequent TDDFT single point
excitation energy calculations. This data suggests that 20 point-sampling produces

converge UV/vis absorption spectrum. The results showed that the maximal
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wavelength (Amax) of ICT spectra show red-shifted than long range corrected function.
It is shown that functionals with an increased amount of exact exchange provide the
best estimation of the optical properties. While B3LYP fails to predict the excitation
energies due to its intrinsic problems in describing charge transfer (CT) states, the
long-range corrected ®B97XD functionals deliver good agreement with the
experimental UV/vis absorption spectrum.
4.2.3.2 Adsorption of organic sensitizers on the TiO, 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 CCTA- and CFTA-TiO; adsorption complexes (Dyes-TiO,)
as shown in Figure 4.11. 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,4 values for Dyes-TiO, are
-20.81 kcal/mol for CCTA-TiO, which is slightly stronger than -17.84 kcal/mol of
CFTA-TiO;. We can predict that electrons injection efficiency from CCTA toward
TiO; surface would be better than CFTA.
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Figure 4.11 Optimized bidentate bridging mode of CCTA and CFTA on the
(TiO)35. Molecular dynamics simulation of Sy using DFTB at 298 K,
dt =0.7254 fs with NVT and NVE ensemble
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Additionally, a bulky electron-donating group in CCTA can suppress dye
aggregation as illustrated in Figure 4.12. In view of molecular geometry, unfavorable
aggregation of dyes should be prohibited to achieve high conversion efficiency. The
distances between each CFTA on TiO, surface are significantly closer than that of
CCTA. Figure 4.12 show the more possible n-n aggregation phenomena in CFTA-
TiO; compared with CCTA-TiO; system resulted in self-quenching and reduction of
electron injection to TiO,. These results corresponding to experimental observation in
Jie value of CFTA (8.99 mAcm™?) is significantly lower than CCTA (11.31 mAcm 2).
Furthermore, n-n aggregation leads to decrease of instability due to the formation of
excited triplet states and unstable radicals [69]. Stability of dyes in its excited and

ionized states is important for efficiency and durability.

Figure 4.12 The possible - aggregation phenomena in CFTA-TiO; (a)
compared with CCTA-TiO, (b)
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Table 4.4 Photovoltaic parameters of DSCs with carbazole dye and N719

sensitizers
Jsc Voc PCE
Dyes 5 FF
[mA cm™] V] [Y0]
CCTA 11.31 0.71 0.71 5.69
CFTA 8.99 0.62 0.66 3.64
N719 11.63 0.71 0.72 5.92

Typically, the recombination strongly depends on the molecular structure of
the dyes molecule and their arrangement on the surface of the oxide electrodes. The
geometry optimization by means of computational calculations showed that the CCTA
dye with donor carbazole-carbazole induces a V-shape oriented dye geometry when
adsorb on TiO, surface, while the CFTA dye donor carbazole-fluorene affect to a
linear oriented dye geometry when adsorb on TiO, surface. We found that the V-shape
structure of CCTA dye can prevent the recombination between oxidized electrolyte
and injected electron on semiconductor surface, leading to increase V,. value from
0.62 10 0.71 V for CFTA and CCTA respectively.

To study the electron injection mechanism of selected dyes at the interface of
the dye-TiO, surface, the ten lowest vertical transitions are simulated using TD-
®B97XD/6-31G(d). The calculated excitation energies for the peak having the highest
oscillator strength are illustrated in Figure 4.13 and Table 4.5. The results show that
the strongest transition in our dyes is characterized as a linear combination of The
Kohn—Sham orbitals, which are most relevant to these transitions, are shown in Figure
8(a) and (b). Both CFTA-TiO; and CCTA-TiO; show similar transitions, only
CCTA-TiO; system has been discussed. The highest oscillator strength of 2.6631 for
CCTA is assigned as the linear combination of 0.44(H — L+23) - 0.34 (H-1 - L+23)
-0.16(H-4 — L+23) - 0.10(H — L+22). These orbitals, together with TDDFT
functional, show that the transition with large oscillator strength characterized as the
transition from the orbitals localized in the donor—m-spacer (D-m) unit to the orbitals

delocalized over the acceptor (A) unit of dyes and the (TiO,)ss cluster. The former
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orbitals are similar to the HOMOs of dyes and the latter orbitals correspond to the
interacting orbitals between the LUMOs of dyes and the conduction band of TiO,.
This means that the electron excitation of this system directly induces the electron

injection from dye into TiO, surface.

—a— CFTA-TO,
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Figure 4.13 Absorption spectra of CFTATiO, and CCTA-TiO; calculated by
TD-0B97XD/6-31G(d) level in gas phase

Table 4.5 The electronic properties, absorption wavelength and oscillator

strength (f) obtained by TD-©B97XD/6-31G(d) on DFTB geometry

Electronic A Assignment;
Complexes e f ¢ ’

transitions (nm/eV) H=HOMO, L=LUMO, etc.

(0.36) H->L+5
(031) H-1->L+5
(0.68) H-3 > L+5

0.11) H-o> L+6

CFTA-TiO, S, S, 466 (2.65) 2.7580

0.44) H— 1+23
(-0.34) H-1- 1423
(-0.16) H-4 — L+23

CCTA-TiO; S,=>S,  491(2.52) 2.6631

(-0.10) H—-> L+22
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4.2.3.3 Electronic coupling between dye and TiO, surface of CCTA and

CFTA dyes.

The rate of electron injection from the dye to TiO, a critical step in
the generation of photocurrent, is related to the magnitude of the dye-semiconductor
electronic coupling. To determine the extent to which the dye-semiconductor
electronic coupling differs between CCTA-TiO; and CFTA-TiO, DSCs, a series of
constrained DFT configuration interaction (CDFT-CI) calculations were performed on
a collection of uncorrelated snapshots from the dye-semiconductor molecular

dynamics trajectories discussed in Section 4.2.3.2.
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Figure 4.14 MOs relevant to the transition from S, to S; of (a) CFTA (b) CCTA
organic sensitizer adsorbed on the (TiO-)33 in gas phase calculated by

TD-0B97XD/6-31G(d) on DFTB geometry
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Two types of electronic coupling are expected to influence the overall PCE.
The first is the coupling for charge separation Vcs between the dye-localized S,
excited state and the lowest charge-transfer (CT) state mediating charge injection into
TiO,. The second is the coupling for charge recombination Vg between the CT state
and the ground state, which represents loss of the excitation energy through
nonradioactive recombination. Vs and Vcg were obtained through CDFT-CI
calculations in the 3-state CI basis [72-74]. Here, the Sy state was treated in CDFT by
constraining the net charge and spin on the dye and TiO, fragments to zero; this
procedure raises the energy slightly above that of the fully optimized ground state but
yields a diabatic electronic state better suited to the CDFT electronic coupling
calculation. To obtain the S; state, a constrained ASCF approach was applied using the
same charge/spin constraints as the Sy state but adding an orbital occupation constraint
to capture the electronic excitation on the dye [75-76]. The CT state was obtained by
constraining a net charge difference of two electrons between the dye and TiO,,
corresponding to a hole on the dye and an excess electron on the semiconductor.

CDFT-CI electronic couplings for CR and CS were computed for CCTA-TiO;
and CFTA-TiO; geometries sampled from DFTB molecular dynamics (192 snapshots
and 129 snapshots, respectively) and are collected in Figure 4.15. These couplings are
not expected to be quantitatively accurate enough for rate predictions but are
nevertheless valuable for comparing the relative strength of coupling for the cases of
CCTA and CFTA. Interestingly, the distribution of couplings for CR is significantly
more Gaussian for both DSCs than the distribution of couplings for CS. In particular,
for both DSCs the coupling for CR fluctuates around a value in the hundreds of meV
while the coupling for CS persists in the vicinity of 1 meV, with occasional
fluctuations that strengthen the coupling by up to an order of magnitude.

The distributions in Figure 4.15 (a) and (c) demonstrate that CCTA-TiO,
achieves a smaller coupling for CR than CFTA-TiO,, while Figure 4.15 (b) and (d)
reveal that the typical coupling for CS is also smaller for CCTA-TiO; than for CFTA-
TiO;. The smaller CR rate for CCTA-TiO, suggests that a smaller fraction of
generated electron-hole pairs will recombine before doing any useful work. This

interpretation is consistent with the experimental finding that the CCTA device
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achieves a higher PCE than the CFTA device. While the CS rate is also smaller for
CCTA-TiO; than for CFTA-TiO., the difference is negligible (only a few meV)
compared to the difference in CR rates (hundreds of meV). Furthermore, the couplings
reported here for CR are 2-3 orders of magnitude larger than couplings for CS,
suggesting that the CR rate plays the greater role in determining the overall charge

separation efficiency than the CS rate.
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Figure 4.15 Observed distribution of electronic couplings (in meV) for charge
recombination Vg and charge separation Vs in CCTA-TiO; (a,b)
and CFTA-TiO; (c,d). Distributions are presented over geometries

sample from NVE molecular dynamics simulations

4.3 Conclusion

For a series of different linker group on absorption properties of carbazole-
fluorene and carbazole-carbazole derivatives to form D-D-m-A system, which
extended conjugation linker by increase thiophene, phenyl and furan ring. The result
show than CarFT3C and CarCarT3C with large conjugation length exhibits red-

shifted compared to that of organic dyes in this series. In addition, we study on effect
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of bulky-donor to charge recombination and charge separation in CFTA (CarFT3C)
and CCTA (CarCarT3C) in dye-semiconductor electronic coupling differs between
CCTA-TiO; and CFTA-TiO; by constrained DFT configuration interaction (CDFT-
CI) calculations. This interpretation is consistent with the experimental finding that the
CCTA device achieves a higher PCE than the CFTA device while the CS rate is also
smaller for CCTA-TiO; than for CFTA-TiO-, the difference is negligible compared
to the difference in CR rates. Furthermore, the couplings reported here for CR are 2-3
orders of magnitude larger than couplings for CS, suggesting that the CR rate plays the

greater role in determining the overall charge separation efficiency than the CS rate.



CHAPTERSS
THE EFFECT OF AUXILIARY ACCEPTOR ON DYE
SENSITIZED SOLAR CELLS

Metal-free organic molecular dyes as alternative sensitizers have also attracted
research attention due to a number of potential advantages ranging from the control of
structure organic compounds bring, to the access to low cost materials and
environmentally benign resources, high light absorptivity, and simple synthesis.
Organic dyes have been evaluated as sensitizers and the highest efficiency cells have
achieved comparable PCEs (> 10%) as those with metal-based dyes [77]. Arylamine-
based organic dyes still present some challenges including lack of absorption in the
near IR region and dye aggregation on the TiO; film. Further red shifted absorption
spectra can be obtained by adding conjugated bridge between the donor and acceptor
units to form a D-n-A-n-A framework owing to the expended conjugation [78].
However, slightly lower efficiency, metal-free organic dyes drew great attention due
to their lower cost, easy purification and more flexibility in molecular design.
Framework of metal-free dyes include D-n-A (D, donor; n-conjugated; A, acceptor),
D-n-A'-n-A, (D)2-n-A, and D-n-(A)2. D-n-A’-n-A type sensitizers with incorporation
of an additional electron-withdrawing segment A’ in the conjugated bridge, such as
benzothiadiazole, benzoxadiazole, benzothiazole, quinoxaline, isoindigo, thiazole, and
fluoro-substituted phenyl, received considerable studies [77]. Isoindigo has a strong
electron-withdrawing property due to the two lactam rings. It has been widely used in
the dye industry and can be obtained easily from various natural sources. The perfect
planar m-conjugated structure and the strong-withdrawing effect make it ideal
monomer for synthesis of D-A low band gap conjugated polymer for organic solar cell
applications. Recently, the photovoltaic performance of isoindigo-based polymer solar

cells has been reported and the best efficiency of 6.3% has been reached [27-28].
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In this chapter, two of dyes containing auxiliary are discussed, TPA-dyes
with/without sets isoindigo as auxiliary acceptor and indoline dyes containing different

auxiliary acceptor (EDOT, BT and BTD).

5.1 Computational details

The ground-state structures of organic dye molecules are fully optimized using
DFT at the B3LYP hybrid functional with 6-31G(d,p) basis set. The excitation
energies and the electronic absorption spectra of organic dye molecules are
investigated using TDDFT at the CAM-B3LYP functional, with the same basis set as
in the ground-state calculations. The solvation effect is included by means of C-PCM.
The solvent used in our calculations and experiment is CH,Cl,. The absorption spectra
of all organic sensitizers and the contribution of molecular orbitals in the electronic
transitions are simulated using the GaussSum program version 3.0. The results are
compared with the experimental date. All calculations are performed using the
Gaussian09 program package. The electron-injection characteristics from dye to the
TiO, (101) anatase surface are carried out. The dye-(TiO;);s systems are fully
optimized by the PBE functional with the DNP basis set. The core electron is treated
with DFT with DSPPs by DMol®> code in Materials Studio 5.5. The energy
convergence tolerance is set to 2 x 107 Hartree, the maximum force 0.004 Hartree A™,
and the maximum displacement 0.005 A. The optical properties of the relaxed
complex are then computed with the TD-CAMB3LYP/6-31G(d) method. The
adsorption energies (E4s) of dyes on the (TiO,)s33 clusters can be obtained using the

following expression:

Lot = Egerrio, ~[Ege + Eng ]

Where E,, .5, is the total energy of the dye@(TiO,)ss system, and E, and

Ep,, are the energies of the dye and (TiO,)ss cluster, respectively.
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Theoretical studies on physical and chemical properties of dye are important to
understand the relationship between the structure, properties and performance in order
to design and synthesize new molecules for this purpose. In this chapter we study in
D-n-A-n-A (TIDT and TIDP), and D-n-A (TTPC and TT2C) organic sensitizers. For
TIDT and TIDP, TPA as the donor, thiophene as the linker, isoindigo as an auxiliary
electron withdrawing unit, different linker is thiophene ring for TIDT, phenyl ring for
TIDP, and a cyanoacrylic acid moiety acting as the anchoring group compared to
TPA-dyes without (TTPC and TT2C) (Figure 5.1).

Q TTPC - NC Q TT2C X Nf coon
O ((I: D-n-A @ (é
TIDP
@ R N_o @ Tl;)T N_o
s O , )
dc""“ NN
b @ 7N “Ncoon
\(i D-n-A-n-A \q

Figure 5.1 Sketch map of TPA-dyes with/without sets isoindigo as auxiliary
acceptor (TTPC, TT2C, TIDP and TIDT)

5.2 Results and discussion
5.2.1 TPA-dyes with and without isoindigo as auxiliary acceptor
5.2.1.1 Ground-state geometries of organic sensitizers

The optimized geometries obtained by DFT at B3LYP/6-31G(d,p)
level of organic dye molecules and selected important inter-ring distance and dihedral
angle parameters shown in Table 5.1. The bond lengths of all important inter-ring
bonds are in the range of 1.38 to 1.46 A. The dihedral angles between the donor unit
and the linker are in the range of 22-13° which the twisted structure in donor part of
these dyes resulted in preventing dye aggregation. In the acceptor part, the dihedral

angles between linker and anchoring group are coplanar in the range of 0.39° to 1.01°.
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Moreover, we also found that the dihedral angles between the isoindigo auxiliary
acceptor with different linker which phenyl ring for TIDP and thiophene ring for
TIDT are calculated to be -34.16° and 21.81° respectively, TIDP show significantly
larger than TIDT. Therefore the electron from the donor can efficiently delocalize to
the acceptor moiety, as a result transferring to the conduction band (CB) of

semiconductor.

Table 5.1 The selected important inter-ring distances (r, A) and dihedral angles
(¢, ©) calculated by B3LYP/6-31G(d,p) calculations

Dihedral angle (¢) and inter-ring distance (r)
Dyes
TPA-T T-L T-ID ID-L L-C

22.21 -11.52 0.39
TTPC - -

(1.46) (1.45) (1.44)

23.62 -6.02 0.41
TT2C - -

(1.46) (1.43) (1.42)

23.13 18.77 -34.16 0.34
TIDP -

(1.46) (1.45) (1.38) (1.44)

22.04 15.74 21.81 -1.01
TIDT -

(1.46) (1.45) (1.46) (1.42)

5.2.1.2 Electronic structures of organic sensitizers

To gain insight into the electronic structures, frontier molecular
orbital were obtained to examine the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) due to the relative ordering of
the HOMO and LUMO providing a reasonable qualitative indication of the excitation
properties. The molecular orbital surfaces of TTPC, TT2C, TIDP and TIDT are
shown in Figure 5.2 and the density of state (DOS) are presented in Table 5.2. In all
dye, the electron density on HOMO is delocalized on donor group and the electron
density on LUMO is delocalized on acceptor group, the HOMO to LUMO transition

that corresponding mixed transition between ICT from donor group to acceptor
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group. Moreover, suitable energy level and location of HOMO and LUMO orbitals
of the dye are required to match the I'/I3” redox potential and conduction band level
of the TiO, semiconductor. The calculated molecular orbital energies of TTPC,
TT2C, TIDP and TIDT were computed by using B3LYP/6-31G(d,p) the CB of
TiO; as shown in Figure 5.3. The results were found that the HOMO energy levels of
TTPC, TT2C, TIDP and TIDT are -5.12, -5.05, -4.99, and -5.00 eV respectively;
the LUMO energy levels are -2.73, -2.71, -3.09 and -3.12 eV, respectively.
We found that, for isoindigo auxiliary acceptor the LUMO is lying closer to the
conduction band of TiO, compared to that of others leading to the excited electrons
are then efficiently injected into semiconductor electrode. Whereas the HOMO
energy all dye are lying above the redox couple of the electrolyte which is the most
suitable for donation of electrons from the I/I;” redox couple in the electrolyte

solution.
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Figure 5.2 The molecular orbital surface at the ground state and first excited

state when transition occurs
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Table 5.2 The energies and percentage composition of frontier molecular orbitals

Percentage composition
Molecular

Dyes bical Auxiliary

orbitals TPA Thiophene Linker  Acceptor

acceptor

LUMO 5 46 - - 49
TTPC

HOMO 76 22 - - 2

LUMO 5 52 - - 42
TT2C

HOMO 72 24 - - 4

LUMO 1 5 72 10 12
TIDP

HOMO 70 18 12 0 0

LUMO 1 4 67 13 14
TIDT

HOMO 69 18 12 1 0

Energy (eV)

Figure 5.3 Molecular orbital energy level diagrams of the dyes, TiO; conduction

band, and redox couple of I'/I; electrolyte
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5.2.1.3 Absorption spectra of organic sensitizers

The absorption spectra of these molecules have been studied by
TD-CAM-B3LYP/6-31G(d,p) level. The transition energies of electronic spectra,
oscillator strength, configurations of the orbital, and the calculated values of the
absorption wavelength of TTPC, TT2C, TIDP and TIDT are listed in Table 5.3. The
UV/vis absorption spectra of TTPC, TT2C, TIDP and TIDT are shown in Figure 5.4.
It was found that, the Apma of TTPC, TT2C, TIDP and TIDT are 425, 463, 527 and
542 nm, respectively. These results indicate that TIDP and TIDT dye exhibits red-
shifted compared to that of organic dyes. The absorption spectra of the auxiliary
acceptors of TIDP and TIDT as D-n-A-n-A system play exactly different roles in
absorption and intramolecular charge transfer compared D-n-A system. Moreover, the
isoindigo-based sensitizers can result in broader spectral range near IR region and

beneficial to light-harvesting for higher electricity conversion efficiency.

Absorption intensity

300 400 500 600 700 800
Wavelength (nm)

Figure 5.4 Absorption spectra of TT2C, TTPC, TIDP and TIDT calculated by
TD-CAM-B3LYP /6-31G (d,p) level in CH,Cl; solvent (C-PCM model)
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Table 5.3 Calculated TDDFT (CAM-B3LYP) excitation energies for the lowest

transition (eV, nm), oscillator strengths (f), composition in terms of

molecular orbital contributions and experimental absorption maxima

Dyes

State

E

Composition
(eV, nm)

Expt.
(eV, nm)

TTPC

TT2C

TIDP

TIDT

So—-)S,

So—)Sl

So—)S]

So—-)s6

So—-)S3

So—)S]

So—>S3

So—)S6

(057) Ho L

(-0.32)H-1 > L 2.91, 425
(0.20) H-1 - L+1

(0.57) Ho L

(0.36) H-1 » L 2.67, 463
(0.14) H-1 > L+1

(045 H—> L

(0.47) H-1> L 2.35,527

(0.48) H— L+2

(-0.30) H> L

(0.46) H-3 > L

(0.33) H> L 3.11, 398
(0.25) H-1»> L

(-043)H- L

(0.48) H-1» L 2.28, 542
(-0.13) H - L+1

(0.45) H-3 > L

(034) Hs L 3.06, 404
(0.23) H-1 > L

(0.43) H - L+2

(-0.26) H— L 3.68, 336
(0.23) H—> L+1

3.75, 330

1.8432

1.7298

1.4997

0.7714

0.6803

1.7182

0.6906

0.6793

NA.

NA.

570

584
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Figure S.5 LHE of TTPC, TT2C, TIDP and TIDT calculated by TD-CAM-
B3LYP /6-31G (d,p) level in CH,Cl, solvent (C-PCM model)

To estimate the photocurrent performance of these dyes, the LHE needs to be
as large as possible to maximize the photocurrent response. We were interested in how
the auxiliary acceptor and n-spacer within the molecular structure affect J;. values. To

provides an approximation to J,. following equation.
Jse = ILHE()\')¢injectﬂcol[cctd)\«

In this equation, LHE is the light-harvesting efficiency at a specific A, @jpject is
the electron injection efficiency, and 7.,y is the electron collection efficiency, which
is constant. According to equation, to obtain a high value forJ,, LHE

and Pigjec; should both be as large as possible. The LHE can be calculated using this

equation.

LHE = 1-10"4=1-10"
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where A(f) is the absorption intensity (oscillator strength) of the dye, corresponding to

Amax-

The LHE is the efficiency of dye in responding to light. The value of LHE of the
dyes has to be as high as possible to maximize the photocurrent response. The LHE of
TTPC, TT2C, TIDP and TIDT molecules are shown in Figure 5.5. The LHE of all
dyes will give similar trend with absorption spectra. We can assume that the auxiliary
acceptors of TIDP and TIDT as D-n-A-n-A system can improve light harvesting
efficiency better than TTPC, TT2C as D-n-A system.

In general, the adsorption of a dye with carboxylic acid is possible by either
physisorption or chemisorption. In the case of chemisorption, there are some
possibilities in terms of bonding to the surface such as via a monodentate ester,
bidentate chelating, or bidentate bridging, etc. It has been reported in many
experimental studies, such as ATR-FTIR, that the terminal carboxylic acid usually
adsorbs on the TiO, surface via bidentate bridging in the prototype system. Therefore,
only chemisorption via bidentate bridging was investigated in the present study.

The electronic spectra of TIDP and TIDT on TiO; cluster are shown in Table 5.4.
The maximum absorption peaks for TIDP and TIDT are 532 and 565 nm respectively.
Compared with the solution absorption, the absorption bands of the dyes on the TiO,
surface are slightly red-shifted by 5 and 23 nm, respectively. Generally, the sensitizers
have a tendency to aggregate at solid-liquid interface when they are adsorbed onto the
TiO; surface.

To study the electron injection mechanism of selected dyes in the interface of dye-
TiO, surface, the ten lowest vertical transitions were simulated using TD-CAM-
B3LYP/6-31G(d). The results show that the strongest transition in our dyes is
characterized as the linear combination of some configurations. The Kohn-Sham
orbitals, which are most relevant to these transitions, are shown in Figure 5.6. The
highest oscillator strength of 1.7219 for TIDP is assigned as the linear combination of
0.23(H-1-L+10) + 0.24(H-L+10) + 021 (H-1-L+20) -0.22 (H—L+20)
-0.12 (H-1—L+23) and the highest oscillator strength of 2.0546 for TIDT is assigned
as the linear combination of -0.36(H-1—L+4) + 0.39(H—L+4) + 0.17(H-1—L+6)
-0.19(H—L+6). These orbitals, together with TDDFT functional, show that the
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transition with large oscillator strength is characterized as the transition from the
orbitals localized in the donor-n-spacer (D-m) unit to the orbitals delocalized over the
acceptor (A) unit of dyes and the (TiO,);s cluster. The former orbitals are similar to
HOMOs of dyes and the latter orbitals correspond to the interacting orbitals between
the LUMOs of dyes and the conduction band of TiO,. This means that the electron
excitation of this system directly induces the electron injection from dye into TiO,
surface. This is the origin of the high photoelectric conversion efficiency of this
system. Note that the latter orbitals are embedded in the conduction band of TiO; and

then the injected electron is transferred to the conduction bands of TiO,.

Table 5.4 The electronic properties, absorption wavelength and oscillator

strength (f) obtained by TDDFT at the CAM-B3LYP/6-31G (d)

Electronic A Assignment;

iti max f = =
transitions (nm/eV) H=HOMO, L=LUMO, etc.

Complexes

(0.23) H-1-L+10
(0.24) H - L+10

TIDP-TiO, S, ™S, 532(2.32) 1.7219 (0.21) H-1 > 1L+20
(-0.22) H - L+20

(-0.12) H-1- L+23

(-0.36) H-1 > L+4
(0.39) H— L+4
0.17) H-1-1+6
(-0.19) H - L+6

TIDT-TiO2 So - Sl 565 (2.19) 2.0546
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Figure 5.6 Frontier molecular orbitals of organic sensitizer adsorbed on the

(TiOy)33 in gas phase calculated by CAM-B3LYP/6-31G(d) on

DMoP® geometry
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5.2.1.4 The adsorption of D-n-A-n-A@TiO>

The optimized structures of dye-(Ti0,)33 adsorption complexes are
shown in Figure 5.8. The intermolecular Ti-O bond distances and adsorption energies
calculated by PBE/DNP are tabulated in Table 5.5. The bond distances of Ti-O and Ti-
O' of TIDP and TIDT were 2.02-2.24 A. The adsorption energy (E.s) of TIDP-TiO;
and TIDT-TiO; were calculated to be -19.96 and -19.90 kcal/mol™ respectively,
indicating the strong interactions between the dyes and the TiO; cluster. The slightly
higher adsorption energy of TIDP with phenyl linker resulted in the stronger
electronic coupling strengths between the anchoring group of dye and the TiO, surface
which could be corresponding to higher observed Ji.. However, we found that the
adsorption energies were not corresponding to observed Ji. as expected. The Jy; of
8.59 mA cm™ for TIDP was significantly higher than that of 5.80 mA cm™ for TIDT.
These results can be rationalized by dipole moment of these TIDP-TiO; and TIDT-
TiO, (Figure 5.8). The dipole moment of these complexes were investigated, it was
found that dipole moment after binding to TiO, surface for TIDP-TiO; (32.02 D) is
higher than that TIDT-TiO; (14.22 D), indicating that stronger dipole moment affect
to strength of change transfer properties of TIDP-Ti0; complex.

Table 5.5 The selected bond length (A) and adsorption energy (kcal/mol) of

3
dye-TiO2 calculated by PBE/DNP in DMol

. . Eaas Jsc Voc PCE

Complexes Ti-O Ti-O
(kcal/mol) (mA) ) (%)
TIDP-TiO,  2.03 222 -19.96 8.59 0.702 437
TIDT-TIO,  2.02 2.24 -19.90 5.80 0.634 2.71
N719 - - - 1841  0.711 9.09

Moreover, the phenyl induces a vertically oriented TIDP dye geometry when it
binds to TiO2 surface, while the thiophene orients the TIDT dye with a tilt angle,

resulting in a relatively shorter distance between the dyes donor moiety and the TiO2
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surface. The thiophene ring linker a reduced a more tilted anchoring mode of dye
molecules on the surface of TiO,. This feature of a self-assembled dye layer is well-
associated with fast interfacial charge recombination and reduced photovoltage output

[79].

no, |

Dipole moment

32.02 Debye
-
Y
’ Dipole moment

14.22 Debye

TIDP-TiO, TIDT-TIO,

Figure 5.8 Optimization geometry dyes on the surface of TiO2 calculated by
PBE/DNP in DMol®
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5.2.2 Indoline series with different auxiliary acceptor

Recently, several kinds of electron-withdrawing units, benzothiadiazole,
benzotriazole, quinoxaline, and diketo-pyrrolopyrrole have been systematically carried
out as the auxiliary acceptor for viable D-A-n-A framework. Along with a large effort
into the molecular engineering of organic D-A-n-A sensitizers, this demonstrated a
significant increase in the efficiency from ~5% to greater than 10%. In a series of
systematical studies, indoline derivative as the electron donor, and utilized a thiophene
unit to connect the auxiliary acceptor and anchoring acceptor Interesting, the different
electron-withdrawing capability of additional acceptors in the framework has a
significant impact on the frontier orbital donor HOMO orbital and the acceptor LUMO
orbital are largely responsible for the location of the frontier orbitals in the D-A
system, which in turn light-absorption properties. Their energy band and absorption
characters are mainly modulated by tuning the structure of donor and n-conjugation. In
the case of the D-A-m-A motif, the additional auxiliary acceptor provides an

alternative route for tuning the band energy as well as light absorption profile [80-82].

IndoBTD

Figure 5.9 Sketch map of the indoline series (Indo, IndoEDOT, IndoBT, and
IndoBTD)



5.2.2.1 Ground-state geometries of organic sensitizers

The optimized geometries obtained by density functional theory
(DFT) B3LYP/6-31G(d,p) level of organic dye molecules are shown in Figure 5.10

and selected important inter-ring distance and dihedral angle parameters shown in

Table 5.6. It is found that the inter-ring distance 1of all important inter-ring bonds are

in the range of 1.41-1.47 A. The dihedral angle between donor and conjugation (Indo)
and auxiliary acceptor for EDOT, BT and BTD for IndeEDOT, IndoBT and
IndoBTD can be computed to be 13.11°, 18.16°, 28.37° and 32.80°, respectively The

dihedral angle is less twisted comparing to the Indo dye and the dye with auxiliary
acceptor (IndoEDOT, IndoBT and IndoBTD). The twisted structure in donor part of

these dyes resulted in preventing dye aggregation. In the acceptor part, the dihedral

angles between thiophene ring and cyanoacrylic acid anchoring are coplanar in the

range of 0.04° to 1.01°. Therefore the electron from the donor can efficiently

delocalize to the acceptor moiety, as a result transferring to the conduction band (CB)

of semiconductor.
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Figure 5.10 Optimized structures of Indo, IndoEDOT, IndoBT, and IndoBTD
by DFT/B3LYP/6-31G(d,p)



Table 5.6 The selected important inter-ring distances (r, A) and dihedral
angles (¢, °) calculated by B3LYP/6-31G(d,p) calculations

Dihedral angle (¢) and inter-ring distance (r)
Thiophene -
Dyes Indo - Indo - Acceptor-
Cyanoacrilic
Thiophene Acceptor Thiophene
acid
Indo 13.11 (1.45) - -1.01 (1.41)
IndoEDOT - 18.16 (1.45) -0.16 (1.42) -0.06 (1.41)
IndoBT - 28.37 (1.47) -0.32 (1.45) 0.04 (1.42)
IndoBTD - 32.80 (1.47) -3.33(1.45) 0.25 (1.42)
Acceptor: BTD, and BT
HOMO-1 HOMO LUMO
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e Bt e -*?":'g’é
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Figure 5.11 The molecular orbital surface at the ground state and first excited

state when transition occurs
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5.2.2.2 Electronic structures of organic sensitizers

To gain insight into the electronic structures, frontier molecular
orbital were obtained to examine the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) due to the relative ordering of the
HOMO and LUMO providing a reasonable qualitative indication of the excitation
properties. The molecular orbital surfaces of Indo, IndoEDOT, IndoBT and
IndoBTD are shown in Figure 5.11 and the density of state (DOS) are presented in
Table 5.7. In all dye, the electron density on HOMO is delocalized on donor group and
the electron density on LUMO is delocalized on acceptor group, the HOMO to LUMO
transition that corresponding mixed transition between intramolecular charge transfers
(ICT) from donor group to acceptor group. Moreover, suitable energy level and
location of HOMO and LUMO orbitals of the dye are required to match the I'/I3” redox
potential and conduction band level of the TiO, semiconductor. The calculated
molecular orbital energies of Indo, IndoEDOT, IndoBT and IndoBTD were
computed by using B3LYP/6-31G(d,p) the conduction band (CB) of TiO, as shown in
Figure 5.12. The results were found that the HOMO energy levels of Indo,
IndoEDOT, IndoBT and IndoBTD are -5.04, -4.82, -4.92, and -4.97 eV respectively;
the LUMO energy levels are -2.64, -2.68, -2.85, and -3.02 eV, respectively. We found
that, for BTD auxiliary acceptor the LUMO is lying closer to the conduction band of
TiO, compared to that of others leading to the excited electrons are then efficiently
injected into semiconductor electrode. Whereas the HOMO energy all dye are lying
above the redox couple of the electrolyte which is the most suitable for donation of

electrons from the I'/I3” redox couple in the electrolyte solution.
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Table 5.7 The energies and percentage composition of frontier molecular

orbitals of dyes

Percentage composition
Molecular
Dyes bital Cyanoacrilic
orbitals Indo Acceptor Thiophene
acid
Indo LUMO 15 - 37 48
HOMO 75 - 16 9
LUMO 7 19 33 41
IndoEDOT
HOMO 61 22 11 7
LUMO 6 24 32 38
IndoBT
HOMO 77 14 6 3
LUMO 7 51 20 22
IndoBTD
HOMO 80 12 5 3
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Figure 5.12 Molecular orbital energy level diagram of the dyes, TiO, conduction

band, and redox couple of I'/I3” electrolyte
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5.2.2.3 Absorption spectra

The absorption spectra of these molecules have been studied by TD-
CAM-B3LYP/6-31G(d,p) level. The transition energies of electronic spectra,
oscillator strength, configurations of the orbital, and the calculated values of the
absorption wavelength of Indo, IndoEDOT, IndoBT and IndoBTD are listed in
Table 5.8. The UV/vis absorption spectra of Indo, IndoEDOT, IndoBT and IndoeBTD
are shown in Figure 5.13. It was found that, the Ayl of Indo, IndoEDOT, IndoBT
and IndoBTD are 460, 510, 480, and 516 nm, respectively. This composition of the
electronic transitions for Indo, IndoEDOT, IndoBT and IndoBTD dyes, as shown in
Figure 5.11.These results indicate that IndoBTD dye exhibits red-shifted compared to
that of organic dyes. The absorption spectra of the two auxiliary acceptors of IndoBT
and IndoBTD play exactly different roles in absorption and intramolecular charge

transfer compared Indo molecule.

—=— [ndo

—o— IndoEDOT
—a—IndoBT
—>¢—IndoBTD

1.2x10° -

8.0x10" -

4.0x10"

Absorption intensity

" ' . \
300 400 500 600 700
Wavelength (nm)

Figure 5.13 Absorption spectra of Indo, IndoEDOT, IndoBT, and IndoBTD
calculated by TD-CAM-B3LYP /6-31G (d,p) level in CH,Cl, solvent
(C-PCM model)
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Table 5.8 Calculated TDDFT (CAM-B3LYP) excitation energies for the lowest
transition (eV, nm), oscillator strengths (f), composition in terms of

molecular orbital contributions and experimental absorption maxima

E
Dyes State Composition f
(eV, nm)
021 (H-1-L)
Indo So— S, 2.69, 460 1.5054
0.65 (Ho L)
030 (H-1- L)
IndoEDOT So—> Sy 2.47,510 1.8294
0.61 (H— L)
033 (H-1- L)
IndoBT So— Sy 2.57,480 1.8182
0.58 (H— L)
0.28 (H-1-L)
Indo-BTD So— S 2.39,516 1.3952
0.61 (H— L)

5.2.2.4 Adsorption of organic sensitizers on TiO, cluster

The intermolecular Ti-O bond distances and adsorption energies
calculated by PBE/DNP are listed in Table 5.9. The bond distances of Ti-O and Ti-O’
of Indo, IndoEDOT, IndoBT and IndoBTD were 2.11-2.16 A. The adsorption
energy (Eags) of Indo-TiO2, IndoEDOT-TiO;, IndoBT-TiO,; and IndeBTD-TiO,
were calculated to be -13.99, -15.42, -14.99 and -15.68 kcal/mol respectively,
indicating the strong interactions between the dyes and the TiO, cluster. The higher
adsorption energy of the dye with auxiliary acceptor group resulted in the stronger
electronic coupling strengths between the anchoring group of dye and the TiO, surface

which could be corresponding to the power conversion efficiency increase from 4 to
8%.
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Table 5.9 The selected bond length (A) and adsorption energy (kcal/mol) of dye-
TiO; calculated by PBE/DNP in DMoP®

Eads Efficiency
Dyes Ti-O Ti-O
(kcal/mol) (%)
Indo 2.169 2.153 -13.95 4.40
IndoEDOT 2.169 2.136 -15.42 6.05
IndoBT 2.166 2.160 -14.99 6.74
IndoBTD 2.115 2.169 -15.68 8.70

To study the electron injection mechanism of selected dyes at the interface of
the dye-TiO, surface, the ten lowest vertical transitions are simulated using TDCAM-
B3LYP/6-31G(d). The calculated excitation energies for the peak having the highest
oscillator strength are illustrated in Table 5.10. The results show that the strongest
transition in our dyes is characterized as a linear combination of The Kohn—Sham
orbitals, which are most relevant to these transitions, are shown in Figure 5.14 and
listed in Table 5.10. Indo-TiO,, IndoEDOT-TiO;, IndoBT-TiO, and IndoBTD-
TiO, complexes show similar trend compared to isolate dyes. These orbitals, together
with TDDFT functional, show that the transition with large oscillator strength
characterized as the transition from the orbitals localized in the donor-liker (D-r) unit
and auxiliary acceptor to the orbitals delocalized over the acceptor (A) unit of dyes
and the (TiOy)3s cluster. The former orbitals are similar to the HOMOs of dyes and the
latter orbitals correspond to the interacting orbitals between the LUMOs of dyes and
the conduction band of TiO,. This means that the electron excitation of this system

directly induces the electron injection from dye into TiO, surface.
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Indo-TiO,

LUMO+38 LUMO+25 LUMO+27

IndoEDOT-TiO,

%,

HOMO LUMO+23 LUMO+36 LUMO+21

Figure 5.14 MOs relevant to the transition from S to S; of organic sensitizer
adsorbed on the (Ti0O;)3s in gas phase calculated by TD-CAM-
B3LYP/6-31G(d) on DMol® geometry
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Figure 5.14 MOs relevant to the transition from Sy to S; of organic sensitizer
adsorbed on the (Ti0;)3s in gas phase calculated by TD-CAM-
B3LYP/6-31G(d) on DMol’® geometry
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Table 5.10 The electronic properties of the TiO;-dye complexes calculated by
TD-CAM-B3LYP/6-31G(d,p) level of theory

Electronic Amax Assignment;
Dyes . f _ ~
transitions (nm/eV) H=HOMO, L=LUMO, etc.

0.28(H—L+38)
Indo S, S, 448 (2.76)  1.6296 0.23(H—L+25)
-0.16(H—L+27)

0.33(H—L+24)
IndoEDOT S, S, 482 (2.57) 1.9765 0.18(H-1—L+24)
0.17(H—L+25)

-0.26(H—L+23)
IndoBT So—>S;  485(2.55)  1.9955 -0.21(H—L+22)
0.21(H—L+21)

0.47(H—1L+12)
S, S, 524 (2.36) 1.5399 -0.21(H-1—L+12)

-0.21(H—L+14)
IndoBTD

0.43(H—L+2)
S, =8, 392(3.16) 0.1074 0.25(H—L+4)
-0.22(H—L+5)

5.3 Conclusion

For a series of the effect of auxiliary acceptor on sensitizer in DSCs, D-n-A-n-A
organic sensitizers (TIDT and TIDP), in which TPA as the donor, thiophene as the
linker, isoindigo as an auxiliary electron withdrawing unit, different linker is
thiophene ring for TIDT, phenyl ring for TIDP, and a cyanoacrylic acid moiety acting
as the anchoring group compared to TPA dye without (TTPC and TT2C). We found
that TIDP and TIDT dyes exhibits red-shifted compared to that of TTPC and TT2C
dyes. The absorption spectra of the auxiliary acceptors of TIDP and TIDT as

D-n-A-n-A system play exactly different roles in absorption and intramolecular charge
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transfer compared D-n-A system. Different performance of DSCs based on synthesized
TIDP and TIDT dyes can explain by dipole moment after binding to TiO, surface for
TIDP-TiO; (32.02 D) is higher than that TIDT-TiO; (14.22 D), indicating that
stronger dipole moment affect to strength of change transfer properties of TIDP-TiO;
complex.

In the case of the D-A-n-A motif, the different auxiliary acceptor by additional
EDOT, BT and BTD group (Indo, IndoEDOT, IndoBT, and IndoBTD) baes on
indoline as donor. The results show that IndoBTD dye exhibits red-shifted compared
to that of organic dyes. The absorption spectra of the two auxiliary acceptors of
IndoBT and IndoBTD play exactly different roles in absorption and intramolecular

charge transfer compared Indo molecule.



CHAPTER 6
THE EFFECT OF ACCEPTOR POSITION ON INDOLE MOIETY
ON ABSORPTION SPECTRA

Dye-sensitized solar cells (DSCs) have attracted great attention over the last
15 years owing to their prospect of high energy conversion efficiency and low
production cost. The major advantages of these metal-free dyes are their tunable
absorption and electrochemical properties through suitable molecular design.
Recently, numerous organic dyes leading to the construction of DSCs with high
efficiency have been reported. Such organic dyes generally consist of electron donor
moieties like triarylamine, carbazole and indoline, m-conjugated groups like
thiophenes, benzene, benzothiadiazole as spacer and electron withdrawing units like
cyano acetic acid, rhodanine acetic acid, malonic acid and pyridine as acceptors.
Indole or indoline aromatic heterocyclic compounds have been extensively used in
designing new metal-free sensitizers. Assimilation of these moieties into the dye
molecular framework often extends the m-conjugation (towards the red side of the
visible spectra) as well as the electron-donating ability and thus helps to improve the
efficiency.

One of the common tools to improve the absorption of organic dyes is the
extended of the effective conjugation length, because the absorption band of
n-conjugated materials originate from the degree of interaction m-orbitals. However,
the degree of m-orbital interaction is also strongly affected by chain conformation,
which limits the practical implication of the conjugation length in tuning the
absorption properties of dyes. Another efficient way to control a dyes absorption range
is by combining an electron-donating (D) and an electron-accepting (A) moiety within
the same conjugated framework [83]. The D-A structure induces ICT properties,
which facilitates n-orbital overlap via the quinoid resonance structure and produces

consequent redshift absorption of the dye [84]
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6.1 Computational details

The ground-state structures of organic dye molecules are fully optimized using
DFT at the B3LYP hybrid functional with 6-31G(d,p) basis set. The excitation
energies and the electronic absorption spectra of organic dye molecules are
investigated using TDDFT at the CAM-B3LYP functional, with the same basis set as
in the ground-state calculations. The solvation effect is included by means of C-PCM.
The solvent used in our calculations and experiment is CH,Cl,. The absorption spectra
of all organic sensitizers and the contribution of molecular orbitals in the electronic
transitions are simulated using the GaussSum program version 3.0. The results are
compared with the experimental date. All calculations are performed using the
Gaussian09 program package. The electron-injection characteristics from dye to the
TiO, (101) anatase surface are carried out. The dye-(TiO;)3s systems are fully
optimized by the PBE functional with the DNP basis set. The core electron is treated
with DFT with DSPPs by DMol® code in Materials Studio 5.5. The energy
convergence tolerance is set to 2 x 10™ Hartree, the maximum force 0.004 Hartree A™,
and the maximum displacement 0.005 A. The optical properties of the relaxed
complex are then computed with the TD-CAMB3LYP/6-31G(d) method. The
adsorption energies (Eqds) of dyes on the (TiO;)s3s clusters can be obtained using the

following expression:

Eads = Edye-i—TiOZ - [ane + ET;O2 ]

where E, .. is the total energy of the dye@(TiO,)ss system, and E

4eand ET,.O2 are

the energies of the dye and (TiO,)s3 cluster, respectively.

In this chapter we focus on the D-A framework on indole-based dyes absorption,
absorption spectra of indole-based dyes with different acceptor substitution position

and different n-conjugation were investigated. The D-A structure of indole-based dyes

are shown in Figure 6.1.
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Figure 6.1 Sketch map of the synthesized IND1, IND6, IND3, and IND4

sensitizer

6.2. Results and discussion
6.2.1 Ground-state geometries

The optimized geometries obtained by DFT at B3LYP/6-31G(d,p) level of
IND1, IND6, IND3, and IND4 are shown in Figure 6.2, and the important inter-ring
distance and dihedral angle parameters are shown in Table 6.1. The result was found
that dihedral angles between donor group and acceptor group (indole-cyanoacylic
acid) can be computed to be 0.00°, 17.40°, -18.14°, and 29.60’, respectively, dihedral
angles between indole-phenyl ring can be computed to be in rang -36.40™-59.39". The
dihedral angles of donor group and acceptor group and indole-phenyl ring are
different, the effect of different substitution position of anchoring groups on indole
ring affect to co-planarity molecule between donor group and acceptor group in IND1
and twisted molecule between donor group and acceptor group in IND3, IND4, and
IND6. These results indicate that six-membered ring substitution position (IND4,

IND6 and IND7) can be preventing dye aggregation.
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Table 6.1 Selected important inter-ring distances (A) and dihedral angles (°)
calculated by B3LYP/6-31G(d,p) calculations

Dihedral angles in degree
Dyes (Inter-ring distances in angstrom)

Indole-Cyanoacylic acid Indole-Phenyl_1 Ihdole-Phenyl_Z

IND1 0.00 (1.41) - ]
IND6 17.40 (1.42) - ;

IND3 18.14 (1.42) -36.40 (1.46) -59.39 (1.48)
IND4 29.60 (1.42) -53.72 (1.47) -58.97 (1.48)

Front view
¢ = l7°
(D =
( ®=-59° -
—~,

Side view o \
L A R / . =
A 7/ . ’ Nl , X ’

IND1 IND6 IND3 IND4

Figure 6.2 Optimized structures of IND1, IND6, INDS and IND4 by
DFT/B3LYP/6-31G(d,p)

6.2.2 Electronic structures of organic sensitizers
To gain insight into the electronic structures, frontier molecular orbital were
obtained to examine the HOMO and the LUMO due to the relative ordering of the
HOMO and LUMO provides a reasonable qualitative indication of the charge transfer
properties. The molecular orbital surfaces of IND1, IND6, IND3, and IND4 molecules
are presented in Figure 6.3 and the density of state (DOS) are presented in Table 6.2.
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Figure 6.3 The molecular orbital surfaces of IND1, IND6, IND3, IND4 molecules

For all dyes, the HOMOs of the dyes were mainly located on the indole unit. The
LUMOs of the dyes were contributed by the cyanoacrylic acid acceptor. From this it is
evident that the HOMOs to LUMOs electronic excitation will result in the charge
transfer from the indole unit to the cyanoacrylic acid acceptor. These electron
distributions will therefore ensure efficient electron injection from dye molecule to the

conduction band of TiO,.
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Table 6.2 The energies and percentage composition of frontier molecular

orbitals of organic sensitizers

D Molecular  Orbitals energy Percentage composition
yes .
orbitals (eV) Donor Acceptor

LUMO -2.43 33 67
IND1

HOMO -5.73 85 15

p LUMO -2.45 40 60

IND HOMO -5.69 80 20

LUMO -2.49 4?2 58
IND3

HOMO -5.53 89 11

LUMO -2.40 40 60
IND4

HOMO -5.50 83 17

Additionally, suitable energy level of HOMO and LUMO orbitals of the organic
dye are required to match the I'/I3" redox potential and conduction band level of the
TiO, semiconductor. The energy levels HOMO and LUMO are depicted in Figure 6.4.
It was reported that the HOMO-LUMO energy gap can be effectively decreased by
substitution position of acceptor unit in the indole ring, which results in a redshift of
the electronic absorption spectra. In Figure 6.5, the computed HOMO-LUMO energy
gap of five-membered ring substitution position (IND1) is larger than six-
membered ring substitution (IND3-IND6). The HOMO-LUMO energy level of IND3
show the most matching the I/I3” redox potential and conduction band level of the
TiO, semiconductor compare to other dyes. However, the HOMOs are below the
redox potential of the I7I;” redox potential and that the LUMOs are energetically
higher than the conduction band edge of the frequently used TiO, semiconductor
which confirms that all dye molecules are suitable to ensure the electron injection
from the excited dye to conduction band level TiO, semiconductor and the dye

regeneration by the redox couple in DSCs.
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Figure 6.4 Molecular orbital energy level diagram of the dyes, TiO, conduction

band, and redox couple of I'/I5 electrolyte

6.2.3 Absorption spectra of organic sensitizers
The absorption spectra of these molecules have been studied by TD-
CAM-B3LYP/6-31G(d,p) level. Comparison of the theoretically calculated
wavelength with experimental data was performed. The absorption spectra of IND1-
IND6 are shown in Figure 6.5. The electronic properties, oscillator strength,
configurations of the orbitals, and the calculated values of the absorption wavelength
in the solvent phase of all dyes are shown in Table 6.3. The strongest absorption peak

with the largest oscillator strengths arise from Sy — S transition corresponding to

intramolecular charge transfer transition. It is found that the An. of IND1, INDS,
IND3, and IND4, are 365, 393 398, and 395 nm, respectively. IND6, IND3 and IND4
dyes exhibit two distinct absorption bands: first absorption band in the region of 314-
324 nm is ascribed to the n-7* transition of the donor part; and the second band in the
region of 388-398 nm, which is assigned to intramolecular charge transfer (ICT)
between the electron-donating unit and the electron-accepting units. The spectra of
IND6, IND3 and IND4 are quite similar; the maximum absorption peak of IND3 is

red-shifted compared to the other dyes due to the stronger electron donating nature of
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the six-membered ring substitution position than five-membered ring substitution

position of indole ring.

300 350 400 450 500 550
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Figure 6.5 Absorption spectra of IND1, IND6, IND3, and IND4 calculated by
TD-CAM-B3LYP/6-31G (d,p) level in CH,Cl, solvent (C-PCM model)
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Table 6.3 The electronic properties, absorption wavelength and oscillator
strength (f) obtained by TDDFT at the CAM-B3LYP/6-31G (d,p) in
CH;Cl; solvent (C-PCM model)

Electroni Assignment; Expt.
Dyes Llectronmic A, f ~H=HOMO,L=LUMO,
transitions  (pm/eV) ete max
) (nm/eV)
IND1 So—>S;  365(3.39) 04313 (0.69) H—-L 401 (3.09)
So—>S; 388(3.19) 05337 (0.69) H—-L
IND6 (0.68) H-1-L N.A.

So—>8;  316(3.92) 02667 1l g, 142

So—>S; 398(3.11) 04775 (0.68) H—L

IND3 (-0.12) H2 5L 368 (3.36)
So—S; 324(3.81) 0.4843 (0.66) H-1—L

So—>S;  395(3.13) 0.4984 (-0.10) H-2->L
IND4 0.68) H->L 439 (2.82)

So—S; 321(3.85) 03421 (0.67) H-1->L

6.2.4 Adsorption of organic sensitizers on TiO; cluster

In general, the adsorption of a dye with carboxylic acid is possible by either
physisorption or chemisorption. In the case of chemisorption, there are some
possibilities in terms of bonding to the surface such as via a monodentate ester,
bidentate chelating, or bidentate bridging, etc. It has been reported in many
experimental studies, such as ATR-FTIR, that the terminal carboxylic acid usually
adsorbs on the TiO; surface via bidentate bridging in the prototype system. Therefore,
only chemisorption via bidentate bridging was investigated in the present study.

The adsorption dye-(TiO2)3s complexes was first fully optimized using the PBE
functional together with the Double-Numerical with polarization performed in the
DMol’ program. The Ti-O bond distances and adsorption energies calculated by
PBE/DNP are listed in Table 6.4. The bond distances of Ti-O and Ti’-O’ of IND1-
TiO;, IND6-TiO;, IND3-TiO;, and IND4-TiO,, were 2.11-2.26 A. The adsorption
energy (Eags) of IND1-TiO;, IND6-TiO;, IND3-TiO;, and IND4-TiO; complexes
were calculated to be -17.65, -18.82, -20.38, and -18.87 kcal/mol respectively,
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indicating the strong interactions between the dyes and the TiO, surface. The higher
adsorption energy of IND3 with stronger electron donating group resulted in the
stronger electronic coupling strengths between the anchoring group of dye and the

TiO, surface.

Table 6.4 The selected bond length (A) and adsorption energy (kcal/mol) of dye-
TiO; calculated by PBE/DNP in DMoP®

Eads JSC VOC Dye uptake PCE

Complexes Ti-O Ti-O (keal/mol) (mA cm?) (V) (molecule cm?) (%)

FF

IND1-TiQ, 2.04 2.14 -17.65 0.18 0468 0.655 1.862x10" 0.05

IND6-TiO, 2.03 2.15 -18.82 NA.

IND3-TiO, 2.03 2.16 -20.38 6.50 0.647 0.745 4.954x10'® 3.13

IND4-TiO, 2.03 216 -18.90 7.91 0.707 0.735 1.098x 107  4.11

6.2.5 Electron injection mechanism of dye-TiO; adsorption

To study the electron injection mechanism of dyes in the interface of dye-
TiO, surface, the 10 lowest singlet transitions were simulated using TD-CAM-
B3LYP/6-31G(d,p). The transition character of all dyes is included. The results of
excitation energies and oscillator strengths for the 10 low-lying states are presented in
Table 6.5. The molecular orbitals of dyes adsorbed on the (TiO;)3s that also
significantly contribute to this transition are displayed in Figures 6.6 for all the dye-
(Ti0Oy)35 systems. The strongest absorption peak with the largest oscillator strengths
arise from So — S; transition. The absorption spectra are very similar for the isolated
dyes, with a slight red shift observed for the substitutes of acceptor on six-

membered ring of indole.
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Figure 6.6 Absorption spectra of sensitizer adsorbed on the (TiQ;);3 in gas phase
calculated by CAM-B3LYP/6-31G(d,p) on DMol® geometry
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Table 6.5 The electronic properties, absorption wavelength and oscillator

strength (f) obtained by TDDFT at the CAM-B3LYP/6-31G (d,p) in

gas phase
Electronic }Lm“ Assignment;
Complexes transitions (nm/eV) f H=HOMO, L=LUMO, etc.
173 (-0.25) H-—-L
IND1-TiO, So—S2 04236 (+0.24) H—L+3
(3.32) (+0.15) H — L+18
(-0.18) H—L
. R 407 (-0.21) H—-L+3
IND6-TiO; So—S, (3.04) 0.5377 (+0.17) H — L+53
(+0.17) H—> L+18
419 (024) H—-LH3

IND3-TiO; Se—S, 2os) 04772 (0.18) H-—L+54
' (+0.17) H — L+61

o (0.30) H— L+3
IND4-TiO; So—S, 04081  (+0.17) H— L+18
(2.92) (-0.14) H— L+68

6.2.6 Driving force and electron injection process

For electron injection processes in DSCs, the free energy is an important
parameter for characterizing the rate and efficiency of the reaction. The free energy
change that occurs as a result of electron injection in a DSCs. The initial state of the
reaction is the excited electron of dye adsorbed on a TiO, surface, and the final state
corresponds to the injected electron on TiO, surface. The divining force can be
obtained from equation below, representing the energy difference between these initial
and final states, where E'ox representing to the photo-induced excited states of the
organic dyes and Ecp representing to reduction potential of the TiO, semiconductor.
The E 'ox can be computed from equation below, where E,, is the redox potential of the

dye-TiO; in the ground state and labs is the absorption energy.

Driving force = E'p— Ecp

*

E ox=FEop— )\-abs
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Figure 6.7 displays alignment the calculated energy levels of the ground and
excited state energy levels for the dye-TiO, complexes and the frontier molecular
orbital of dyes adsorbed on the (TiO,)35. The energy alignment is the combination of
the occupied energy level and the TD-DFT calculation. The excited state energy level
is accordingly calculated to be at 3.32, 3.04, 2.95 and 2.92 eV for the lower-energy
transitions of the IND1-TiQ,, IND6-TiO,, IND3-TiO, and IND4-TiO;, respectively.
Therefore, the driving forces for electron injection are 0.62, 0.90, 0.99 and 1.02 eV for
the IND1-TiO;, IND6-TiO,, IND3-TiO; and IND4-TiO;, respectively (relative to the
energy level of the experimental conduction band of TiO,. The calculated results also
indicated that all complexes have sufficient driving force for the electron injection.
In addition, the IND4-TiO; largest driving force (1.02 eV) compared to other
complexes in the series, indicating that the electron injection rate is larger in the

IND4-TiO; than other complexes in the series.
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Figure 6.7 Alignment of the ground and excited state energy levels for the dye-
TiO2 complexes and the frontier molecular orbital of dyes adsorbed on
the (TiO;)3s. Purple dashed and light blue dashed lines indicate the
edge of the experimental conduction band of TiO; and the calculated

HOMO energy levels of the dye-TiO,

6.3 Conclusion

For on the D-A framework on indole-based dyes absorption, absorption spectra of
indole-based dyes with different acceptor substitution position were investigated. We
found that absorption spectra of dye molecule with six-membered ring substitution

position (IND6, IND3, and IND4,) dyes exhibit two distinct absorption bands: first
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absorption band in the region of 314-324 nm is ascribed to the n-n* transition of the
donor part; and the second band in the 'region of 388-398 nm, which is assigned to
intramolecular charge transfer (ICT) between the electron-donating unit and the
electron-accepting units. Whereas five-membered ring substitution position (IND1)
show one absorption peak (365 and 369 nm) in UV region. The maximum absorption
peak of IND3 is red-shifted compared to the other dyes due to the stronger electron
donating nature of the six-memberedring substitution position than five-
membered ring substitution position of indole ring. For adsorption dye-(TiO;)sg
complexes of these series were investigated. We also found that the E,4 of the six-
membered ring substitution position higher than five-membered ring substitution

position and the absorption spectra show similar trend with isolate dyes.



CHAPTER 7
CONCLUSION

The theoretical studies of the structure and energetic properties of sensitizer for
dye-sensitized solar cells were successfully investigated by DFT, TDDFT calculation
and the adsorptions of dyes on the TiO, anatase (101) surface were carried out by
mean of the periodic calculation.

For a series of organic dyes containing N-Substituted carbazole, diarylamine
naphthalene and diarylamine-fluorene donor for DI1TC, D2TC, and D3TC,
respectively and cyanoacrylic acid acceptors bridged by thiophene fragment for DSCs
applications were successfully investigated by DFT and TDDFT. We found that
D3TC with strongest electron donating ability shows the most red shifted in UV
absorption spectra and the highest performance charge transfer. Moreover, the
calculated adsorption energy for D3TC@(TiO2);s complex higher than
D2TC@(TiO,)3s indicates the strongest interactions between the dyes and the TiO;
surface, therefore D3TC has been expected to be the most potential sensitizers.
Nevertheless, D2TC has shown the best photovoltaic performance. This controversial
issue have been solved by performing the molecular volume, projected area on the
TiO; surface and molecular width to investigate the effect of N-substituted donors on
the number density of the adsorbed dye on TiO, surface. It has been found that more
bulky of the donor moiety in D3TC could reduce the number density of the adsorbed
dye on the TiO, surface. The photovoltaic performance shows poorer energy
conversion efficiency of 3.91% in D3TC compared to the significantly better
performance of 5.45% in D2TC.

For a series of different linker group on absorption properties of carbazole-
fluorene and carbazole-carbazole derivatives to form D-D-m-A system, which
extended conjugation linker by increase thiophene, phenyl and furan ring. The result

show than CarFT3C and CarCarT3C with large conjugation length exhibits
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red-shifted compared to that of organic dyes in this series. In addition, we study on
effect of bulky-donor to charge recombination and charge separation in CFTA
(CarFT3C) and CCTA (CarCarT3C) in dye-semiconductor electronic coupling
differs between CCTA-TiO,; and CFTA-TiO; by constrained DFT configuration
interaction (CDFT-CI) calculations. This interpretation is consistent with the
experimental finding that the CCTA device achieves a higher PCE than the CFTA
device while the CS rate is also smaller for CCTA-TiO; than for CFTA-TiO,, the
difference is negligible compared to the difference in CR rates. Furthermore, the
couplings reported here for CR are 2-3 orders of magnitude larger than couplings for
CS, suggesting that the CR rate plays the greater role in determining the overall charge
separation efficiency than the CS rate.

For a series of the effect of auxiliary acceptor on sensitizer in DSCs, D-n-A-n-A
organic sensitizers (TIDT and TIDP), in which triphenylamine as the donor,
thiophene as the linker, isoindigo as an auxiliary electron withdrawing unit, different
linker is thiophene ring for TIDT, phenyl ring for TIDP, and a cyanoacrylic acid
moiety acting as the anchoring group compared to TPA dye without (TTPC and
TT2C). We found that TIDP and TIDT dyes exhibits red-shifted compared to that of
TTPC and TT2C dyes. The absorption spectra of the auxiliary acceptors of TIDP and
TIDT as D-n-A-n-A system play exactly different roles in absorption and
intramolecular charge transfer compared D-n-A system. Different performance of
DSCs based on synthesized TIDP and TIDT dyes can explain by dipole moment after
binding to TiO, surface for TIDP-TiO; (32.02 D) is higher than that TIDT-TiO,
(14.22 D), indicating that stronger dipole moment affect to strength of change transfer
properties of TIDP-TiO, complex.

In the case of the D-A-n-A motif, the different auxiliary acceptor by additional
EDOT, BT and BTD group (Indo, IndoEDOT, IndoBT, and IndoBTD) baes on
indoline as donor. The results show that IndoBTD dye exhibits red-shifted compared
to that of organic dyes. The absorption spectra of the two auxiliary acceptors of
IndoBT and IndoBTD play exactly different roles in absorption and intramolecular

charge transfer compared Indo molecule.
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For on the D-A framework on indole-based dyes absorption, absorption spectra
of indole-based dyes with different acceptor substitution position were investigated.
We found that absorption spectra of dye molecule with six-membered ring substitution
position (IND6, IND3, and IND4) dyes exhibit two distinct absorption bands: first
absorption band in the region of 314-324 nm is ascribed to the n-n* transition of the
donor part; and the second band in the region of 388-398 nm, which is assigned to
intramolecular charge transfer (ICT) between the electron-donating unit and the
electron-accepting units. Whereas five-membered ring substitution position (IND1)
show one absorption peak (365 and 369 nm) in UV region. The maximum absorption
peak of IND3 is red-shifted compared to the other dyes due to the stronger electron
donating nature of the six-membered ring substitution position than five-
membered ring substitution position of indole ring. For adsorption dye-(TiO;)ss
complexes of these series were investigated. We also found that the Euq of the six-
membered ring substitution position higher than five-membered ring substitution
position and the absorption spectra show similar trend with isolate dyes. In conclusion,
it has been shown that these computational tools described above can provide the
detailed characterizations which are in agreement with experimental efficiency.
Therefore, it can be of valuable help in further design of novel organic sensitizer for

higher efficiency of photovoltaic device.
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