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Abstract

Abstract

Organic materials are fascinating class of materials for large-area and flexible devices for
organic semiconductors. Among them thiophene based organic semiconductors with new
molecular and macromolecularstructures were explored for the possible applications in
optoelectronic devices. The present thesis is divided into five chapters. Chapter 1 includes
introduction of organic materials, and their optical, electronic and charge transport properties
in these materials are studied in this chapter. Literature survey on thiophene based organic
materials and methodology used in achieving the goal are also discussed in this chapter. In
Chapter 2, the study starts with simple thiophene based linear acene molecules and
calculation of their charge transport parameters using DFT methodology. Further to make
study broader and comparative, furan and selenophene based acene molecules are also
included. Chapter 3 divided into two subchapters, first part of the chapter deals with optical
and charge transport properties of benzotrithiophene (BTT) and their possible isomers. It is
shown that the studied isomers are better for hole and electron transport materials. The
second part of the chapter 3 deals with the study of optical and transport properties of
oligomers of BTT (most stable isomer). It is shown that the addition of BT T-units to the core
BTT, results in enhanced charge transport properties. Chapter 4 also discussed in two parts,
first part of chapter 4 deals with the study of linear optical and charge transport properties of
heteroatomic (O, NH and Se) analogues of BTT isomers. In the second part of chapter 4 is on
the study of truxene & isotruxene, thiatruxene & isothiatruxene and their heteroatomic (N, O
and Si) analogue and shown that thiatruxene are better for hole transporting material while
azatruxene are better for electron transporting materials. Last chapter (i.e. chapter 5) deals
with impact of replacement of central benzene ring in anthracene with different heterocyclic
ring on optical and charge transport properties in anthratetrathiophene (ATT) and
anthratetrathiazole (ATTz) molecules. It is also studied the effect of heteroatom (S and N) on
charge transport parameters at the periphery on ATTz molecule. Overall, aim of the thesis is
to design those organic materials which are having high hole and electron transport properties

and may find applications in organic semiconductor materials.

xiil



Chapter 1

\/\

Introduction

D










INTRODUCTION...

1.1. Introduction

Organic semiconductors (OSCs) are organic materials which exhibit semiconductor properties.
These are class of carbon-based materials that shows optical and electronic properties. They
have been mainly focusing to advancement of potential low-cost, light-weight and flexible
optoelectronic devices, such as organic field effect transistors (OFETS), organic photovoltaic
cells (OPVs), solar cells, organic lasers, organic light emitting diodes(OLEDS) [1-6]. One of
the major advantages of organic optoelectronic devices are they are economically cheap,
efficient, and their environmentally friendly nature makes them promising area for research

and its continuous development help the society [7-9].

Literature reports says that organic optoelectronic materials are known for almost a century
and their optical and electronic properties are first reported in the year 1910s [10]. But, with
discovery of electroluminescence property in molecular crystal and polymer, much interest has
been focused in 1960s and 1970s. During last 20 years, a real flood in field of organic
optoelectronic materials arisen due to progress in material design and refinement techniques

lead to momentous boost to material performance [10].

OSCs are differing from the inorganic semiconductor in their interactions; former creates
solids due to van der Waals interactions while later solids, bonds are covalent in nature.
Generally inorganic materials are pure rigid crystalline solids and require very accurate
processing under difficult conditions. However organic materials are showing novel
semiconducting electronic properties with easy processing and manufacturing. Today there are
infinite numbers of variety of organic materials and their properties can be tuned by altering
their chemical structures making them multipurpose. In addition to these organic
semiconductors deliver us flat and flexible materials, and light emission from these materials
mostly when electricity is applied to thin film of material to give out light. Also soluble organic
materials enable ink jet printing, a low cost designing method compatible with high output roll
to roll processing [11]. In addition to above all the organic materials offers limitless design of

materials with unique structures tailored for specific optoelectronic applications.

Though there is continuous advancement in the fields of OSCs but currently, these

semiconductors are suffering from several drawbacks. Organic materials show weak vander
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waals interaction between molecules which results in minimal orbital overlay between
molecules. The characteristic properties of organic devices such as stability, solubility, charge
carrier mobility, reproducibility, etc. are inferior to those of inorganic semiconductors. Also,
the power conversion efficiencies (PCE) of OSCs devices are less than that of analogous of
inorganic devices. For some applications the low cost of organic devices is more important
than device performance, and therefore organic semiconductors have become competitive
within niche technologies. Hence there is need to understand the factor that influences the
characteristics properties and efficiency as well as lifetime of OSCs for designing better

organic devices.

1.2. Optical Properties in Organic Materials

The optical properties in OSCs are in some way different from inorganic semiconductors. In
OSCs materials, molecular energy levels are conventionally defined in terms of highest
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO). In
inorganic semiconductors HOMO and LUMO levels have the same meanings, valance and
conduction bands, respectively [12]. In organic semiconductors, HOMO and LUMO levels do
not map nicely on the single particle electronic levels and are usually written as S, and T, for
singlet and triplet states respectively. However, HOMO-LUMO energy gap (HLG) is
approximately equal to sum of So-S1 gap and exciton binding energy. In figurel.1, various

transitions and energy levels for an isolated organic molecule are picturised.

————— |
Intersystem _—___

Crossing ————

lat + 4 4

Absorption
Fluorescence
t

T,
, I Phosphorescence

So

Figure 1.1: Jablonski diagram: So, S; and S> are ground, first and second excited states
respectively. T1 is triplet state. Energy levels and transitions involved in an isolated organic
molecule




INTRODUCTION...

When light is absorbed by OSC, vertical excitation of electron take place from So to Si (i.e.
absorption take place from HOMO or lower occupied levels to an excited state) or one of the
vibrational sublevels of Sy and it occurs in about 10%°s. As S; and S; are singlet excited state
and electron is paired by opposite spin with ground state electron. In majority of materials
transitions from S, to S: (LUMO) state occur more quickly than transition from Sz to So [13].
According to Kasha’s rule, fluorescence takes place when electron is returned to ground state
(So) from lowest excited state, i.e. S1 [14]. This return of electron may occur to higher
vibrational level of Sp and then electron will relax to lowest vibrational level of So within 10°
125 by internal conversion. The emission of light in the form of radiative decay for nanoscale
time from excited singlet state is known as fluorescence. There is possibility for S1, conversion
to triplet state (T1) by intersystem crossing, where electron has same spin as ground state spin
and therefore return to ground state is spin-forbidden. OSCs are normally characterized by
weak spin-orbit coupling and hence emission form triplet state is doubtful. However, emission
from triplet state occurs over milliseconds to second and in known as phosphorescence. These
emissions i.e. fluorescence and phosphorescence are originated by photoexcitation and are

generally called photo-luminescence.
1.3. Electronic Properties in Organic Materials

In OSCs materials, electrical conductivity is due to properties of carbon atom in conjugated
system [6]. In ground state electronic configuration of carbon atom is 1s2 2s? 2p?. To explain
the geometry of carbon based compounds concept of hybridisation is introduced. Hybridisation
is mixing of orbitals (s or p) which results in new hybrid orbitals with different shape, size,
energy and orientation than its unhybridized counterpart. For conjugated system carbon is sp?
hybridized, results from mixing of 2s orbital with two 2p orbital (out of three 2p orbital
presented in figure 1.2.a) forming three sp? hybrid orbital having one electron each. These
hybrid orbitals are in same plane with an angle of 120 among them, and form 3 o-bond with
nearby atom. The unhybridized 2p orbital (2p;) which does not take part in hybridisation is
also having one electron ad is perpendicular to sp? plane. When this unhybridized 2p; orbital
overlap with another 2p; orbital of carbon atom then a double bond (or 7-bond) is formed by
sideways overlapping of the orbitals as shown in figure 1.2.b for ethene molecule. The electron

cloud due to formation of m-bond lies above and below the c-bond plane. Also molecular bond
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forms due to overlap of two 2p, orbital splitting into m-bonding molecular orbital and n"-
antibonding molecular orbital. The resultant m-orbital is lower energy while n™-orbital is at
higher energy than original p; orbital as shown in figure 1.2.b. Due to lower energy of w-orbital,
in ground state two electrons upcoming from p; orbital occupy n-orbital. Likewise, overlapping
of two sp? orbital give rise to formation of 6-bonding and ¢”-antibonding molecular orbitals

and are in lower and higher energy than respective m-orbitals (shown in figure 1.2.b).

09999997 -

1 s-orbital 3 p-orbitals 3 sp>-orbitals 1 unchanged Trigonal planar
p-orbital (p,) geometry

Figure 1.2.a: Representation of sp? hybridization of carbon atom

Figure 1.2.b: 5-bond and n-bond formation for two sp? hybridized carbon atom

With increase in number of sp? hybridized carbon atom results in continuous bands of occupies
and unoccupied state. The highest n-bonding molecular orbital is known as highest occupied
molecular orbital (HOMO) and lowest w*-antibonding molecular orbital is known as lowest
unoccupied molecular orbital (LUMO). For benzene molecule the HOMO and LUMO are

shown in figure 1.3, and energy difference between them is termed as energy gap (HLG). This

5
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energy gap defines some of the semiconductor properties, like for organic conjugated molecule
HLG is mainly in between 1.5 eV to 3.0 eV lead to optical transition in visible and NIR region

of electromagnetic spectrum [15].

6 p, orbital $< ,’/, :: : :,
R
18 sp2 orbital # \ '

Figure 1.3: Molecular structure of benzene and its energy diagram

1.4. Charge transport properties in Organic Materials
Charge transport properties are directly associated with performance of optoelectronic devices

based on OSCs and it is function of chemical structure, their physical and chemical properties

and dynamics of materials. Charge mobility (n) is one of the important characteristics property

of a material and it can be measured through time-of-flight (TOF), Field effect transistors
(FET), space charge limiting current (SCLC) or time-resolved microwave conductivity

(TRMC) [16-20]. One can define mobility by using Einstein relation, and is comes from Kinetic

theory based on random walk model [21]

eD

K= k,r

Here e is electronic charge, D, ko, and T are diffusion constant, Boltzmann constant and
temperature respectively. To define charge carrier mobility for OSCs from equation 1.1, need
to understand charge transport mechanism in OSCs. The two models proposed in literature for

charge transport in OSCs which depend on localization of charge carriers are:

1) Band Transport Model
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2) Hopping Model

In band transport model charge carriers are fully delocalized at edges of valence and
conduction band. Here motions of charge carrier are well-correlated and their momentum is
well defined. However, in hopping model charge carrier are localized to individual sites due

to scattering and movement of charge carrier via thermally activated hops.

1.4.1. Band transport Model

As already stated in band model charge carrier are delocalized in bands, i.e. holes are
delocalized in valence band while electrons are delocalized in conduction band. In general
band model applicable in periodic solids and hence valid for inorganic materials. Though for
organic pure crystal showing strong coupling between molecules are also appropriate to this
model. Pentacene and other oligoacenes crystals are the examples of organic molecules where
band like transport model have been applied [22,24].

According to band transport model mobility is given by

.. 1.2

B

Here e is electronic charge, t is relaxation time and m* is effective mass of an electron.

1.4.2. Hopping Model

The OSCs are classically too disordered to be consider with a band transport model. Therefore,
in hopping model it is assumed that charge carrier is localized and moved by thermally
activated hops. The sites in hopping models can be defined as individual molecules, a group
of molecules, or molecular segments (such as monomer units in a polymer), but they must have
weak coupling between them. The charge transport is then described by hopping rates between
these sites. Based on the Hopping model for charge transfer, the electron or hole transport
process at the molecular level is a transfer reaction between the neighbouring molecule. Taking
this model into account, a hole intermolecular transfer can portray in the form of equation-
1.3[25]

M+Mt—> M*+M.........13
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1.4.2.1. Marcus Theory

One of the most popular methods describing charge transport in OSCs is given by Marcus and
he provided an equation to calculate rate constant for charge transport in OSCs known as
Marcus equation [26, 28]. It is semi-classical theory for determining rate of charge hopping
between weakly coupled sites. Though, Marcus made some approximations before describing
charge transfer event from site i to site j, following are four postulates made by Marcus for

describing charge transfer

1. Born-Oppenheimer approximation: The nuclear and electronic motion of molecules
can be divided, where the electronic wave function depends parametrically on the
nuclear positions.

2. Franck Condon principle: during charge carrier transfer, nuclear coordinates are
considered to be invariant.

3. The transition is semi classical so that vibronic energy scale is smaller than the other
energy scales, such as the barrier height and the energy difference of the two states.

4. There is weak electronic coupling between sites and a non-adiabatic intersection
between potential energy curves, so the interaction between the initial and final states

is small enough to be treated as a perturbation.

An outline of derivation as proposed by Jortner et al. is shown below and derivation is started

with last approximation (Fermi Golden Rule) [29, 30]

(1/)z|ﬁ|l/11)|25(El - E]) e e e e 14

21
kij =7|

Where kj; is rate of hopping between site i and j, H is Hamiltonian and 6(Ei - E]-) is infinite
small energy difference. Using Born Oppenheimer approximation to split wave function into

electronic and nuclear part and assuming perturbation act on electronic part only

(Wi|Alw;) = (Wi H[w; {0 Q) oo e v 15

Transfer integral (J;;) is defined as

Jij = (l/)l|ﬁ|l/J]) e 1.6




INTRODUCTION...

fromeq. 1.5 and 1.6, eq. 1.4 become
2m 2
kij === i) 6(E: — E;) e 1.7

Further assuming system is in thermal average of vibronic state, and taking sum over initial

vibronic state allowing each term by Boltzmann probability in that state gives
2 2 ’ —E -1
kiy = =i Zl(ﬂilﬂj)| 5~ E)exp(TE/fy )27 18
ij

Where Z=)}; exp (—E /ka) is partition function.

In order to simplify above equation o function is treated with Fourier transform and analytical

form of vibrational coupling is obtained by assuming that vibrational modes are quadratic and

have same angular frequency. Also at high temperature Zmn<<kT, and that there is weak
coupling Jij|<< 4, then equation is reduced to

2 2

L = Uyl | = oxn | — (AE; +2)

ij h |2k, T D a2k, T

The rate constant (k) is for self-exchange reactions in which the standard free energy of the

reaction is equal to zero, i.e. AE;=0. In reduced form Marcus equation become (removing sites

notation kij=K and |Jij=AH) and its simpler form is shown in equation 1.10 [28]

K = (4—Zz> AH?(4mA ke, T) V2exp (—/1/4ka) 1,10
Here K is hopping rate, AH (or Jj) is transfer integral between sites, A is reorganization energy.
It is clear from equation 1.10, hopping rate is directly proportional to transfer integral (Jij or
AH) and is inversely proportional to reorganization energy (A). Literature reports say that
calculation of transfer integral is possible only if we have crystal structure of the molecule [31-
32]. However, theoretically it is possible to calculate A and is the leading factor for charge

transport in organic molecule.

The Marcus theory has been already applied to organic molecule to calculate charge transport

in polymer, p-type (linear acene and oligothiophene) and n-type organic crystal [33-38]. The
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disordered OSCs like Alg3, fullerene and DNA segments are also successfully treated with
Marcus theory [39-41].

1.4.2.2. Reorganization Energy (1)

Reorganization energy is the energy related with readjustment in the molecule and their
surrounding during charge transport phenomenon and an important factor that governs the
charge transport properties. As clear from equation 1.10, lesser the value of A higher will be
the charge transfer rate. Further, A is comprises of the outer shell (external reorganization
energy, Aext) and inner shell (internal reorganization energy, Ain)) contribution where former
arises from a change in the surrounding media and later arises due to change in the geometry
of molecules. In total reorganization energy, inner shell contribution is more dominant as
compared to outer shell contribution, so here focused only on reorganization energies due to
inner shell contribution [42].

Inner shell contribution is a gauge of geometrical distortion from neutral to corresponding
cationic/anionic form. Internal reorganization energy (Ain) is formulated by four-point method
i.e. single point calculations are executed on charged and neutral molecule in charged and
neutral geometry [43]. This method accepts that after charge transfer process there is no change
in geometry of molecule which means molecule orientation relative to each other does not
matter. Let us consider for relaxation of charged and neutral molecule be 2™ and A9. According
to above mentioned method relaxation of neutral, (19) and charged (1°) molecule are given by
following equation

28 = E8(M,) — E&(M,) ..........1.11
A =E"(My)—E* (M) ..........1.12

And total internal reorganization energy is sum of above two equations
Aint = 18 + A* = E&(M,) — E8(M,) + E*(M,) — E*(M.) .. ... ....1.13

In the above equations E& and E* is energy of neutral and charged molecule, M, and M, is

energies are calculated in ground state geometries of neutral and charge molecule.

10



INTRODUCTION...

Further depending on type of charge carriers, reorganization energies are classified as hole
reorganization energy (An) and electron reorganization energy (Ae) and if An< Ae then molecule
is used for hole transporting materials while 1< An lead to electron transport materials. For the
calculation of hole and electron transport properties in molecule, calculation of hole (An) and

electron (A¢) reorganization energies using equation 1.10 and 1.11, respectively

A=+ Ay = [EY(My) — EY(M,)] + [EO(M,) — EO(MQ)] ... ... ....1.14
e =23+ Ay =[E-(My) — E~(M_)] + [E°(M_) — E°(M,)] ...........1.15

Here, A1 is the energy difference between the energy of cation (obtained at ground state neutral
molecule, E*(M,)) and energy of cation molecule in its lowest energy geometry (E*(M.)), A2
is the energy difference between the energy of neutral molecule (obtained at optimized cationic
state E°(M,)) and energy of a neutral molecule in its lowest energy geometry (E°(M,)).
Similarly, Az is energy difference between the energy of anion (obtained at ground state neutral
molecule, E~(M,)) and energy of anion molecule in its lowest energy geometry (E~(M_)), A
is energy difference between the energy of neutral molecule (obtained at optimized anionic
state, E°(M_)) and energy of neutral molecule in its lowest energy geometry (E°(M,)). In

figure 1.4, a model is shown for calculation of internal reorganization energies.

Energy of
cationfanion at
ground state
geomelry ' Energy of
T Mg optimized
E T cationfanion
N
E
R Energy of
G neutral state at
Y cationfanion
geometry
Ground state
optimization
energy A A A

IntemuclearDistance

Figure 1.4: Calculation of Internal reorganization energy
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Takimiya et al. in one of their reports shows that relation between mobility and reorganization
energy is inversely proportional to each other [44]. They considered linear oligoacenes from
naphthalene to hexacene, and theoretically computed their hole reorganization energies (An)
for these acenes molecules. In table 1.1, calculated hole mobility and reorganization energies
of oligoacenes are shown (results of Takimiya et al.) and it is observed from table on increasing

the size of acene An decreases while p increases giving there is inverse relation between A, and

pie.
! 1.16
(> Gl
27
Table 1.1: Charge transport properties of oligoacenes
Decreasing Hole Reorganization Energy >
Molecule | Naphthalene | Anthracene | Tetracene Pentacene Hexacene
An(in meV) 183 138 113 95 79
i (cm?V-ist) 0.05 0.16 0.47 0.83 1.46

v

Increasing Hole Mobility

1.4.2.3. Examples of hole and electron transport organic materials

As stated above smaller value of Aint (now referred as A) higher will be charge transfer rate
which in turns increases the charge transport in molecule. The smaller value A is appropriate
for high performance of OSCs as it helps in both charge separation and charge transport and
can be calculated theoretically before actual synthesis of the designed molecule. There are
many reports available in literature for hole and electron transport materials which finds
applications in OLEDs. Among them renowned materials for hole transport layer (HTL) and
(ETL) are diamine derivatives (N,N'-diphenyl-N,N'-bis(3-
(TPD)) and tris(8-

hydroxyquinolinato)aluminum(l11) (Alg3) respectively. In figure 1.5, examples of few well-

electron transport layer

methylphenyl)-(1,1'-biphenyl)-4,4'-diamine

known hole and electron transport materials are shown. According to literature reports the hole
mobility of TPD, N,N'-bis-(1-naphthyl)-N,N’-diphenylbenzidine (NPD), N,N’-bis(l)naphthyl)-

12
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N,N'-diphenyl-1,1-biphenyl-4,4-diamine (NPB), N,N’-di-1-naphthalenyl-[1,1":4',1":4",1""-
quaterphenyl]-4,4"'-diamine(4P-NPD) (shown in figure 1.5) are showing two to three order
higher magnitude than typical electron transport materials [45]. In figure 1.5, addition to hole
transporitng material some well-known electron transport materials for OLEDs are also shown
viz. 2,9-dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP), Bphen, tris(8-quinolinolato)
aluminum  (Alg3),  4-biphenyloxolatealuminium(l1l)  bis(2-methyl-8-quinolinato)-4-
phenylphenolate (BAIlq). The calculated hole (An) and electron (Ae) reorganization energies for
TPD and Alg3 are 290 meV and 276meV respectively and are characteristics materials for
OLEDs [46-48].

Qo8P
O@ @

TPD NPB NPD

4P-NPD BPhen BCP
(o) (0]
i o )<y
) )
|
N
\ 3 2
Alg3 BAlq

Figure 1.5: Examples of well-known Hole and electron transport materials for OLEDs

1.4.2.4. Charge injection Parameters: lonization Potential (IP) and Electron Affinity
(EA)

In addition to reorganization energy the other properties which affects the efficiency of
materials are ionization potential (IP) and electron affinity (EA). For the better performance of

the optoelectronic device, there should be an efficient injection of hole and electron into an

13
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organic molecule. The energy barrier for the injection of the holes and electrons were evaluated
by IP and EA. IP defined as the energy required by the system when an electron is removed,
and it must be sufficiently low for efficient hole injection into the HOMO of the molecule. EA
defined as the energy released when an electron is added to the system. EA must be high
enough to allow an efficient electron injection into LUMO of the molecule. The lower the IP
of the hole-transport layer (HTL), the easier will be the injection of holes from ITO (Indium
tin oxide) to HTL, higher the EA of the electron-transport layer (ETL), and easier the injection
of electrons from the cathode to ETL. The lower IP and higher EA revealed that material would
be a better hole and electron transporter, respectively. The calculated values of adiabatic (a,
optimized structure of both charged and neutral molecule) and vertical (v, geometry of neutral
molecule). In addition to this, calculation of adiabatic and vertical ionization potentials (1Pa

and 1Py), and electron affinities (EA. and EA\) are formulated by using equation 1.17 and 1.18.

IP, = E¥*(M,) — E°(Mg) . oo ... 1.172
IP, = E*(My) — E®(My) ... .. ......1.17b
EA, = E°(My) —E~(M_) .............1.18a
EA, = E°(My) — E~(Mp) ... ... ... ....1.18b

Further Hole extraction potential (HEP) and Electron extraction potential (EEP) are also one
of the important factor regarding charge injection phenomenon in materials. HEP and EEP are

formulated by using equations 1.19 and 1.20 respectively.
HEP = E*(M,) — E°(M,) ...... .......1.19
EEP =EM_)—E-(M_)............ .1.20

1.5. Thiophene-based organic materials

The word thiophene has emerged from the fusion of Greek word theion (sulfur in Greek) and
phaino (shining in Greek). The thiophene was first discovered by Victor Meyer in 1883, by
isolating it from blue dyes consisting of 1H-indole-2,3-dione (isatin) and sulfuric acid in crude
benzene [49]. Thiophene is a colourless stable liquid compound which smells benzene but is
more reactive than benzene toward electrophiles due to its high n-electron density, has a five

membered planar structure with sulfur as a heteroatom having molecular formula CsHa4S [49].

14
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Thiophenes and their derivatives are most basic class of heterocyclic compounds in field of
material chemistry. As it is already stated that thiophene is planar, five-member aromatic ring,
comprising of sulfur atom heterocyclic compound symbolize important heterocyclic
compounds showing interesting electronic properties. Sulfur present in thiophene has formal
oxidation state with two lone pair of electron out which one contribute towards ring
aromatization. Due to large 3s and 3p orbitals, S-atom has high polarizability which facilitates
thiophene electron donating properties and is readily available for non-boding interactions.
Also S-atom can expand it octet upon contribution of 3d orbitals and this hypervalency
property facilitates functionalization of thiophene sulfur with oxygen to form polythiophene-

S,S-dioxides which display strange optical and electrical properties [50].

In the last few years, thousands of research papers on thiophene based compounds are
published, and many of them are in the field of material chemistry. Thiophene-based materials
are known for their semiconducting nature, nonlinear optical response, luminescence, sensing
properties and active charge transport properties. Based on donor ability in the field of
semiconducting materials, thiophene and its derivatives are one of the most popular and most
studied since 1980s. Due to its ready availability and low cost, a number of small molecules,
oligomers and polymers based on thiophene has been reported. Among them, oligothiophenes
and polythiophenes have been widely implemented for the generation of organic solar cell
building blocks. Oligomers and polymers based on thiophene have attracted considerable
attention in both experimental and theoretical aspects. The well-defined physicochemical
relationships provide an outstanding synthetic control in their molecular electronic structures
through control of the thiophene chain length, and substituent variety (to tune the molecular
orbital energies), charge-carrier mobilities, and spectral properties of the individual molecular
species. Thiophene based conjugated molecules are an essential area of research as they
possess numerous possibilities, such as ring functionalization and chain elongation. The
adaptability of thiophene chemistry helps to obtain useful thiophene based chemical structures
for organic semiconductors OSCs. Thiophene is selectively modified at a- and - position to
sulfur atom and even at a sulfur atom itself. This unique property of functionalization in
thiophene leads to designing and synthesis of oligomer and polymer that allow fine-tuning of

desirable properties for OSCs [51-52]. There is enough literature available for linear, branched
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and star-shaped oligomer of thiophene. For example, a combination of a-linked thiophene unit
with oligomer render an effective conjugation, on the other hand, attachment of long alkyl

chain at a- and B-positions increases the solubility.

The semiconducting properties of thiophene-based compounds significantly depend on the
degree of m-conjugation in a molecule, which affects frontier molecular orbital (FMO)
energies, energy gaps, optical and electronic properties. Thiophene-based compounds are
showing exceptionally well optical and conductivity properties than other known OSCs used
for electronic applications [53-55]. Among various strategies of synthesizing thiophene-based
materials, synthetic chemists are mainly focusing on the tuning of HOMO-LUMO energy
levels and energy gap. As energy gap between HOMO-LUMO, i.e. band gap play leading role
in defining the physical properties of conducting molecule and hence most of the researcher
and scientists have focused on designing and synthesis of those materials by considering

structure-property relation of these materials.
1.6. Literature survey
1.6.1. Simple and fused thiophene system for organic materials

It is well reported in literature that a-linked oligothiophene are among the most well-known p-
type m-conjugated materials (shown in figure1.6 where ‘N’ can vary from 0-5). They have been
used as the core constituents in various optoelectronic and electronic devices such as OPVs,
OLEDs, and OFETSs, owing to their light-emitting and absorbing, hole transporting, and charge
carrier properties. In addition to this due to presence of electropositive sulphur atom,
oligothiophene possess multiple intermolecular interactions. The single crystal X-ray
diffraction and structure analysis of oligothiophenes proved that there is presence of van der
Waals interactions, 7-n stacking, and a variety of anisotropic oriented donor (D)- acceptor(A)

intra- and intermolecular C-H...S, C-H...O, C-H...w, and S...S interactions [56-59].
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Figure 1.6: Oligothiophene strutures (Thy)

In order to improve the device performance of OPVs, thiophene-based conjugated oligomers
with low band gap, broad absorption and suitable energy levels are necessary. In past few
years, numerous donor-acceptor (D-A) oligomers having electron  rich
thiophenes/oligothiophenes have been developed as donor materials for high performance
OPVs [60]. In addition to D-A systems, small acceptor-donor-acceptor (A-D-A) systems are

also attracted great interest in recent years due to their excellent photovoltaic performance.

One of the advantageous methods for fine-tuning of bandgap is utilization of fused thiophene
which incites a greater conjugation in ground state. It is evident from the literature that fused
thiophenes are the most extensively studied heteroatomic compounds due to their stability,
electron-donating capability and the possibility to form intermolecular interactions such as
S...S bonds [61-65]. Differing from thiophene, fused thiophenes possess rigid structure with
extended m-conjugation which helps in altering the bandgap of the organic materials and
increasing intermolecular interaction in solid state. The first member of the fused thiophene is
thienothiophene (TTs) having two annulated thiophene units. TTs are electron-rich molecule
which helps them to construct conjugated and low band gap organic semiconductors materials.
Based on the connectivity of two thiophene moiety there are four geometrical isomers of thieno
thiophene (molecule 1-4 in figurel.7) are known. The IUPAC nomenclature of the isomers are
thieno[3,2-b]thiophene (1), thieno[2,3-b]thiophene (2), thieno[3,4-b]thiophene (3) and
thieno[3,4-c]thiophene (4). The synthesis and polymerization of all the TTs are known except
TT-4 which is unstable. TTsi.e. 1-3 are having stable and electron rich structures and are finds
applications as building block in OSCs [49]. Among various isomer of TTs, 3 is having four
different functionalization positions which provide unique property of quinoid-resonance

effect to this isomer which enable to modulate electronic structure [66].
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With the addition of one more thiophene unit to TTs give rise to three thiophene fused system
recognized as dithienothiophenes (DTTs, 5 in figurel.7), and due to flat and rigid structure of
DTTs widely used as building block in organic materials. Further addition of thiophene results
in thienoacenes which also finds application in various optoelectronic devices.
Bis(dithienothiophene) (B-DTT, 6 in figurel.7) is dimerized version of DTTs and in great
example of OSCs. The hole mobility of B-DTTs was measured as high as 0.05cm?V1s? [67-
68].

S S\S
s S8 By s

1 2 3 4
S S S s S
\/\/\/\//\/\
S S S S
5 6

Figure 1.7: Structure of fused thiophenes system thienothiophene (1 to 4) dithienothiophene
(5) and bis(dithienothiophene) (6)

Zhang et al. performed computational studies to TT-1 and shown that it as p-type
semiconductor by considering it high electron injection carrier [69]. They also shown that on
replacing the hydrogen with electron withdrawing group the nature of the semiconductor is
reversed i.e. it is showing n-type semiconductor property rather than p-type semiconductor
[69]. It is well known that thiophene shows weaker aromaticity than benzene, lower steric

hindrance and extra S...S interaction in solid state.
1.6.2. Thiophene based fused heteoacene system for organic materials

It is well-reported in literature that applications of linear acenes are classified into two classes
of electronic device: (1) field effect transistors (FETSs, also known as thin-film transistors,
TFTs) and (2) organic light-emitting diodes (OLEDs). Within acenes anthracene (6 in figure

1.8) due to high oxidation potentials, small surface and high fluorescence quantum yield find
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application in light emitting systems. Though recent reports suggest functionalized anthracene
and their derivative used for organic field effect transistors. One of the examples is anthracene
functionalized with electron withdrawing (4-trifluoromethylphenyl) group behave as an n-type
semiconductor, showing electron mobility of 0.003cm?V-1s [70]. However, this mobility is
not high but use of anthracene core of semiconductor imparts higher stability and advantages
of larger acenes which is the deciding factor in applications of semiconductor where durability
is preferred over performance. Also, anthracene derivatives due to their fluorescence features
find applications in LEDs (light-emitting diodes) [71-72]. Similarly, higher members of acene,
I.e. tetracene (7 in figure 1.8) and pentacene (9 in figure 1.8) are also showing good optical and
efficient charge transport properties, and are suitable for optoelectronic applications. Rubrene
(8 figure 1.8) is one of the tetracene derivatives, and mixture of it with polystyrene and
diphenyl anthracene when deposited on bottom-contact of FET substrate yielded device hole
mobility of 0.7 cm?V1s™ [73]. Among different acenes, pentacene (structure 9 in figure 1.8) is
the largest unsubstituted acene which is isolated in its pure form and characterized. It is well-
known p-type material in organic solar cells and its thin-film transistor mobility are similar to
that of silicon and reported mobilities are in the range of 1.5 cm?V!s™ to 5 cm?V1s[74-75].
Moreover, pentacene can behave as ambipolar charge transport materials though electron
mobility is very low (n-type behavior only observed in vacuum) [76-77]. Although higher
member of acene molecules i.e. hexacene, heptacene even octacene and nonacene and their

photophysical properties are reported. But electronic and materials properties of these higher

: 7 30 9

8

acenes are members are not yet explored [78-79].

Figure 1.8: Structures of linear acenes as organic materials: anthracene (6), tetracene (7),

rubrene (8) and pentacene (9)
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Though acenes molecules finds various application in field of material chemistry but these
molecules are suffering from several drawbacks like low solubility and poor air stability [80-
81]. To overcome these limitations different schemes have been applied by substrate variation
and functionalization of the molecular structure [82-84]. Within these techniques alterations
higher thienoacenes having five to seven fused system have been synthesized. Recently
thienothiophene fascinated more attention due to high mobility and stability in the air. It is
evident from the literature that fused thiophenes are the most extensively studied heteroatomic
compounds due to their stability, electron-donating capability and the possibility to form
intermolecular interactions such as S...S bonds [85-88]. The restricted number of sulfur atom
in these compounds results in smaller reorganization energies and hence higher mobilities.
This modification process i.e. substitution of different molecular fragment with thiophene and
acene inspired scientists and researchers to develop organic semiconductors with high mobility
and stability. Among vast number of material developed thienoacenes due to their rigid and
planar structures are showing better properties for OSCs devices. Bao and coworkers with the
help of computational and experimental characterization shows that proper substitution of
thiophene and acenes lead to new high performance organic semiconductor for various

electronic applications [89].

K. Takimiya and coworkers introduced a heteroaromatic-benzene system and synthesized
number of thiophene fused acene molecules and shown that these molecules are relatively
improved air stability with high mobilities (u=3.0 cm?V-1s™) [90]. They started their study with
simple benzodithiophene (BDT, 10) having three ring fused system and extended up to nine
ring fused system i.e. BNTBDT (17) [90-94]. Particularly heteroacenes benzodithiophene
(BDT, 10), naphthodithiophene (NDT, 11) and anthradithiophene (ADT, 12) are isostructural
analogues of anthracene (6), tetracene (7) and pentacene (9) respectively and are building block
for polymer and synthetic intermediate for extended heteroacene. Takimiya et al synthesized
series of chalcolgen based molecules while working on BDT for high performance
semiconductor for OFETSs [95-96]. They also gave direct synthetic route for linear and angular
shaped (NDT, 11) and showed their applicability in OFETSs. It is also found that the linear-
shaped NDTs are showing lower oxidation potentials and show red-shifted absorption
compared to their angular shaped NDTs and hence promising candidates for organic

semiconductors [97]. Among all studied fused acenes, anthradithiophene (ADT, 12) is the most
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studied fused acene by different groups due to structural similarity to pentacene. Katz et al.
shown molecule 12 (ADT) and its alkyl derivatives are more soluble and stable than pentacene
and exhibit hole mobility like pentacene [98]. After this Mamada et al successfully synthesized
syn- and anti-isomer of 12 and shown field-effect mobility of anti-isomer is higher than that of

syn-isomer [99].

K. Takimiya performed molecular orbital calculation over several linear
thiophene(sexithiophene) and thiophene fused with benzene (BDT, 10 and BTBT, 13), they
showed that there is no contribution of sulfur atom to the HOMO of linear thiophene indicating
zero contribution of S-atom to intermolecular HOMO overlap [90, 100]. On the other hand,
there is large involvement of sulfur atom to HOMO of BTBT molecule showing effective
contribution of sulfur atom. They reported diphenyl derivative of [1]benzothieno[3,2-
b][1]benzothiophene (BTBT, 13) used for working of OFETs which is showing mobility upto
2.0cm?V-ts?, After that they synthesized various m-extended BTBT derivatives and estimated
as OSCs for OFETs devices. Dinaphtho[2,3-b:2’,3'-f]thieno[3,2-b]thiophene (DNTT, 14)
having six aromatic ring gave high performance OFETs with mobilities of 3.0 cm?V-1s™ [91].
Further when long alkyl chain (dodecyl, CioH21) is attached to this molecule results in stable
skeleton with further high hole mobility of 7.9cm?Vv-1s1[93].

COSCD Q00 00

Figurel.9: Thiophene based fused acene molecules reported by Takimiya group
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Neckers et al. reported heteropentacene with sulphur as heteroatom for organic transistor (19-
20 in figure 1.10) [101]. They specifically synthesized thieno bis(benzothiophene) along with
their full characterization for materials. Crystallographic analysis of 20 shows molecule
crystallize in coplanar arrangement and its observed FET mobility is 0.12 cm?V-1s. However,
its isomer i.e. molecule 19 is showing smaller mobility due to difference in grain size observed
upon AFM analysis, molecule 19 is having large grain and poorer surface coverage. Further
they also successfully synthesized sulphur containing stable unsubstituted heptacene namely
Dianthra-[2,3-b;2",3'-d]-thiophene(DAT-2,3) (21) and Dianthra-[1,2-b;1’,2'-d]-thiophene
(DAT-1,2) (22) shown in figure 1.10 with a high degree of charge carrier mobility when
assemble with organic transistors. The observed HOMO-LUMO gap for compound 21 and 22

are 2.38eV and 2.26eV respectively which is comparable to pentacene [102].

o O
oo Yty

19 20

Figure 1.10: Thiophene based pentacene and heptacene molecules reported by Neckers group

In addition to experimental work on thiophene fused heteroacene, a majority of theoretical
studies are also performed which give valuable information that compliments the experimental
findings. These studies also provide background for the understanding of electronic structures
and optoelectronic properties of materials. Sokolov et al [89] consider dinaphtho[2,3-b:2",3'-
f]thieno[3,2-b]thiophene (14) above as base molecule which is showing high hole mobility and
air stability can be used as high performance semiconductor and designed derivatives (23-28)

of it shown in figure 1.11.
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27 28

Figure 1.11: Thiophene based linear molecule showing high mobility

Thomas et al. executed computational studies on linear oligothienoacenes, their positional
isomers and shown that the presence of biradicaloid character in molecule possesses small
value of hole and electron reorganization energies [103]. They consider positional isomer of
thienoacenes (TT 1 and 2), BDT (10), ADT (11) and tetradithiophene and also compare their

studies with structural anlogues of linear oligoacene (6, 7 and 9).
1.6.3. Star-Shaped Thiophene based organic materials

Star-shaped organic molecules have number of advantage over linear oligomer and polymer
organic molecules including capability of determine multifucntionality and
multidimensionality in a molecule. Also solubility problem is totally solved under star shaped
framework which is one of the major problems in linear oligothiophene. Recent progress in
OSCs shows that star-shaped molecules are promising class of semiconducting materials.
Ponomarenko et al. for the first time reported synthesis of star shaped oligothiophene having
three armed structure shown in figure 1.12. They well described semiconducting characteristics

for solution processible OFETs. Though these star shaped materials are showing lower
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mobility than linear analogs but better solubility and film forming properties lead to improve

spin coating process in OFETSs [104].

Figure 1.12: Star-shaped oligothiophene synthesized by Ponomarenko et al.

In another report Pie et al. reported facile synthesis a number of Cz-symmetric star-shaped
polycyclic based on truxene core (shown in figure 1.13) [105]. They successfully synthesized
long branches up to four thiophene ring in truxene core via Suzuki cross coupling and yield of
the products is excellent. They reported absorption and emission properties of synthesized
compounds and can be further tuned by introduction of thiophene rings [105]. In continuation
to Pie work, Sun et al. reported OFETs devices performances to these truxene derivatives. They
presented that there is significant change in OFETS characteristics with increase in thiophene
ring in branch which not only extends delocalization but also lead to high mobility than
previous reports of Ponomarenko on star-shaped molecule [106]. In this perspective, Roncali
and their coworkers synthesized new series of star-shaped oligothiophenes having short linear
oligothiophene branch connected to central benzotrithiophene (BTT) core (shown in figure
1.13). They compare electronic properties of synthesized compounds with linear analogues
and other know star-shaped oligothiophene and showed use of BTT as central core allows
evolution of new planar star-shaped conjugated system with greater n-electron delocalization

[107]. Kim et al. synthesized three star-shaped thiophene based molecule having good
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solubility and good self-film-forming properties. The synthesized molecules are showing high
carrier mobility in solution processed OSCs for OFETs (shown in figure 1.13) [108].

(a)Pie et al. X

(b)Roncali et al.

(c)Kim et al.

Figure 1.12: Reported star-shaped thiophene based molecules by (a) Pie; (b) Roncali; and (c)
Kim
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In addition to experimental results, many theoretical studies on thiophene based star-shaped
molecules are also available in literature. Ruifa Jin a theoretical and computational chemist
while working on series of D-n-A type star-shaped molecules reveal that properties designed
molecules finds applications in OLEDs and solar cells [109-110]. The various properties of
designed molecules like optical, electronic and charge transport are investigated by using DFT
methodology. They designed D-n-A type molecule with triazine as central core, thiophene and
furan as m-spacer and used various aromatic derivative as end group (shown in figure 1.14).
Their results disclose that aimed molecules are better for hole and electron transport materials
and work for donor material in organic solar cells and also luminescent material for OLEDs
[111]. Inone of their other reports for star-shape molecule they selected triphenylamine as core
with different -conjugated spacers having napthalimide as end group (figure 1.14) [112].
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Figure 1.13: Designed star-shaped thiophene based molecules by R. Jin for organice solar
cells and OLEDs

1.7. Theoretical methods

In recent times theoretical and computational methods has attracted researchers and scientists
in order to search for low band gap materials which are applicable for OSCs devices. These
theoretical techniques help to explore new methodologies in pushing the efficiency further
toward the theoretical limit. The one of the main advantage of theoretical methods are these
models are good enough to rule out those molecular systems which are incompatible for future
use. This information from these models are very useful as synthesis of any

compound/molecule/polymer material involve raw materials and months of labor of
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researchers. Hence theoretical method will provide essential information and methodology for
careful designing of materials for various applications with desirable optical and electronic

properties.

Today there are number of quantum chemical methods are available to find out total energy to
predict molecular structures. The well-known quantum methods are Ab initio methods, Semi-
empirical and empirical methods, molecular mechanics, molecular and chemical dynamics,
Density functional methods etc. are shown in fig. 1.15, among various methods reported above

density functional theory (DFT) is the most used and useful method for organic molecules

[ Computational Models }

[ Molecular Mechanics } { Quantum Mechanics }

[ neglect electron ]
Semi Empirical

(neglect core electron)

Ab Initio
(account core electron)

[MMZ, MM3, AMBER etc }

[ INDO, ZINDO, AM1, PM3 ]

[ everuncion | ooty Functon |
]

Figure 1.14: Flowchart for different Computational approaches

1.8. Density Functional Theory (DFT)

DFT define the electronic structure of connected many body systems. It is based on principle
that property of system can be seen as functional of ground state electron density. By knowing
exact functional, DFT can predict an exact solution for ground state energy. However, for a
system with more than one electron there are no exact functional are known but work of Kohn

and Sham has acceptable ground state functionals of many electrons to be estimated [113].
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Before DFT came into existence, energies of the molecules are calculated by Hartree Fock
(HF) and post Hartree Fock methods in quantum mechanics. These methods are time
consuming as first they need to solve Schrodinger equation and to over-come these problems

DFT methods are introduces based on electron density rather than wave function [114].

The time dependent Schrédinger equation for ground state Wo in operator form written as

(T + Eop + Voo + Enn ) o = Eqg wev vor e e 121

Here, T is kinetic energy operator, Een and Vee are electron-nuclear and electron-electron

interaction operator and En, is nuclear-nuclear interaction energy.

In DFT electron density is defined as
n(r) = fh/)(rprz e T |2 Z S(r—r)dridry ...dry .o e 1,22
i

According to variational principle for the minimum value of energy functional, electron density
n(r) is equal to ground sate electron density no(r) and hence ground state energy functional is

ground state electron density i.e.

Ey = Elng] = Mind|E[) = (ol ElWo) e e v 123

Hohenberg and Kohn in 1964 gave the theorem which provides the existence of exact DFT,
which states that the electronic density uniquely determines the ground state energy of a
molecule. After this, Kohn and Sham introduced the equation which gives the exact wave

function. In Kohn Sham methodology energy functional is defined as [115]
E[n] = T[n] + E4[n] + E..[n] + Ep + Exc[n] v e e oo . 1.24
Where

e TI[n] is KE functional and is ground state KE of gas of non-interacting electron.

e En[n] is Hartree energy functional which is average field energy of electron.

e Een[n] is electron-nuclear functional.

e En is nuclear interaction energy.

e Ex[n] is exchange correlation functional, and origin of this term due to fact that for

given electron at position ro, other electrons are kept away because of both the
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necessary antisymmetric of wave function (exchange) and Coulomb repulsion

(correlation).

Among above mentioned five term, four are calculated exactly, but fifth term i.e. exchange-
correlation functional due to many-body system must be approximated. For the correctness of
ground state energy and density is estimated from the exchange-correlation functional are

introduced.
1.9. Outline of Thesis

In this dissertation, a computational study on optoelectronic and charge transport properties of
thiophene based linear and star shaped organic materials with the help of DFT methodology.
Further to make study broader, comparison of optical and transport properties is done with
their heteroatomic (NH, O, Si and Se) analogues (wherever possible). Principally, chapters are
divided on the basis of number of heterocycle (mainly thiophene) fused with benzene, starting
with dithiophene in chapter 2, trithiophene in chapter 3 and 4 and tetrathiophene in chapter 5.
All the calculation part in the thesis, like geometry optimization, TDDFT calculations and
calculation of charge transport properties are performed by using GAUSSIAN 16 package
[116].

In Chapter 2, study start with linear thiophene based acene and their heteroatomic (O and Se)
based acene molecules. Results shows in chalcogen based acene molecules, there is
improvement in charge transport properties with thiophene and selenophene based acene

molecule as compare to furan based acene molecule.

Chapter 3 is subdivided into two subchapters, in first part of chapter i.e. Chapter3A, DFT
study on optical and charge transport properties of seven possible isomers of benzotrithiophene
(BTT) has been performed. In second part of chapter i.e. Chapter 3B, computational study of

the star-shaped oligomer of most stable isomer of BTT has been consider for study.

Chapter 4 is extension of chapter 3 and is further subdivided into two subchapters. Chapter
4A deals with comparative study of heteroatomic analog of BTT isomers i.e. benzotripyrrole
(BTP), benzotrifuran (BTF) and benzotriselenophene (BTSe) isomers. Here comparative study
of optical and charge transport properties of heteroanalogs i.e. BTP, BTF and BTSe isomers

with BTT isomers are done with the help of computational methods. In second part i.e.
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Chapter 4B, comparative study of star-shape thiatruxene, truxene and their heteroatomic (O,

Siand NH) analog has been done using computational methods.

Lastly, Chapter 5 deals with influence of heteroatom on electronic excitations and charge
transport properties of Anthratetrathiophene (ATT) and Anthratetrathiazole (ATTz) isomers.
Additionally, effect of thiophene and thiazole moiety having different arrangements at the

periphery on various properties are also studied in this chapter.
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2.1. Introduction

Organic semiconductors are needed for this generation as they are having several advantages
over inorganic semiconductors. Though power conversion efficiency of organic
semiconductors is smaller than inorganic semiconductors but these limitations can be
overcome with the low cost, lightweight and producing flexible and large-area devices makes
organic semiconductors area better alternative for inorganic materials [1-2]. Between the
number of molecular classes reported so far, acenes and heteroacenes are examined as
promising candidates for organic semiconductors and finds applications in organic
photovoltaics (OPVs) and organic field-effect transistors (OFETS) [3-6]. Among acenes,
pentacene is well-known p-type organic semiconductor material with a high hole mobility of
5cm2V-ist [7]. But pentacene was suffered from the drawbacks as oxidative instability and
poor solubility under ambient conditions [8-9]. The synthetic reports on higher homologous
members of pentacene i.e. hexacene, heptacene, octacene, nonacene, decacene and undecacene
by different groups have been reported but their applications are still not explored in the field
of material chemistry as charge transport materials [10-13]. To overcome these limitations
different schemes have been applied by substrate variation and functionalization of the
molecular structure [14-16]. It is evident from the literature that fused thiophenes are the most
extensively studied heteroatomic compounds due to their stability, electron-donating capability
and the possibility to form intermolecular interactions such as S...S bonds [17-21]. Among
them benzodithiophene (BDT) and their isomers equivalents to anthracene (three-ring system)
are one of the simplest and most studied fused thiophenes. D. C. Neckers et al. synthesized a
series of well-defined isomer of pure fused ring system of alternating benzene and thiophene
moieties [22-24]. The photophysical properties of synthesized molecules have been reported
by using steady-state absorption, fluorescence and phosphorescence spectroscopy [24]. The
molecules having S-atom are on the same side (syn-isomer) are showing longer
phosphorescence lifetime and higher phosphorescence quantum yield [24]. In recent times,
thiophene comprising heteroacene with minor change in the molecular structure of pentacene
has been studied intensively due to their potential applications in high-performance organic
semiconductor devices like OFETs, OTFTs and OLEDs [25-27]. The design of isostructural
and isoelectronic analogues of pentacene such as anthradithiophene, thiotetracene and

benzothienobenzothiophene has been reported [28-30]. Katz et al. shown anthradithiophene
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(ADT) and its alkyl derivatives are more soluble and stable than pentacene and exhibit hole
mobility like pentacene [28]. Further, they also studied the charge transport properties in ADT
crystal and compared it with pentacene and a-sexithiophene to show noticeable two
dimensionalities is related to the importance of molecular orbital of sulfur atom obstructing
charge transport [31]. M. Mamada et al. successfully synthesized syn- and anti-isomer of ADT
and shown field-effect mobility of anti-ADT is higher than that of syn-ADT [32]. K. Takimiya
gave direct synthetic route for linear and angular shaped naphthodithiophene (NDT) and
showed their applicability in OFETSs. It is also found that the linear-shaped NDTs are showing
lower oxidation potentials and show red-shifted absorption compared to their angular shaped
NDTs and hence promising candidates for organic semiconductors [33]. The direct synthetic
route for pure anti-isomer of ADT, anthradifuran (ADF) and anthradiselenophene (ADSe)
from dimethoxyanthracene have been reported and verified that isomerically pure anti isomer
of ADT shows higher mobility than mixed ADT [34]. Anti-isomers of ADF, ADT and ADSe
are shown as an active material for OFET devices which showed mobility up to 1.3 cm?V-1s’?
[34]. J. E. Anthony group, first time synthesized silylethynyl substituent of acene-thiophene
from anthradithiophene to pentadithiophene [35]. Though thiophene and its derivatives are
made solid progress and their power conversion efficiency reached up to 10%, but furan and
its derivatives are also coming up with promising performance in OPVs due to their low cost
and structural specialties [36-38]. Because of smaller size of oxygen than sulfur atom, furan-
based polymers show less steric hindrance to adjacent molecule than thiophene based polymer
[39]. Further, furan-based oligomers are more electron-rich than corresponding thiophene
based oligomers and show a blue shift in absorption [39]. N. Hayashi and coworkers
synthesized syn and anti-isomers of BDF and performed a comparative study of their electronic
spectra along with their redox behavior and showed that oxidation potential of anti-isomers is
significantly higher than corresponding syn-isomers [40]. Recently Thomas et al. executed
computational studies on linear oligothienoacenes, their positional isomers and shown that the
presence of biradicaloid character in molecule possesses small value of hole and electron
reorganization energies [41]. As there are numerous reports on thiophene based acene
molecules, yet higher members of thiophene, furan and selenophene based acenes are not
investigated for materials applications and because of same basic property, these molecules

likewise have same or better (tunable) optical and charge transport properties.
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Here in this chapter, we are interested to see the effect of heteroatoms (O and Se) on linearly
fused acenothiophenes, starting from three-membered to seven-memberedrings. The two
possible isomers of each molecule are syn and anti, are considered for the present study shown
in scheme 2.1 (S- and A- are used for syn and anti-molecules respectively). The main interest
is to study how the electronic and charge transport properties are varyingwith increasing the

size of acenes and also byintroducing the heteroatom (O, S and Se).

The nomenclature considered here (scheme 2.1) for thiophene based acenes are; syn- and anti-
isomers of benzodithiophene (S-BDT and A-BDT) followed by naphthodithiophene (S-NDT
and A-NDT), anthradithiophene (S-ADT and A-ADT), tetracenedithiophene (S-TDT and A-
TDT) and pentacenedithiophene (S-PDTand A-PDT). For furan based acenes; syn- and anti-
isomers of benzodifuran (S-BDF and A-BDF) followed by naphthodifuran (S-NDF and A-
NDF), anthradifuran (S-ADF and A-ADF), tetracenedifuran (S-TDF and A-TDF) and
pentacenedifuran (S-PDF and A-PDF). Similarly, for selenophene based acenes: syn- and anti-
isomers of benzodiselenophene (S-BDSe and A-BDSe) followed by naphthodiselenophene (S-
NDSe and A-NDSe), anthradiselenophene (S-ADSe and A-ADSe), tetracenediselenophene (S-
TDSe and A-TDSe) and pentacenediselenophene (S-PDSe and A-PDSe).

2.2. Computational Methodology

All the quantum chemical calculations are performed by using Gaussian16 package (Frisch et
al.) [42]. All the molecules considered here were optimized at the DFT level with
B3LYPfunctional and 6-311+G (d, p) basis set. The non-negative frequency of the optimized
structures ensures that molecules are at their lowest energy state and hence characterized as
true minima state. TDDFT calculations are performed on B3LYP/ 6-311+ G (d, p) optimized

geometries to get the absorption energies for the studied molecules.

The calculation of charge transport property is done by using the Marcus theory and Hopping
model. This model is known to suitable for prediction of carrier mobilities of
triisopropylsilylethynyl-anthradithiophene  (TIPS-ADF) and triisopropylsilylethynyl-
anthradithiophene (TIPS-ADT) derivatives along with triisopropylsilyl-ethynylpentacene
(TIPS-PENT) [43].

The calculation of hole (4n) and electron (4.) reorganization energies are done by using

equation 1.14 and 1.15 respectively (in chapter 1). Also the calculation of charge injection
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parameters i.e. ionization potential (IP) and electron affinity (EA) are done by using equations
1.17 and 1.18 respectively. Further hole and electron extraction potentials are calculated by

equations 1.19 and 1.20 respectively.
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Scheme 2.1: Molecular structures of chalcogen (O, S and Se) based acene molecules
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2.3. Results and Discussion

2.3.1. Geometry and Structures

All the studied molecules are optimized by using B3LYP/6-311+ G (d, p) level of theory shows
these molecules possess planar geometry in its ground state (structures of optimized geometries
are shown in table 2.1-2.4). Syn-isomers are with Con symmetry while anti isomers are with
Cavsymmetry. However, the energy difference between both the isomers is very small and both
syn- and anti-isomers are approximate of the same energy (less than 1 kcal). S-BDF is 0.39
kcal less stable than A-BDF while for thiophene based acene A-BDT is 0.19 kcal more stable
than S-BDT (Table 2.1).

Table 2.1: Optimized Structures and relative energy (RE in Kcal) of benzene and naphthalene
based hetero acenes

Name Structures RE Name Structures RE

S-BDF | ° 0.40 S-NDF ’\g/\(fIL(IQ/’ 0.08
> .

A-BDF »{\ » | 0.00 A-NDF » | 0.00

s-80T ,fr(kg} 020 | | soT J;fwf\r% 001
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A-BDT ; /"" 0.00 A-NDT 0.00

S-BDSe

0.16 S-NDSe 0.04

A-BDSe /kl 0.00 A-NDSe 0.00

Table 2.2: Optimized Structures and relative energy (RE in Kcal) of anthracene based hetero
acenes

Molecules Structures RE

S-ADF 0.04
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A-ADF 0.00
S-ADT 0.01
A-ADT 0.00
S-ADSe 0.01
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A-ADSe

0.00

Table 2.3: Optimized Structures and relative energy (RE in Kcal) of tetracene based hetero

acenes.
Molecules Structures RE
c c 0
S-TDF | © 0.01
9 9 -
S-TDT 0.00
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A-TDT 0.02
S-TDSe 0.00
A-TDSe 0.02
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Table 2.4: Optimized Structures and relative energy (RE in Kcal) of pentacene based hetero

acenes.
Molecules Structures RE
S-PDF 0.00
A-PDF 0.02
S-PDT 0.02
A-PDT 0.00
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2.3.2. Absorption properties

To see the electronic excitations in these molecules, the quantum chemical calculations were
performed with TDDFT methodology using TD-B3LYP/6-311+G (d, p) level. In table 2(a and
b), tabulatedthe absorption maxima, oscillator strength, major transitions along with %weight
contributions for syn- and anti-isomers. In addition to B3LYP, calculations are also performed
with different functionals namely PBEO, BHandHLYP, M062X, B3P86, CAM-B3LYP and
WB97XD to see the effect of functional on absorption energies of the studied molecules
(shown in table 2.5). Absorption energies from different functionals show that B3P86 and
PBEO are giving similar results like B3LYP and are in agreement with experimental absorption
energies, our further discussion of electronic excitations is based on B3LYP functional with 6-
311+ G (d, p) basis set.
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Table 2.5: Computed lowest electronic excitations (AcaL in nm) of anti-isomers with different
functionals calculated at B3LYP/6-311+G (d, p) optimized geometries

Molecules AEXP AcaL
B3LYP | B3P86 | PBEO | M062X | BHHLYP | CAM- [ WB97XD
B3LYP

A-BDF | 302,295% | 282 279 | 275 | 261 262 265 263
A-BDT 336° 319 317 | 310 291 285 292 290
A-BDSe 357 333 332 | 324 | 302 295 302 301
A-NDF 3644 365 363 | 355 | 327 324 330 327
A-NDT 405° 403 402 | 391 | 357 351 356 352
A-NDSe 401¢ 410 409 | 397 359 352 357 353
A-ADF 4531 475 473 | 460 | 415 413 417 410
A-ADT i88981 S 510 | 497 | 444 439 441 432
A-ADSe 4819 515 514 | 497 | 441 435 436 427
A-TDF 608 607 | 587 | 518 517 516 502
A-TDT 649 649 | 626 | 546 544 539 523
A-TDSe 644 644 | 621 | 539 535 530 515
A-PDF 768 767 | 737 | 636 637 627 603
A-PDT 812 812 | 779 | 663 665 649 622
A-PDSe 802 802 | 769 | 652 652 637 611

2 J. Phys. Chem. A 2009, 113, 5342.

b J, Phys. Chem. A 2006, 110 13754.
¢J. Am. Chem. Soc. 2011, 133, 5024.
4J. Org. Chem. 2012, 77, 8099.
¢ ACS Appl. Mater. Interfaces 2013, 5, 9670.
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Table 2.6: Computed lowest electronic excitations (AcaL in nm) of syn-isomers with different
functionals calculated at B3LYP/6-311+G (d, p) optimized geometries

Molecules | Aexp AcaL
B3LYP | B3P86 | PBEO | M062X | BHHLYP CAM- WB97XD
B3LYP
S-BDF 305, 276 274 270 256 256 262 260
299,
2922
S-BDT 308 307 299 278 274 279 277
S-BDSe | 328° 316 314 306 286 280 288 287
S-NDF 361 359 351 322 320 326 323
S-NDT 399 398 387 352 347 352 348
S-NDSe | 410° 404 403 391 352 346 350 346
S-ADF 473 471 458 413 410 415 408
S-ADT 489° 512 512 496 442 438 439 431
S-ADSe 512 512 495 438 433 433 425
S-TDF 607 605 586 512 516 515 501
S-TDT 648 648 625 546 543 538 522
S-TDSe 643 643 619 538 534 529 514
S-PDF 767 766 737 635 636 627 602
S-PDT 811 812 778 663 664 649 621
S-PDSe 801 802 768 651 652 636 610

2 J. Phys. Chem. A 2009, 113, 5342

b J, Phys. Chem. A 2006, 110 13754

¢J. Am. Chem. Soc. 2011, 133, 5024

¢ ACS Appl. Mater. Interfaces 2013, 5, 9670
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It is clear from the table 2.5 and 2.6; anti-isomers of BDF, BDT and BDSe are showing higher
absorption (~10-15 nm) than their corresponding syn-isomers. With an increase in the number
of benzene rings in heteroacene, the difference in absorption maxima of syn and anti-isomers
are close to zero. TDDFT results with B3LYP functional are reproducing the experimental
results and hence our further discussion is based on with B3LYP functional. The calculated
absorption maxima, oscillator strength, major transitions and % contribution for anti and syn-
isomers with B3LYP functional are shown in table 2.7 and 2.8 respectively. The absorption
maxima of anti and syn-isomers of NDT are at 403nm and 399 nm respectively and both are
arising due to HOMO to LUMO transitions. With the addition of each benzene ring, the
absorption maximum shifts drastically towards higher wavelength region. The calculated
absorption maximum for A-BDT is 319 nm while A-NDT is at 403nm, there is almost 85nm
redshift in absorption with the addition of one benzene ring to BDT. Further addition of one
more benzene ring to A-NDT, the absorption maximum red-shiftedto 109 nm (i.e. A-ADT,
512nm). Similarly, on moving from A-ADT to A-TDT and A-TDT to A-PDT the difference
in absorption maxima are 137nm and 163nm respectively. Similar trends are observed in both
furan and selenophene based acene molecules. The absorption spectra for anti-isomers of
thiophene, furan and selenophene based acene molecules are shown in figure 2.1-2.3. With the
replacement of thiophene with furan ring, a blue shift of approximately 30 nm is the result
while replacement of thiophene with selenophene ring results in approximately the same
absorption. In figure 2.4, comparative absorption maxima of anti-isomer ADT, ADF and ADSe
and PDT, PDF and PDSe are shown.
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Table 2.7: Computed lowest electronic excitations (AcaL in nm) Oscillator strength (f) major
transitions (MT) and % weight (%Ci) of anti-isomers at TD-B3LYP/6-311+G (d, p) method.

NAME AEXP hcaL f MT %Ci
A-BDF | 302, 295 282 0.309 H-L 94
A-BDT 336° 319 0.135 H—L 89
A-BDSe 357 333 0.150 H-L 91
A-NDF 3644 365 0.134 H-L 96
A-NDT 405° 403 0.088 H-L 97
A-NDSe 401¢ 410 0.088 H-L 97
A-ADF 453¢ 475 0.087 H-L 99
A-ADT | 4889 489° 514 0.061 H-L 99
A-ADSe 481¢ 515 0.058 H—L 99
A-TDF 608 0.061 H-L 100
A-TDT 649 0.047 HoL 100
A-TDSe 644 0.045 H-L 100
A-PDF 768 0.045 H-L 99
A-PDT 812 0.037 H-L 100
A-PDSe 802 0.036 H—-L 100

2], Phys. Chem. A 2009, 113, 5342

® J, Phys. Chem. A 2006, 110 13754

¢J. Am. Chem. Soc. 2011, 133, 5024

4J. Org. Chem. 2012, 77, 8099

¢ ACS Appl. Mater. Interfaces 2013, 5, 9670
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Table 2.8: Computed lowest electronic excitations (AcaLin nm) Oscillator strength (f) major
transitions (MT) and % weight (%Ci) of syn-isomers at TD-B3LYP/6-311+G (d, p) method.

NAME AEXP AcaL f MT %Ci
S-BDF | 305,299, 292° | 276 0.106 | H-1-L 75
H—L+1 23
S-BDT 328° 308 0.037 H—L 95
S-BDSe 316 0.026 H-L 95
S-NDF 361 0.067 H—-L 97
S-NDT 410° 399 0.044 H-L 98
S-NDSe 404 0.036 H-L 08
S-ADF 473 0.055 H-L 99
S-ADT 489° 512 0.042 H-L 99
S-ADSe 512 0.036 H-L 99
S-TDF 607 0.045 HoL 100
S-TDT 648 0.036 H-L 100
S-TDSe 643 0.034 H-L 100
S-PDF 767 0.036 H-L 100
S-PDT 811 0.031 H—-L 100
S-PDSe 801 0.030 H—-L 100

2 J. Phys. Chem. A 2009, 113, 5342

b J, Phys. Chem. A 2006, 110 13754

¢J. Am. Chem. Soc. 2011, 133, 5024

¢ ACS Appl. Mater. Interfaces 2013, 5, 9670
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Figure 2.1: Normalized absorption spectra of anti-isomers of thiophene based acenes
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Figure 2.2: Normalized absorption spectra of anti-isomers of furan based acenes
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Figure 2.3: Normalized absorption spectra of anti-isomers of selenophene based acenes
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Figure 2.4: Comparative normalized absorption spectra of anti-isomer of anthracene and
pentacene based hetero acenes
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2.3.3. Molecular orbital energies

HOMO, LUMO energies and their HOMO-LUMO gap (HLG) for all the molecules are
calculated and tabulated in table 2.9. HLG is higher in the case of furan based acenes as
compared to corresponding thiophene or selenophene based acenes. In figure 2.5, comparative
HLG for A-ADF, A-ADT and A-ADSe are shown with their molecular orbital pictures. For
A-ADF the HOMO and LUMO energies are -5.12 eV and -2.20eV and their corresponding
HLG is 2.92eV while a decrease in HLG is observed in case of A-ADT and A-ADSe due to
destabilization of HOMO and stabilization LUMO levels. Further, in figure 2.6 molecular
orbital pictures with energies of HOMO and LUMO for anti-isomers of thiophene based acenes
are shown. On moving form, A-BDT to A-NDT, there is destabilization and stabilization of
HOMO and LUMO levels respectively. Similar is the case for A-NDT to A-PDT, and decrease
in HLG with the addition of successive benzene rings. It is also noticed form the table syn-
isomers are always showing higher or comparable HLG as compared to their corresponding
anti-isomers. The molecular orbital pictures anti and syn-isomers of all the molecules are

shown in table 2.10 and 2.11 respectively.
A

ENERGY

ADSe

Figure 2.5: HOMO and LUMO gap with their molecular orbital pictures of anti-isomer of
ADF, ADT and ADSe
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Table 2.9: Calculated HOMO, LUMO energies (in eV) and HOMO-LUMO gap (HLG) of
syn-isomers and anti-isomers

NAME | HOMO | LUMO | HLG
S-BDF -6.07 -1.17 4.90
S-BDT -5.76 -1.28 4.48
S-BDSe -5.67 -1.24 4.43
S-NDF -5.50 -1.74 3.76
S-NDT -5.38 -1.90 3.48
S-NDSe -5.35 -1.88 3.47
S-ADF -5.12 -2.13 2.99
S-ADT -5.09 -2.34 2.75
S-ADSe -5.09 -2.33 2.76
S-TDF -4.86 -2.52 2.34
S-TDT -4.87 -2.66 2.21
S-TDSe -4.89 -2.65 2.24
S-PDF -4.67 -2.78 1.89
S-PDT -4.70 -2.89 1.81
S-PDSe -4.72 -2.89 1.83

NAME | HOMO | LUMO | HLG
A-BDF | -5.92 -1.28 4.64
A-BDT | -5.74 -1.45 4.29
A-BDSe | -5.66 -1.50 4.16
A-NDF | -5.48 -1.78 3.70
A-NDT | -5.37 -1.34 4.03
A-NDSe | -5.35 -1.93 3.42
A-ADF | -5.12 -2.20 2.92
A-ADT | -5.09 -2.35 2.74
A-ADSe | -5.09 -2.34 2.75
A-TDF -4.86 -2.53 2.33
A-TDT | -4.87 -2.66 2.21
A-TDSe | -4.88 -2.66 2.22
A-PDF -4.67 -2.78 2.89
A-PDT -4.70 -2.90 1.80
A-PDSe | -4.72 -2.89 1.83
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Figure 2.6: HOMO and LUMO energies with their molecular orbital pictures Anti isomers of

thiophene based acenes

Table 2.10: Molecular orbital pictures of anti-isomers

Molecule HOMO LUMO
A-BDT %5
A-BDSe m
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A-NDF

A-NDT

A-NDSe

A-ADF

A-ADT

A-ADSe
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A-TDF

A-TDT

A-TDSe

A-PDF

A-PDT
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A-PDSe

Table 2.11: Molecular orbital pictures of syn-isomers

Molecule

HOMO

LUMO

S-BDF

S-BDT

S-BDSe

S-NDF
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S-NDT

S-NDSe

S-ADF

S-ADT

S-ADSe

S-TDF
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S-TDT

S-TDSe

S-PDF

S-PDT

S-PDSe
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2.3.4. lonization potential (IP) and Electron affinity (EA)

IP and EA are the key parameters for charge injection phenomenon in organic semiconductors.
The lower IP and higher EA revealed that material would be a better hole and electron
transporter, respectively. The calculated IP and EA of all the molecules are tabulated in table
2.12 and 2.13. IP values are decreasing while EA values are increasing continuously with an
increase in the size of acenes. However, for syn and anti-isomers there is not much difference
in IP and EA values. Furan based acene molecules are always showing higher IP than
corresponding thiophene and selenophene based molecules. Among all studied molecules A-
PDT and A-PDSe are showing smallest IP and highest EA values, suggesting it is easy to inject
hole into the HOMO and electron into the LUMO of these molecules. Thus, thiophene and
selenophene based pentacene molecules are showing better hole and electron transport

property than another studied molecule.

2.3.5. Hole extraction potential (HEP) and electron extraction potential (EEP)

The calculation of HEP and EEP are also done and are tabulated in table 2.12 and 2.13. There
is a decrease in HEP and increase in EEP with an increase in the size of acene backbone.
Among studied molecules, furan based acenes are showing higher HEP values in case of first
three molecules (i.e. BDF, NDF and ADF) than their corresponding thiophene and selenophene
(BDT, NDT, ADT, BDSe, NDSe and ADSe) based acene isomers. While higher members of
furan based acenes (TDF and PDF) are showing almost comparable HEP values as that of
thiophene and selenophene based acene molecules. Therefore, it is easy to extract hole from
thiophene and selenophene based acene molecules compared to furan based acene molecules.
Moreover, PDT and PDSe are showing the smallest HEP values suggesting with increase in
size of acenes hole extraction is easy. On the other hand, EEP values are smaller for furan
based acenes as compared to their thiophene and selenophene based acene molecules. EEP
values are highest for A-PDT (S-PDT) and A-PDSe (S-PDSe) and therefore it is easy to extract

electron from these molecules.
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2.3.6. Reorganization energy (1)

As mentioned in equation 1.10 (chapter 1) smaller the value of reorganization energies, higher
will be the rate constant for charge transfer reaction. The calculated hole (An) and electron (Ae)
reorganization energies for anti and syn-isomers are given in table table 2.12 and 2.13
respectively. With the increase in the size of the acene molecule, both Anand Ae energies are
decreasing which increases the rate constant and hence the rate of charge transfer increases in
amolecule. It is observed from the table, furan based acenes molecules are showing higher An
values than the corresponding thiophene based acenes molecule. Among all, selenophene
based acene molecules are showing smallest An. For most of the molecules syn-isomers are
showing smaller An and Ae energies than their corresponding anti-isomers (shown in figure 2.7
and 2.8). The \n energies for syn-isomer for furans (thiophenes) based acene molecules are in
order of: S-BDF (S-BDT)>S-NDF (S-NDT) >S-ADF (S-ADT)>S-TDF (S-TDT)>S-PDF (S-
PDT) having An values 362 meV (100 meV), 117 meV (95 meV), 109 meV (92 meV), 100
meV (87 meV) and 90meV/(79 meV) respectively. Similar trends are obtained for selenophene-
based acene molecules, S-PDSe is showing the smallest An of 75 meV among all studied
molecules.Similarly, the same trend is observed for anti-isomers of furan, thiophene and
selenophenebasedacene molecules The An calculated for all molecules (except BDF) are
smaller thanthat of N,N'-diphenyl-N,N'-bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine
(TPD) which is typical hole transport material (Av=290 meV) [44]. The smallest An is for syn
and anti-isomer of pentaceneselenophene i.e. S-PDSe and A-PDSe. Moreover, the calculated
Xe for most of the molecules is smaller than tris(8-hydroxyquinolinato)aluminum(lil) (Alg3)
which is considered as typical electron transport material (Ae= 276 meV) [45]. Additionally,
all molecules are showing An < Ae, Which represents the studied molecules are better for hole-

transporting materials.
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Table 2.12: Calculated hole and electron (Ahand Ae) reorganization energy (in meV), lonization
Potential (IP), Electron Affinity (EA), HEP and EEP (in eV) of anti-isomers at B3LYP/6-311+
G (d, p) level of theory

Name IPa IPv EAA | EAv | HEP EEP M Ae

A-BDF |755| 7.71 | -0.24 |-0.37| 739 | -0.12 | 318 | 250

A-BDT |7.32| 740 |-0.02 |-0.12 | 7.24 | -0.16 | 157 292

A-BDSe |7.21| 7.26 | 0.12 |-0.03 | 7.17 | -0.27 | 110 | 305

A-NDF |6.99| 705 | 0.38 | 0.28 | 6.92 | 048 | 137 | 207

A-NDT |6.79| 684 | 061 | 050 | 6.74 | 0.71 | 101 | 210

A-NDSe |6.73| 6.77 | 0.64 | 0.53 | 6.69 | 0.75 84 222

A-ADF 648 | 653 | 091 | 0.83 | 6.42 | 1.00 | 109 | 169

A-ADT |6.37| 642 | 1.11 | 1.03 | 6.32 | 1.20 93 165

A-ADSe [6.35| 6.39 | 1.13 | 1.05 | 6.31 | 1.22 83 168

A-TDF |6.10| 6.15 | 1.33 | 1.26 | 6.05 | 1.40 | 100 | 143

A-TDT |6.05] 6.10 | 1.51 | 1.44 | 6.01 | 1.58 87 135

A-TDSe |6.04| 6.09 | 1.52 | 145 | 6.00 | 1.59 81 137

A-PDF | 582 | 586 | 1.66 | 1.60 | 5.77 | 1.72 89 121

A-PDT |580| 584 | 1.81 | 1.75 | 5.76 | 1.87 79 114

A-PDSe [580| 584 | 1.82 | 1.77 | 5.77 | 1.88 76 115

66



CHAPTER 2...

Table 2.13: Calculated hole and electron (Ahand Ae) reorganization energy (in meV), lonization
Potential (IP), Electron Affinity (EA), HEP and EEP (in eV) of syn-isomers at B3LYP/6-311+
G (d, p) level of theory

Name IPa IPv EAA | EAv | HEP EEP An Ae

S-BDF |7.78| 8.06 | -0.37 |-0.49 | 7.70 | 0.24 | 362 | 238

S-BDT | 736 | 739 | -0.17 |-0.30 | 7.31 | 0.05 | 100 | 249

S-BDSe |7.23| 7.28 | -0.17 [{-0.39 | 7.20 | 0.04 76 258

S-NDF | 7.01| 707 | 0.33 | 023 | 6.95 | 043 | 117 | 202

S-NDT |6.79| 6.84 | 0.56 | 0.46 | 6.75 | 0.66 95 197

S-NDSe [6.74| 6.78 | 0.57 | 0.47 | 6.70 | 0.67 80 201

S-ADF |6.48| 6.53 | 090 | 0.81 | 6.42 | 098 | 109 | 169

S-ADT |6.37| 642 | 1.10 | 1.02 | 6.33 | 1.18 92 161

S-ADSe [6.35| 6.39 | 1.12 | 1.03 | 6.31 | 1.20 83 164

S-TDF [6.10| 6.15 | 1.33 | 1.26 | 6.05 | 1.40 | 100 | 144

S-TDT |6.05| 6.10 | 1.51 | 144 | 6.01 | 1.57 87 134

S-TDSe |6.05| 6.09 | 1.52 | 145 | 6.00 | 1.59 80 136

S-PDF |582| 586 | 1.66 | 1.60 | 5.77 | 1.72 90 123

S-PDT |5.80| 584 | 1.81 | 1.75 | 5.76 | 1.87 79 115

S-PDSe [5.81| 584 | 1.82 | 1.77 | 5.77 | 1.88 75 115
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Figure 2.7: Hole reorganization energies of syn and anti-isomers
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Figure 2.8: Electron reorganization energies of syn and anti-isomers
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Further to see the trend in An and Ae vValues, calculations are also performed with different
functionals (PBEO, B3P86 and B3LYP) (shown in figure 2.9 and 2.10). The similar trends in
An and Ae are obtained with B3LYP, PBEO and B3P86 functionals (table 2.14 and 2.15).

350
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300 I B3P86
250
S 200
o
£
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<
<

BDF BDTBDSe NDF NDTNDSe ADF ADT ADSe TDF TDT TDSe PDF PDT PDSe

Anti-lIsomers

Figure 2.9: Calculated hole reorganization energies of anti-isomers with different functionals
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Figure 2.10: Calculated electron reorganization energies of anti-isomers with different
functionals
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Table 2.14: Calculated hole and electron (An and Ae) reorganization energy (in meV) using
functionals for anti and syn-isomers

Anti B3LYP PBEO B3P86 Syn B3LYP PBEO B3P86
isomers | A | Xe | A | Xe | An | Ae iIsomers | A | Xe | An | Xe | An | Re
BDF | 318 | 250 | 329 | 249 | 312 | 249 BDF | 362 | 238 | 356 | 242 | 366 | 241
BDT | 157|292 | 150 | 290 | 146 | 282 BDT |100 | 249|103 | 251 | 98 | 248
BDSe | 110 | 305 | 108 | 307 | 103 | 296 BDSe | 76 | 258 | 80 | 262 | 74 | 256
NDF | 137|207 | 141|210 | 134 | 204 NDF | 117|202 | 125 | 207 | 116 | 200
NDT |101|210| 105|212 97 | 205 NDT | 95 [197 101|202 | 93 | 194
NDSe | 84 |222| 89 | 222 | 81 | 215 NDSe | 80 [201| 86 | 205 | 78 | 198
ADF | 109|169 | 116 | 175 | 107 | 166 ADF | 109|169 | 116 | 175 | 107 | 167
ADT | 93 |165| 99 | 169 | 90 | 161 ADT | 92 |161| 99 | 167 | 89 | 158
ADSe | 83 |168 | 89 |172| 81 | 164 ADSe | 83 [164 | 89 | 169 | 80 | 160
TDF | 100 | 143 | 107 | 148 | 97 | 140 TDF | 100 | 144 | 107 | 150 | 97 | 140
TDT 87 | 135| 93 | 140 | 84 | 132 TDT | 87 [134| 93 | 141 | 84 | 131
PDSe | 81 | 137 | 87 | 142 | 78 | 134 TDSe | 80 | 136 | 87 | 142 | 78 | 134
PDF 89 (121 | 96 | 127 | 87 | 118 PDF 90 | 123 | 96 | 130 | 87 | 120
PDT 79 | 114 | 86 | 119 | 76 | 111 PDT | 79 |115| 86 | 121 | 76 | 112
PDSe | 76 |115| 82 |120| 73 | 112 PDSe | 75 |115| 82 | 121 | 72 | 113
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2.4. Conclusion

In summary, here we investigated structures, electronic and charge transport properties of syn-
and anti-isomers of BDT, NDT, ADT, TDT and PDT and their hetero analogues (O and Se)
by means of DFT calculations. The calculated results show that with the introduction of
heteroatom (O and Se) affects the absorption and charge transport property of the molecule.
The furan based acene molecules are always shown a blue shift in absorption compared to
corresponding thiophene and selenophene based acene molecules due to stabilization of
HOMO and destabilization of LUMO levels. It is concluded that an increase in the number of
benzene rings in the backbone of the acene molecule results in smaller hole and electron
reorganization energies. The syn-isomers are always showing smaller hole and electron
reorganization energies compared to their corresponding anti-isomers. All the studied
molecules are showing smaller An compared to Ae suggesting studied molecules are better for

hole-transporting materials.
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3A.1. Introduction

Recently, in the field of material science, organic materials have showed a remarkable progress
in terms of their use as an alternative to inorganic materials. Though their electronic properties
are not as efficient as inorganic materials, but manufacturing of organic materials is superior
as they have relatively low cost, lightweight and have the possibility of producing flexible and
large area devices [1-2]. In developing new technology and designing new molecular structures
and methods for fabricating devices, the power conversion efficiency of organic materials has
reached up to 10% [3]. The wide range of applications of organic materials in the fields of
organic solar cells [4-5] organic photovoltaic cells (OPVs) [6-7], organic light emitting diodes
(OLED:s) [8], organic field effect transistors (OFETS) [9-10], etc. make them a promising area
of research. In recent years, many research articles have been published on ‘thiophene based
organic materials’ due to their remarkable optoelectronic and electrochemical properties [11-

13].

Thiophene compounds are one of the most studied optoelectronic materials due to their
reasonable chemical stability, ease of processing and applications in optoelectronic device
technology [14]. Thiophene, when combined with benzene or other aromatic rings, becomes
an excellent donor unit and acts as a perfect donor in a donor-acceptor polymer system [15].
Within thiophene materials, multi-thiophene fused-aromatic compounds are drawing attention
as potential optoelectronic materials in the field of organic semiconductors [16-17]. A large
amount of literature on star-shaped thiophene with one or more thiophene/ oligothiophene
chains attached with benzene, truxeneand triazine as a central aromatic core was published in
recent years [18-22]. In this context, Benzotrithiophene (BTT) emerged as a potential -core
of a new class of organic semiconductor. The planar and rigid n-framework of BTT promotes
strong intermolecular interactions which are suitable for developing organic semiconducting

materials [4-7].

BTT structure is with three identical thiophene moieties at the periphery of the benzene ring
and the dihedral angle between two consecutive thiophene rings is close to zero. these
properties create a high possibility of building a planar star-shaped molecule with enhanced =-
electron delocalization [23-24]. BTT is a derivative of the well-known and most useful donor

moieties in photovoltaic devices with fullerene acceptor which is known as benzodithiophene
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(BDT) [25]. The third fused thiophene ring in BTT contributes extra electron density to the
aromatic backbone and this extended aromatic core is an advantage for intermolecular =-
stacking and charge transport. BTT being an electron rich molecule can act as a suitable donor

constituent in D-A copolymer system as it can be used in organic electronics [26-27].

Proetzschet al. reported the first synthesis of BTT in 1972 [28]. Later on, an efficient method
for preparation of symmetrical BTT (BTT1; Scheme 3A.1) with its electronic excitations,
similar to triphenylene and with the absorption maxima of 320 nm was reported by Hart and
Sasaoka in 1978 [29]. Next, symmetrical and unsymmetrical BTT (BTT2 and BTT5 in scheme
3A.1) have been successfully prepared by Jayasuriya and Kagan in 1989 [30]. Roncali et al.
have demonstrated remarkable applications of star-shaped fused oligothiophene based BTT-
core compounds in photovoltaic devices. They also observed that the performance of the BTT-
core compounds is superior to linear benzothiophene analogs and other tri-branched
oligothiophenes due to BTT-core characteristics of enhanced n-electron delocalization [24].
Takimiya et al. reported the utilization of fused BTT-core in creating co-planarity and effective
intermolecular n-stacking structure for developing new m-conjugated functional materials [23].
BTT is itself a strong electron donor; however, the substitution of long alkyl chain can increase
electron donor property significantly and become an ideal material for construction of donor-
acceptor (D-A) copolymers, which are popular materials for applications in OPVs, OFETSs,
OLEDs [16, 26-27]. Side chains also play an essential role in improving the solubility of the
conjugated polymer, impacting the molecular interaction, thin film packing order and charge
carrier transport [32]. Conjugated side chain substitutions in BTT based polymers have proven

to improve the thermal stability of molecules [32].

Based on the connectivity of thiophene moiety with the benzene core, BTT has seven possible
isomers (Scheme 3A.1), in which the first four are symmetrical while the last three are
unsymmetrical isomers. Best of our knowledge and currently available literature, only four out
of seven possible isomers have reports with successful route of synthesis, and the remaining
three are yet to be synthesized. Here in this chapter, a computational study of possible seven
isomers of BTT was performed. DFT and TDDFT computational methods are used to find out
stability, electronic excitations along with ionization potentials (IP), electron affinity (EA) and

reorganization energies (A) for all the isomers of BTT.
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Scheme 3A.1: The Possible symmetric (BTT1-BTT4) and asymmetric (BTT5-BTT7)
isomers of Benzotrithiophene (BTT)

3A.2. Computational Methodology

The geometries of all the BTT isomers were fully optimized employing the Gaussianl6
package (Frisch et al.) [33]. Becke's three-parameter hybrid exchange functional and the Lee-
Yang—Parr correlation functional (LYP) were utilized in the calculation with 6-311+G (d, p)
basis set [34-35]. All the isomers were examined for frequency check to ensure that optimized
geometries correspond to true minima. TDDFT calculations were carried out in hexane,
chloroform, methanol, and DMSO using the polarizable continuum model (PCM) to check the
effect of various solvents on electronic excitations. The frontier molecular orbitals which are
responsible for the excitations leading to the absorption maximum, were pictorially visualized
from the population analysis.

Further, calculation of hole (1) and electron (Ae) reorganization energies are done by using
equation 1.14 and 1.15 respectively (in chapter 1). Also the calculation of charge injection
parameters i.e. ionization potential (IP) and electron affinity (EA) are done by using equations

1.17 and 1.18 respectively.
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3A.3. Results and Discussions

3A.3.1. Geometry and Structural parameters

To study the stability of BTT isomers, symmetrical BTTs (BTT1, BTT2, BTT3, and BTT4)
and unsymmetrical BTTs (BTT5, BTT6, and BTT7) have been optimized at B3LYP/ 6-311+
G (d, p) level of theory (symmetry and relative energies of BTT isomers are shown in table
3A.1). A molecule with higher symmetry may be more stable; however, one cannot predict the
stability of molecule by its symmetry only and also one should consider other factors such as
bond length, bond angles, n-electron delocalization, etc.,. Among BTT isomers, BTT1 is more
symmetrical with point group Dspn, but BTT1 has the highest energy than other isomers. These
results suggest that the symmetry is not the only factor in deciding the stability of the
molecules.

We further investigated the geometries of all the BTT isomers and compared their bond lengths
& bond angles and the results are summarized in table 3A.2 and table 3A.3 for symmetrical
isomers (BTT1-BTT4) and for unsymmetrical isomers (BTT5-BTT7) respectively. In BTT1
the thiophene ring attached to central benzene is of radialene like structure, which is non-
aromatic and its six exocyclic C-C bonds (2 C-C bonds from each thiophene) are with the
double bond characteristics (1.372 A). The C-S bond length is of 1.727A and the central
benzenic core bond length is 1.460 A and 1.446 A alternately (table 3A.2) [36]. Therefore,
these bond length data shows that non-delocalization of electrons did not resonate throughout
the molecule which reflects non-aromatic characteristics of the central benzene core in BTTL1.
In the case of BTT2, the central benzene ring has bond lengths of 1.418 A and 1.406 A
alternately; this resembles a benzene-like aromatic structure. Further, the C-C bond lengths of
thiophene moieties at the periphery of benzene are 1.437 A and 1.357 A and the C-S bond
length is ~1.750 A [24]. Thus, it indicated that the delocalization of m-electrons over an
aromatic sextet in BTT2, while delocalization of n-electrons is observed only over thiophene
moiety in the case of BTT1, as a result of which stability of BTT2 is greater than BTT1.

The relative energy difference between BTT2 and BTT5 is less than 1 kcal per mole (table
3A.1) and the m-electron delocalization in both the molecules are also similar. All the BTT
isomers (except BTT1 and BTT7) are with more n-electron delocalization in its ground state
from one thiophene to another thiophene through benzene either by 1-dimension or 2-

dimensional conjugation. The calculated bond lengths and bond angles of isomers BTT1 and
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BTT2 compared with their crystal data and are tabulated in table 3A.4 and table3A.5
respectively [24, 41]. Based on calculated results, there is hardly any significant change in
bond lengths and bond angles of experimentally reported data in both BTT1 and BTT2 isomers.

Table 3A.1: Optimized structure, Symmetry and Relative energy (RE, in Kcal) of isomers
calculated at B3LYP/6-311+G (d, p) level.

Name Structure Symmetry | RE (in Kcal)
BTT1 Dan 13.37
N
-
4
o4
9
BTT2 Csn 0.00
o
BTT3 Cav 7.47
4
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BTT4 Cov 7.40
J
4 i
BTTS5 Cs 0.56
’
o
BTT6 Cs 7.15
¥ ;J 9
BTT7 Cs 10.73
9
&
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Table 3A.2: Calculated bond length (in A) and bond angles (in degree (°)) for the symmetrical
BTTs (BTTL, BTT2, BTT3, and BTT4) isomers obtained at B3LYP/6-311+ G (d, p) level of

theory.

BTTL BTT2

H 5

\ H 1.720 \;‘gg
1361
1.742 cﬁc/ c--""""‘H
’ 1431 H \\ //
1379
5< Co 1.445 'C/ 1,455

. : 13

1746 cﬁ \\cﬁ VL qu \436
L4268 1452 3262 'S __,E,E.“.‘:’-——-C --..._.______

} Caw 1335 c\ /n s \\392 1.3% s
1y \\\\\cd TR - s 9121
oo \. 1445 c 1,740
o) 1431 H c._--_‘_..__h_:_"‘ 1.433 ]_.A C
o c

/cﬁ \ H/ 1361 ~C /C 1361 \H
H
H h |
BTT3 BTT4
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Table 3.A.3: Calculated bond length (in A) and bond angles (in degree (°)) for the
unsymmetrical BTTs (BTT5, BTT6, and BTT7) isomers obtained at B3LYP/6-311+ G (d, p)
level of theory.

H H
Co 1357 H
M \'\ -~ /
C
91.27
5 3057 H—._.[
438 1744

1750 ¢ 1. 434

1 379

C A17

1.408 \ 1701 ]_ 194 1,435

405,/ C-""'_'-S 1.43
21.02
7 L 1-494/ 7 1745
1.751 1.745 4 1,453
o N ,,---‘ - -
91 B85

C
50.30 C"'"l'.:z'; /C\\H 5120 —
1.745 / LA3e™ ¥ 358 L741 /
436
1432
== '
/ 1358 \ H / 1 361 ’
H H |-| H
BTT5 BTT6

:I:

13?5 C 145':' 9207 S
1.448!
1.444
Camy, J17%
S
o
LV \c 453 \
H
55126 1.432

BTT7
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Table3A.4 : Bond lengths (BL®' and BL®® in A) and Bond angles (BA®' and BA®® in degree
(%)) of optimized structure of BTT1 calculated at B3LYP/6-311+ G (d, p) level.

Co Cs/ \CH/H“
Y | /

Cs

/ \53

H3

BTT1
BL BL BL®® BA BA®! BAS®*
C1-C2 1.446 1.420 C7-S1-C9 | 91.86° | 93.20°
C2-C3 1.460 1.444 | C6-S2-C12 | 91.86° | 92.70°
C3-C4 1.446 1.428 | C8-S3-C11 | 91.86° | 93.60°
C3-C6 1.372 1.364
C1-C5 1.460 1.455
C2-C7 1.372 1.376
C1-C9 1.372 1.377
C5-C8 1.372 1.365
C5-C10 | 1.446 1.434
C4-C12 | 1.372 1.365
C4-C10 | 1.460 1.462
C10-C11 | 1.372 1.366
C9-S1 1.727 1.703
C7-S1 1.727 1.700
C6-S2 1.727 1.710
C12-S2 1.727 1.708
C8-S3 1.727 1.706
C11-S3 1.727 1.715

* Bull. Chem. Soc. Jpn. 1988, 61, 2303
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Table 3A.5: Bond lengths (BL® and BL®® in A) and Bond angles (BA®' and BA®® in degree
(%)) of optimized structure of BTT2 calculated at B3LYP/6-311+G (d, p) level.

S3

s
[ l/ \\Ca——H2
cq\ 2
<
=====Co
A
Ha
BTT2
BL BL BL&® BA BA® | BA™”
C1-C2 1.406 1.378 | C4-S1-C10 | 91.11° | 89.80°
C2-C3 1.418 1.383 | C2-S2-C8 | 91.11° | 90.70°
C3-C4 1.406 1.396 | C6-S3-C12 | 91.11° | 90.80°
C4-C5 1.418 1.411
C5-C6 1.406 1.396
C6-C1 1.418 1.393
C1-C7 1.437 1.466
C7-C8 1.357 1.322
C5-C11 | 1.437 1.443
C11-C12 | 1.357 1.354
C3-C9 1.437 1.457
C9-C10 | 1.357 1.350
C4-S1 1.750 1.737
C10-S1 | 1.745 1.673
C2-S2 1.750 1.747
C8-S2 1.745 1.619
C6-S3 1.750 1.739
C12-S3 | 1.745 1.631

* Org. Lett. 2004, 6, 273

85



CHAPTER 34...

3A.3.2. Linear Optical Properties

For an understanding of the electronic excitations in these BTT isomers, the quantum chemical
calculations in gaseous and solvent phase (DMSO, methanol, chloroform and hexane) has been
performed with TDDFT methodology using B3LYP/6-311+G (d, p) level. Further, to check
whether the change of functional would effect on absorption maxima, TDDFT calculations
were also carried out with different functional such as M06 [37], BLYP [34-35], CAM-B3LYP
[38] and WB97XD [39] with 6-311 + G (d, p) basis set (shown in table 3A.6). In this analysis,
B3LYP functional gave best results which are in good agreement with the experimental result
(table 3A.7). Calculated absorption energies (Amax), 0scillator strength (f), major transitions
(MT), and % weight (% C;) are listed in table 3A.7. The calculated absorption maxima for all
BTT isomers are in the range of 280-360 nm, which is originated from localized n-r" transition
of conjugated backbone. The absorption maxima of BTT1 calculated by TDDFT method was
at 311 nm with the major transition from HOMO to LUMO (figure 3A.1) and is very close to
the experimentally reported longest wavelength absorption, 320 nm [29]. In the case of BTT2
molecule, experimentally reported absorption was at 260 nm and a weaker vibronic peak at
288 nm, and an extra 50 nm blue shift was observed than in BTT1 [31]. TDDFT calculated
absorption for BTT2 was at 268 nm which is also in good agreement with the experimental
result. The TDDFT calculated absorption shows two transitions: one from HOMO-1 to LUMO
and other from HOMO to LUMO+1 (figure 3A.1). Both, BTT3 and BTT4 exhibit Cay-
symmetry and experimentally reported absorption of BTT3 was at 360 nm [27]. TDDFT
calculations for both BTT3 and BT T4 show almost similar absorption maxima at 362 and 359
nm respectively and also depict transitions from HOMO to LUMO (figure 3A.2). In the case
of unsymmetrical BTTs, experimentally reported absorption for BTT5 was at 335 nm and
TDDFT calculated value was 314 nm [30]. The major transitions in BTT5 molecule were from
HOMO-1 to LUMO, HOMO to LUMO and HOMO to LUMO+1 (figure 3A.3).
Experimentally reported absorption data is not available yet for BTT6 and BTT7 isomers (not
synthesized yet), however TDDFT calculated absorption for BTT6 portrays absorption
maxima at 357 nm and shows transition from HOMO to LUMO. On the other hand ,BTT7
shows absorption maxima at 332 nm with three major transitions from HOMO-1 to LUMO,
HOMO to LUMO and HOMO to LUMO+1(figure 3A.4). The normalized absorption spectra

of BTT isomers are shown in figure 3A.5. Further to study the effect of solvents on absorption
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maxima, the absorption energies were calculated with various solvents. Calculated absorption

energies for different solvents (DMSO, methanol, chloroform and hexane) showed that there

is no significant effect of solvents on absorption maxima (table 3A.8).

Table 3A.6: Absorption energies (Amax in Nm) calculated at TDDFT method 6-311+G (d, p)

basis set with different functional.

Name Aexp B3LYP | BLYP M0O6 | WB97XD | CAM-B3LYP
BTT1 320 311 361 304 264 269
BTT2 288 268 304 265 242 243
BTT3 360 362 394 361 329 333
BTT4 - 359 393 357 324 328
BTTS5 335 314 349 313 286 287
BTT6 - 357 391 356 323 327
BTT7 - 332 383 326 296 299

Table 3A.7: Calculated absorption maxima Amax (nm), Oscillator strength (f), Major
Transitions (MT), and %weight (%Ci>10) at TD-B3LYP method using 6-311+G (d, p) basis

sets.

Name | A®Pmax Amax f MT %C;i
(innm) | (innm)

BTT1 3202 311 0.024 H—L 90

BTT2 288, 268 0.350 | H-1—-L 34

260P H —L+1 34

BTT3 360°¢ 362 0.167 H—-L 98

302 0.180 | H-1—-L 88

BTT4 -- 359 0.030 H—-L 98

BTT5 335¢ 314 0.041 | H-1—-L 61

H—-L 13

H —L+1 23

BTT6 - 357 0.091 H—-L 98

315 0.077 | H-1->L 70

H —L+1 20
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BTT7 -- 332 0.039 H-1 -L
H—>L
H—->L+1

10
50
33

23, Am. Chem. Soc. 1978, 17, 4326
® Org. Lett. 2009, 11, 3230
®Org. Lett. 2011, 13, 6062

d 3. Org. Chem. 1989, 54, 4203

L+1 1

<@ @™mmz=m

H-1

BITL

Figure 3A.1: Electronic excitations with their molecular orbitals of BTT1 and BTT2
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Figure 3A.3: Electronic excitations with their molecular orbitals of BTT5
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Figure 3A.4: Electronic excitations with their molecular orbitals of BTT6 and BTT7
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Figure 3A.5: Normalized spectra of all the isomers of BTT calculated at B3LYP/6-311+G (d,

p) level.
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Table 3A.8: Absorption (Amax iIN NM) of isomers in different solvents

BTT isomers | Gas phase | DMSO | Methanol | Chloroform | Hexane
BTT1 311 311 311 311 311
BTT2 309 310 310 309 309
BTT3 362 362 362 362 362
BTT4 359 360 360 360 359
BTTS 314 314 314 314 314
BTT6 357 358 358 358 357
BTT7 332 332 332 332 332

The major excitations for all the isomers BTTs with their molecular orbital pictures obtained
at B3LYP/6-311 + G (d, p) level are shown in Figure 3A.1-3A.4. To the best of our knowledge
and available literature on BTTs, there are very few articles published on electrochemical
characterization (experimental energy gap) of core BTTs. The experimentally determined
HOMO and LUMO energy for BTT3 are -5.30 eV and -1.99 eV respectively and
corresponding HOMO-LUMO energy gap (HLG) is 3.31eV [27]. Nazeeruddin et al. also
reported substituted BTTs (substitution on BTT2, BTT3 and BTT5) as hole transporting
materials [39-40] and experimentally determined energy gap for these substituted derivatives
of BTT were also compared with DFT methodology along with core BTT structures (BTT2,
BTT3 and BTT5) [39-40]. Further, they also showed a smaller HLG for BTT3 (3.80eV) as
compared to BTT2 (4.91eV) and BTT5 (4.45eV), which results in destabilization of HOMO
and stabilization of LUMO level of BTT3. Our findings are also in line with the reported results
and continuation to the above results HOMO LUMO energy levels for all the BTT isomers
were computed to find out HLG. The calculated values of HOMO and LUMO for BTT1 are -
6.07 eV and -1.57 eV respectively and the corresponding HLG is 4.49 eV. The computed value
of HOMO and LUMO energies and HLG are shown in table3A.9. On moving to BTT2, though
both HOMO and LUMO get destabilized, destabilization of LUMO was relatively higher and
increased HLG (4.82 eV). Further, BTT3 shows smallest HLG gap shifts of 3.80 eV among all
BTT isomers. Conversely, HOMO was more destabilized and LUMO was stabilized in BTT3

isomer resulting in an overall decrease in HLG gap. Similar to BTT3 isomer, BTT4 isomer
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showed HLG gap shifts of 3.86 eV due to more stabilization of HOMO. In the case of
unsymmetrical BTTs, HLG of BTT5 was 4.39 eV and HOMO and LUMO energies were -5.89
eV and-1.49 eV, respectively. The calculated HLG for BTT6 is 3.87 eV, which was the result
of destabilization of HOMO and stabilization of LUMO. The isomer BTT6 showed the highest
decrease in HLG gap shift among other unsymmetrical BTTs. HOMO and LUMO energies of
BTT7 were -5.76eV and 1.58eV respectively and the corresponding energy difference was
4.18eV. An increasing order of HLG gap shifts for all BTT isomers are BTT3 <BTT4 <BTT6
<BTT7 <BTT5 <BTT1 <BTT2 and a reciprocal order of isomers follows for wavelength. The
energy gap between the HOMO-LUMO and their energies are shown in figure 3A.6.

Table 3A.9: Computed HOMO and LUMO energies and Energy Gap (in eV)

Name HOMO LUMO H-L gap
BTT1 -6.06 -1.57 4.49
BTT2 -5.99 -1.16 4.82
BTT3 -5.60 -1.80 3.80
BTT4 -5.70 -1.84 3.86
BTT5 -5.89 -1.49 4.39
BTT6 -5.65 -1.78 3.87
BTT7 -5.76 -1.58 4.18
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Figure 3A.6. HOMO, LUMO energy levels and HOMO-LUMO gap of all the isomers of
BTT

3A.3.3. lonization potential (IP), electron affinity (EA)

Efficient hole and electron injection are prerequisites for better performance of an
optoelectronic device. The molecular ionization potential (IP) and electron affinity (EA) are
key parameters for deciding hole and electron injection ability by reducing the barrier of a
molecule. The IP and EA can predict the ability of devices to transport holes and electrons. IP
is the energy needed by a molecule when an electron is removed; for efficient hole injection
into the HOMO of the molecule, it should be minimum. EA indicates the energy of the
molecule on the capability of obtaining electrons; the more significant the EA is, the easier it
becomes for a molecule to get electron. Therefore, adiabatic and vertical IP, EA and A for all
BTT isomers were calculated and are shown in table 3A.10. Among all isomers of BTT, BTT3
had minimum adiabatic and vertical IP values of 7.01eV and 7.11eV respectively (table
3A.10). The calculated IP values suggest that it is easy to create a hole in isomer BTT3 than in
other isomers of BTT. Among all BTT isomers, BTT4 showed the higher value of adiabatic

and vertical EA of 0.45eV and 0.36eV, respectively. BTT3 isomer also has a similar value of

93



CHAPTER 34...

adiabatic electron affinity as that of BTT4 isomer. However, there was a small variation in
their vertical electron affinity (~0.03eV). This variation can be due to easy electron injection
capability into the LUMO of BTT3 and BTT4 than in other isomers. Thus, it concluded that
the isomers BTT3 and BTT4 are having the better hole and electron injection ability than other

isomers and are applicable in charge transport materials.
3A.3.4. Reorganization energy (A)

Since A is inversely proportional to the rate constant of charge transport, it implies that smaller
the value of A higher will be the charge transfer rate. The calculated reorganization energies
for hole and electron are listed in table 3A.10. All isomers of BTTs show smaller An values
(except BTT5) than a well-known hole transport material N,N'-diphenyl-N,N'-bis(3-
methylphenyl)-(1,1'-biphenyl)-4,4'-diamine (TPD; 290meV), [42], indicating that the hole
transfer rate is higher in BTT isomers than in TPD. Interestingly, BTT4 has An value of 172
meV which is smallar than other BTT isomers, which implies that it can be considered as the
best hole transport materials among the studied molecule. Further, all BTT isomers also
showed smaller A values than a typical well-known electron transport material tris(8-
hydroxyquinolinato) aluminum(l11)(Algs; 276 meV) [43], which indicates that the electron
transfer rate of BTT isomers is higher than Algs. Remarkably, BTT1 has the smallest Ae value;
therefore, it can be the best electron transport material among all BTT isomers.

Table3A.10: Calculated lonization Potential (IP), Electron Affinity (EA) and reorganization
energy (Anand Ae) in gas phase at B3LYP/6-311+ G (d,p) level of theory

Name }\,h }\,e I Pa I Pv EAa EAV
(inmeV) | (inmeV) | (ineV) | (ineV) | (ineV) | (ineV)
BTT1 206 143 7.48 7.58 0.21 0.14
BTT2 224 239 7.41 7.52 -0.19 -0.31
BTT3 194 241 7.01 7.11 0.45 0.33
BTT4 172 194 7.13 7.22 0.45 0.36
BTT5 453 272 7.29 7.63 0.15 0.02
BTT6 187 231 7.07 7.17 0.42 0.30
BTT7 250 268 7.15 7.28 0.24 0.11
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3A.4. Conclusion

In summary here in this chapter, electronic excitations, ionization potentials (IP), electron
affinities (EA) and reorganization energies (1) for seven isomers of benzotrithiophene (BTT)
have been calculated by using the density functional theory (DFT) methods. Structures of all
the BTTs are planar with a dihedral angle almost equal to zero; making it the ideal backbone
for high charge mobility. The calculated results of the absorption wavelength for all the isomers
are in the range of 280-360nm. Among all isomers, BT T3 shows longer wavelength absorption
at 362 nm which is also follows experimental results. All molecules are having deep HOMO
levels (-5.60 to -6.06eV) and the HOMO-LUMO gap was in the range of 3.80 to 4.82eV.
Smallest HOMO-LUMO gap was observed for BTT3 (3.80eV). Based on calculations of IP
and EA, BTT3 isomer has shown a greater hole creating ability. BTT3 and BTT4 isomers have
shown greater electron injection ability among all BTT isomers. Relatively, all BTT isomers
showed low hole/electron reorganization energies, which is an indication of a better
hole/electron transporting material. BTT1 and BTT5 isomers show smaller reorganization
energies and are better electron transport materials among all BTT isomers. On the other hand,
M<Ae for BTT2, BTT3, BTT4, BTT6 and BTT7 and are better for hole transporting materials.
Furthermore, most of the BTT isomers show a difference of less than 50 meV between Anand
Xe, Which is an indication of the ambipolar characteristics and may find application in organic

electronic materials.
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3B.1. Introduction

In recent studies have shown that the thiophene-based m-conjugated organic materials are
promising candidates for semiconductors [1-2]. These n-conjugated molecules found various
optoelectronic applications in organic light-emitting diodes (OLEDSs) [3], organic field-effect
transistors (OFETS) [4-5] and organic photovoltaics (OPVs) [6-7]. The electron-donating
capability of thiophene and their derivatives make them a donor unit in donor-acceptor (D-A)
copolymer system [8]. Within thiophene compounds, fused-aromatic compounds with multi-
thiophenes are drawing attention as optoelectronic materials in the field of organic
semiconductors [9-10]. Further, with an increase in dimensionality (2D or 3D) in conjugated
oligomers and polymers results in new opportunities that can manage the morphology of
material in thin-film devices and building of nanostructured materials [11]. Branching
(dimensionality) in the polymer backbone permits a better n-stacking and charge transport
properties. The star-shaped oligothiophenes are consisting of benzene, triazine, truxene and
isotruxene as central core unit and are showing better optoelectronic properties [12-14, 9]. M
Y Cho group reported soluble star-shaped molecules with benzene as central core unit and used
for the fabrication of organic thin-film transistors (OTFTs). They showed that the observed
photosensitivity of the device is higher than Si-based phototransistors [15]. J Pie et al.,
synthesized star-shaped polycyclic aromatic functionalized oligothiophene compounds with a
truxene core in excellent yields and shown that the presence of long alkyl chain prevents self-
association through n-m stacking, which provides a versatile strategy for controlling the
morphology of truxene derivatives [16]. RuifaJin, theoretically investigated the electronic
excitations and charge transport properties in triazine core-based star-shaped molecules for the
application of OLEDs and OSCs [17].

Benzotrithiophene (BTT) emerged as a potential m-core of a new class of organic
semiconductor. Its rigid n-framework and planarity promote strong intermolecular
interactions, which are appropriate for developing organic semiconducting materials [18]. BTT
structure contains three identical thiophene moieties at the periphery of the benzene ring with
the dihedral angle between two successive thiophene rings is close to zero (figure 3B.1) and
the properties creating a great possibility of building the star-shaped planar molecule with
improved n-electron delocalization. Depending on the connectivity of thiophene ring to the

central benzene ring, there are seven isomers are possible for BTT, among them; four are
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symmetrical while other three are asymmetrical isomers. To the best of our knowledge and
available literature on BTT, out of these seven isomers, only four isomers are synthesized while
the remaining three are still a challenge for a synthetic chemist [19-21]. In previous chapter3A,
we performed computational studies of all the possible isomers of BTTs for their
optoelectronic properties and shown that they may find applications in organic semiconductors
as hole/electron transport materials. From the optimized structures of BTT-isomers, BTT2 i.
e., benzo[1,2-b:3,4-b":5,6-b"|trithiophene is the most stable among all possible seven isomers
(BTT isomers along with relative energies are shown in Table 3A.1). It is evident from the
literature BTT2 is one of the most studied isomers among all and act as a core unit for the
building of star-shaped oligomer and polymer system [18, 21, 22-26]. Roncali et al. reported
the synthesis of star-shaped oligothiophenes based on BTT core and outstanding performance
of these molecules in photovoltaic devices [22]. It is also showed that the performance of the
BTT-core compounds is superior to linear benzothiophene analogs and other tri-branched
oligothiophenes due to BTT-core characteristics of enhanced m-electron delocalization [22].
BTT is an electron-rich molecule with electron donor capability, with the substitution of long
alkyl chains in place of branching alkyl chains in BTT, there will be reduction in steric
hindrance and further increases its electron donor capability, which helps to construct donor-
acceptor (D-A) copolymer systems used in OPVs, OFETs, OLEDs, etc. [24-26]. K. Takimiya
group synthesized BTT oligomers and showed that fused BTT-core is a useful unit for co-
planarity and effective intermolecular m-stacking structure for developing new m-conjugated

functional materials [23].

From the literature reports and encouraged by the fact, the design of the new molecular
structure is the key to the development of a planar and m-conjugated framework, which

promotes strong molecular interactions suitable for organic semiconducting materials.

In this chapter, we performed DFT and TDDFT studies to investigate the electronic excitations
and charge transport properties in benzo[1,2-b:3,4-b":5,6-b"]trithiophene (BTT) molecule and

its di-, tri-, tetra- hexa- and deca-oligomers (shown in scheme 3B.1).
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Scheme 3B.1: Structure of BTT and its oligomers
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Figure 3B.1: Seven possible isomers of Benzotrithiophene (BTT); Symmetrical (BTT1-
BTT4) and Asymmetrical (BTT5-BTT7)isomers (with dihedral angle between two thiophene

ring)

3B.2. Computational Methodology

The geometry of all the BTT oligomers are shown in scheme 3B.1 and are fully optimized
using Gaussian software (Frisch et al.)[27]. All the molecules are optimized using B3LYP
functional and with 6-31G (d, p) basis set. Further, all the frequency calculations were carried
out to check the imaginary frequencies to ensure that optimized geometries correspond to the
true minima. Further diffused basis sets with B3LYP functionals are also consider to see their
effect on geometries of oligomers. TDDFT methodology is used to calculate lowest electronic
excitations for all the oligomer with different functionals specifically B3LYP, M06, PBEDO,
BHandHLYP, CAM-B3LYP and WB97XD with 6-311++G (d, p) basis set.

The calculation of hole (4n) and electron (Ae) reorganization energies are done by using
equations 1.14 and 1.15 respectively (in chapter 1). Also the calculation of charge injection
parameters i.e. ionization potential (IP) and electron affinity (EA) are done by using equations
1.17 and 1.18 respectively. Further hole and electron extraction potentials are calculated by

equations 1.19 and 1.20 respectively.
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3B.3. Results and Discussions
3B.3.1. Geometry and structures

Out of six molecules considered in this study, five are known for its synthetic routes (except
Tri-BTT) [23]. Molecular geometry of all the molecules are optimized in its ground state. The
bond length (BL) and bond angle (BA) of the available crystal structure of Di-BTT are
compared with its optimized geometry and are shown in table 3B.1. It is clear from the table
3B.1, the bond lengths and bond angles of the crystal structure (experimentally reported crystal
is without any substitution) and DFT (B3LYP/6-31G (d, p)) optimized structure are in good

agreement.

To check the effect of basis set on the geometry of BTT-oligomers, four isomers namely M-
BTT, Di-BTT, Tri-BTT and Tetra-BTT are optimized by using the higher basis set 6-311+ G
(d, p) at B3LYP method. In table 3B.2, comparison of bond lengths and bond angles are shown
for the optimized Di-BTT with 6-31G (d, p) and 6-311+ G (d, p) basis set. It is clear from table
3B.2 that there is a negligible change in bond length and bond angles on increasing the size of
the basis set. Since there is no considerable difference in geometry with 6-31G (d, p) and 6-
311+ G (d, p) basis sets, our further discussions are based on B3LYP/6-31G (d, p) optimized

geometries.
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Table 3B.1: Comparative study of Bond lengths (BL) and Bond angles (BA) of Crystal
structure and Optimized geometry at B3LYP/6-31 G (d, p) level for the molecule Di-BTT.

BL/BA Crystal | Calculated BL/BA Crystal | Calculated
C:Cu 1.375 1.358 C19C2 1.457 1.438
C1GCs 1.426 1.437 C2Cu4 1.337 1.359
CsCs 1.423 1.418 CiS: 1.723 1.751
CeCr 1.382 1.409 C4S1 1.718 1.747
C7Cs 1.427 1.416 CoS2 1.741 1.751
CsCo 1.392 1.408 CeS2 1.723 1.748
CoC12 1.443 1.431 CsSs 1.753 1.780
C12C3 1.355 1.371 CsS3 1.716 1.769
C7Cuo 1.457 1.438 C13S4 1.723 1.751
C10C2 1.337 1.358 C16S4 1.718 1.747
CsCis 1.449 1.447 C14Ss 1.741 1.751
C15Co4 1.355 1.371 C18Ss 1.723 1.748
C2C21 1.443 1.430 C15Se 1.753 1.769
C21Co 1.392 1.409 C20Se 1.716 1.751
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C20C19 1.428 1.416 C4S:1C2 90.09 91.09
C19Cis 1.382 1.409 C6S2C3 89.12 91.13
C18C17 1.423 1.418 CsS3Cus 90.12 91.43
C17C16 1.389 1.408 C13S4Cis 90.09 91.09
C16C21 1.419 1.419 C14S5C1s 89.11 91.14
C17C23 1.425 1.438 C15S6C20 90.12 91.43
C23Ci3 1.375 1.359

Table 3B.2: Comparison of Bond lengths(BL) and Bond angles (BA) of Di-BTT optimized by
using B3LYP functionals with 6-311+G (d, p) and 6-31G (d, p) basis set

X

o
N

e

BL |6-311+G (d, p) | 6-31G (d, p) BL/BA | 6-311+G (d, p) | 6-31G (d, p)
C:Cs 1.406 1.408 C19C2 1.437 1.438
C:Cs 1.415 1.416 C2:Cas 1.359 1.361
C3Cs 1.405 1.407 C1sCa1 1.438 1.438
CsCs 1.416 1.417 C21Cos 1.359 1.361
CsCs 1.408 1.410 C24Cs 1.496 1.498

106



CHAPTER 3B...

C.Cy 1.438 1.438 Ca23C27 1.497 1.498
C:Cs 1.358 1.360 CsS1 1.752 1.752
CsCo 1.437 1.438 C10S1 1.762 1.765
CoCio 1.359 1.361 C2S2 1.752 1.753
CsCu1 1.430 1.431 CsS2 1.763 1.765
CuCu 1.368 1.370 CeSs 1.750 1.752
C10Cos 1.497 1.497 C12S3 1.768 1.771
CsCos 1.497 1.497 C1354 1.768 1.771
C12C13 1.447 1.447 C1654 1.750 1.752
C13Cus 1.368 1.370 C17Ss 1.752 1.752
C14Ciys 1.430 1.431 C23Ss 1.762 1.765
C15C1s6 1.408 1.410 C20Ss 1.752 1.753
C15C17 1.416 1.417 C24Se 1.763 1.765
C16Cis 1.413 1.414 C4S1Cyo 91.639 91.605
C17C1g 1.405 1.407 C2S2Cs 91.682 91.651
C18C20 1.406 1.409 CeS3C12 91.454 91.427
C19Co0 1.415 1.416 C13S4Cas 91.454 91.427

C17S5C23 91.639 91.605

C20S6C24 91.682 91.651

3B.3.2. Electronic excitations

To know the nature of electronic excitations in these oligomers, the quantum chemical
calculations were performed with TDDFT methodology at 6-311++ G (d, p) basis set. To
obtain the absorption energies, the low-lying fifteen electronic excitations are considered for
the calculations. Further, to see the effect of different functionals on electronic excitations,
TDDFT calculations have been performed with various functionals namely B3LYP, MO06,
PBEO, BHandHLYP, CAM-B3LYP and WB97XD. Among all the functional, PBEOQ is in good

agreement with the experimental absorption energies (shown in Figure 3B.2) and further
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discussions are based on the results obtained at PBE0/6-311++ G (d, p) level. The calculated

absorption with different functionals are shown in table 3B.3.

Table 3B.3: Calculated Absorption (1) and Oscillator strength (f) with different functionals

using 6-311++G(d,p) at B3LYP/6-31G(d,p) optimized geometry

BTT- B3LYP BHHLYP PBEO MO06 CAM- WB97XD
Oligomers B3LYP
A f A f A f A f A f A f

M-BTT 275 | 0437 | 246 | 0.705 | 267 | 0.502 | 267 | 0.427 | 250 | 0.716 | 248 | 0.752

DI-BTT 395 | 0977 | 352 | 1.073|382| 1027 | 391 | 0.991 | 352 | 1.065 | 346 | 1.093

Tri-BTT 410 | 0537 | 358 | 1.897 | 392 | 1.371 | 400 | 1.555 | 347 | 2.017 | 351 | 1.938

Tetra-BTT | 403 | 1.480 | 357 | 1.851 | 393 | 1.652 | 400 | 1.604 | 358 | 1.834 | 346 | 1.886

Hexa-BTT | 429 | 0.001 | 364 | 2.658 | 407 | 0.003 | 411 | 2.278 | 365 | 2.628 | 358 | 2.707

Deca-BTT | 429 | 0.004 | 366 | 2.254 | 408 | 2.025 | 414 | 2.006 | 366 | 2.241 | 359 | 2.301
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Figure 3B.2: Calculated absorption energies with different functionals

K. Takimiya et. al. showed that the increasing number of BTT units in the molecules, results
in destabilization of HOMO level and the HOMO-LUMO energy gap becomes smaller.
However, the extent of destabilization of HOMO and reduction in the HOMO-LUMO gap are
not significant [23]. Further, they also performed theoretical calculations using DFT method
at B3LYP/6-31 G (d) level for unsubstituted M-BTT, Di-BTT and Tetra-BTT. It has shown
that M-BTT and Tetra-BTT possess doubly degenerate frontier molecular orbitals. However,
Di-BTT has non-degenerated levels with electron density delocalized over the whole molecule
[23]. The same trend is followed in our calculations and further, we extended the study up to
Deca-BTT.

The experimentally observed absorption maximum (Amax) for M-BTT is at 276 nm while its
dimer Di-BTT is showing 100 nm red-shifted with the Amax at 380 nm. Similarly, observed
Amaxfor Tetra-BTT, Hexa-BTT and Deca-BTT are at 387 nm, 393 nm and 395 nm respectively.

TDDFT calculated Amax for M-BTT is at 267 nm, and the main transitions are from
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HOMO—LUMO, HOMO—LUMO+1, HOMO-1—-LUMO and HOMO-1—-LUMO+1 with
the oscillator strength of 0.502. The Amax for Di-BTT is at 382 nm, which is associated with the
HOMO—LUMO transition. Around 100 nm red shift in absorption was observed while
moving from M-BTT to Di-BTT but on the addition of one more BTT unit (from Di-BTT to
Tri-BTT), there is hardly redshift of 10 nm. The Amax for Tri-BTT is at 392 nm that arises due
to HOMO—LUMO+Itransition. Tri-BTT and Tetra-BTT are showing close absorption
maxima; the calculated Amax for Tetra-BTT is at 393 nm. The main transitions are from
HOMO—-LUMO+2 and HOMO—LUMO. Few minor transitions are also involved along with
the main transitions, which are from HOMO—LUMO+1, HOMO-1—-LUMO+1 and HOMO-
1—-LUMO. Hexa-BTT is showing Amax at 407 nm with low intensity (0.003) with the transition
from HOMO—LUMO and HOMO-1—LUMO-+1; the intense peak is at 405 nm with HOMO-
2—LUMO+1 and HOMO-1—-LUMO and HOMO—LUMO-+I transitions. Similar is the case
for Deca-BTT there is a negligible difference in Amax When comparing with the Hexa-BTT and
showing absorption at 408 nm. Normalized absorption energies for all the molecules are shown
in figure 3B.3. As the absorption energies are shown in table 3B.4, after Di-BTT, there is no
appreciable change in Amax 0f BTT oligomers with the addition of further BTT units. This may
be due to the deviation in its planarity in Tri-BTT- Deca-BTT (table 3B.5). Deviation in
planarity affects the effective delocalization of electron and hence there is a minor change in
the absorption properties with the further addition of BTT units. It is evident from the
molecular orbital pictures that the electron density is confined within two or three BTT parts
in each orbital for the Tetra-BTT, Hexa-BTT and Deca-BTT. As discussed above except Di-

BTT, all the oligomers are having more than one transition.

The HOMO and LUMO energies, and corresponding HOMO-LUMO energy gap (HLG) for
each oligomer are calculated and tabulated in table 3B.6. The calculated HOMO and LUMO
energy for M-BTT is -5.39 eV and -0.59 eV respectively and corresponding HLG is 4.80eV.
There is a decrease in HLG (3.57eV) of Di-BTT when compared with M-BTT, which is due
to the stabilization of LUMO and destabilization of HOMO levels. The calculated HOMO and
LUMO energies for Di-BTT are -5.10eV and -1.53eV, respectively. On further increasing the
branching on Di-BTT, i.e. for Tri-BTT, Tetra-BTT and Hexa-BTT, HOMO energy (-5.15 eV)
are almost the same. The LUMO level in the case of Tri-BTT and Tetra-BTT is also degenerate

(-1.67eV). However, there is a decrease in HLG for Hexa-BTT due to more stabilization of
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LUMO level (-1.76 eV) and the resulting energy gap is 3.40 eV. In the case of Deca-BTT, a
small destabilization of HOMO and stabilization of LUMO level results in a further decrease
in HLG (3.37eV) as compared to Hexa-BTT. The HOMO, LUMO levels and HLG for all the
molecules are shown in Figure 3B.4 (HOMO, LUMO energies of oligomers are shown in table
3B.6).

In M-BTT, HOMO and HOMO-1 energy levels are almost degenerate (-5.39eV) and LUMO
and LUMO+1 are also doubly degenerate with the energy of -0.59 eV and electron density are
delocalized throughout the molecule (figure 3B.5). Di-BTT shows non-degenerate HOMO and
LUMO levels (figure 3B.6). However, in other oligomers, Tri-BTT, Tetra-BTT, Hexa-BTT and
Deca-BTT all are having doubly degenerate frontier molecular orbitals and are shown in figure
3B.7 to figure 3B.10. The experimentally reported HOMO, LUMO energies and their
corresponding energy gap for alkylated (octyl-substituted) BTT and their oligomers show that,
on moving from M-BTT to Deca-BTT destabilization of HOMO and stabilization of LUMO
level taking place. This destabilization of HOMO and stabilization of LUMO level results in a
decrease in energy gap [23]. The trend observed from theoretical calculations is in accordance
with the experimental results that with addition of BTT unit destabilization of HOMO and

stabilization of LUMO level takes place and hence there is decrease in HLG.

Table 3B.4: Experimental (\™® in nm) and Calculated absorption maxima (A%?innm),
Oscillator strength (f), Major Transitions (MT), %weight (%C;, contributions >10% are shown)
at PBEO method using 6-311++G (d, p) basis sets.

BTT- AEXP Aca f MT %Ci
oligomers

M-BTT 2764 267 0.502 | H-1-L+1 40
H—L 40

256 0.013 H—-L+2 94

239 0.216 | H-2—L+1 90

Di-BTT 380° 382 1.027 H—-L 97

349 0.048 H—-L+2 84

303 0.155 H—-L+2 75

Tri-BTT -- 393 1.371 H—-L+1 89
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384 0.507 | H-1-L+1 68

H—-L 21

380 0.302 H—L 70

Tetra-BTT | 387° 393 1.652 H—L 20
H-1-L+1 17

H—L+2 25

369 0.026 | H-1-L+2 69

356 0.020 H-3—L 15

H-4—L+1 12

Hexa-BTT 393 407 0.003 H—L 52
405 1.788 H-2—L 27

H-1-L 17

H—L+1 15

H-2—L+2 12

404 0.566 | H-1-L+2 28

H-2—L 31

H-1-L 14

Deca-BTT 395% 408 1.852 H-3-5L 12
H-4->L+1 12

406 0.008 H-1-L 27

H—-L+1 26

405 0.302 H-2—L 18

2 J. Org. Chem. 2011, 76, 4061
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Figure 3B.3: Normalized absorption spectra of BTT and its oligomers
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Figure 3B.4: HOMO-LUMO levels and energy gap (in eV) of BTT and its oligomers
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Table 3B.5: Optimized geometries with dihedral angles.

Tri-BTT

Tetra-BTT

Hexa-BTT
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Table 3B.6: HOMO, LUMO energies and corresponding HOMO-LUMO gap (in eV)

BTT- HOMO | LUMO | H-L gap

oligomers

M-BTT -5.39 -0.59 4.8

Di-BTT -5.10 -1.53 3.57

Tri-BTT -5.15 -1.68 3.47
Tetra-BTT | -5.15 -1.67 3.48
Hexa-BTT | -5.16 -1.76 3.40
Deca-BTT | -5.18 -1.81 3.37
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Figure 3B.5: Major electronic excitations and molecular orbital pictures of M-BTT
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Figure 3B.6: Major electronic excitations and molecular orbital pictures of Di-BTT
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Figure 3B.7: Major electronic excitations and molecular orbital pictures of Tri-BTT
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Figure 3B.8:Major electronic excitations and molecular orbital pictures of Tetra-BTT
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Figure 3B.10: Major electronic excitations and molecular orbital pictures of Deca-BTT
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3B.3.3. lonization potentials (IP) and electron affinities (EA)

IP and EA are the key parameters for supporting the charge injection mechanism for
compounds. IP defined as the energy required by the system when an electron separated from
the molecule and it must be small so that there is an efficient injection of the hole into the
HOMO of the molecule. EA is defined as the energy departures while an electron is imparted
to the system and it must be elevated to allow an efficient injection of an electron into LUMO
level of the molecule. The calculated values of adiabatic (a) and vertical (v) IP & EA are shown
in figure 3B.11 and 3B.12 (values are shown in Table 3B.7). It is understandable table 3B.7;
the IP is decreasing with an increase in the number of BTT units. M-BTT has the adiabatic
(vertical) IP value of 6.76 eV (6.87 eV) which decreases with the addition of further one more
BTT unitto M-BTT (i.e. Di-BTT) and the adiabatic (vertical) IP values are 6.10 eV (6.21 eV).

Similarly, the IP values are decreasing in Tri-BTT, Tetra-BTT, Hexa-BTT and Deca-BTT
when compared to the M-BTT. The energy obligatory to create a hole in the oligomer decreases
with an increased number of BT T-units. The IP is smallest for Deca-BTT having adiabatic and
vertical IP of 5.64 eV and 5.67 eV respectively, resulting it is easy to inject a hole in Deca-
BTT than other oligomers. EA is increasing with an increase in the number of BTT units
(Figure 3B.11 and 3B.12). The EA value is highest for Deca-BTT having values of 1.24 eV
(EA:) and 1.19 eV (EAV), showing it is easy to inject an electron into LUMO of Deca-BTT.
From these outcomes, it is apparent that with an increase in BTT-units, the oligomer becomes
more and more appropriate for hole and electron transport materials.

Table 3B.7: Calculated reorganization energy (An, and Ae) (in meV), lonization Potential (1P),
Electron Affinity (EA), HEP and EEP (in eV) at B3LYP/6-31G (d, p) level of theory

BTT-oligomers | An he IPa IPv | EAa | EAy | HEP | EEP

M-BTT 230 | 242 | 6.76 | 6.87 | -0.74 | -0.86 | 6.65| -0.62
Di-BTT 222 | 295 | 6.10 | 6.21 | 051 | 0.36 | 5.99| 0.66
Tri-BTT 152 | 176 | 594 | 6.02 | 0.76 | 0.66 | 586 | 0.84

Tetra-BTT 142 | 149 | 592 | 599 | 0.87 | 0.80 | 585| 0.95

Hexa-BTT 124 99 | 576 | 585 | 1.07 | 1.02 | 5.73| 112

Deca-BTT 66 83 | 564 | 567 | 1.24 | 119 | 561 | 1.28
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Figure 3B.11: Graphical representation of Adiabatic lonization Potentials (IP.) and Electron
Affinities (EAa) of all the oligomers
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Figure 3B.12: Graphical representation of Vertical lonization Potentials (IPy) and Electron
Affinities (EAv) of all the oligomers.
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3B.3.4. Hole extraction potentials (HEP) and electron extraction potentials (EEP)

In addition to IP and EA, we also calculated HEP and EEP for all the molecules and are shown
in figure 3B.13. There is a decrease in HEP and increase in EEP with the increase in the number
of BTT units. The HEP of M-BTT is 6.65 eV on adding one more BTT-unit (i.e., Di-BTT) the
HEP value decreases to 5.99eV. This value further reduces to 5.86 eV, 5.85 eV, 5.73 eV and
5.61 eV for Tri-BTT, Tetra-BTT, Hexa-BTT and Deca-BTT, respectively ((shown in figure
3B.13). On the other hand, EEP of M-BTT is -0.62 eV while in the addition of another BTT-
unit, it increases to 0.66 eV (Di-BTT). EEP of Tri-BTT, Tetra-BTT, Hexa-BTT and Deca-BTT
are 0.84 eV, 0.95 eV, 1.12 eV and 1.28 eV respectively (shown in Figure 3B.13 and table
3B.7). The smaller HEP and higher EEP of Deca-BTT suggests that it is easy to extract either

hole or electron from this oligomer.
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Figure 3B.13: Graphical representation of Hole Extraction Potentials (HEP) and Electron
Extraction Potentials (EEP) of all the oligomers
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3B.3.5. Reorganization energies (1)

The charge transport rate in an organic molecule is inversely proportional to A. For a molecule
to be better carrier (either hole or electron), its A should be small enough. Here we calculated
A for all the molecules and are shown in figure 3B.14 and table 3B.7. The hole reorganization
energies (An) are lesser than their corresponding electron reorganization energies (Ae) except
for oligomer Hexa-BTT where An> ke (shown in Figure 3B.14). The An value for M-BTT is
230meV and its Ae value is 242meV, which is slightly higher than An value. As we increase the
number of BTT-units, An and Ae Values are decreasing. For DI-BTT, Tri-BTT, Tetra-BTT,
Hexa-BTT, and Deca-BTT, A values are 222, 152, 142, 124 and 66 meV, respectively (Table
3B.7). From Figure 3B.14 and Table 3B.7 it is clear that Deca-BTT is with smaller Anvalue (66
meV) which indicates Deca-BTT is a better hole transporting material among all studied
molecules. In all the molecules, the calculated An values are lesser than N,N'-diphenyl-N,N'-
bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine (TPD) which is well known hole transport
material (290 meV) suggesting that the studied molecules are superior for hole transport
materials since hole reorganization energies are smaller than that of TPD [28]. The calculated
Xe for all the molecules (shown figure 3B.14 and table 3B.7) are lesser than tris(8-
hydroxyquinolinato)aluminium(l11)(Algz) which is a characteristic electron transport material
(276 meV) [29]. Particularly Deca-BTT has Aevalue of 83 meV, which is much smaller than
the standard Algs. This smaller Aevalue shows that Deca-BTT is also a better electron
transporting material. The increasing order of Aevalues are Deca-BTT < Hexa-BTT < Tetra-
BTT< Tri-BTT<Di-BTT< M-BTT.For all the molecules, the difference between the A, and
Le(except Di-BTT) are less than 30 meV, showing that the studied molecules are ambipolar in

nature.

122



CHAPTER 3B...

300 - —n 7‘h

N

[&)]

o
1

200 ~

150

Reorganization Energy (meV)
S
o

50

T T T T T T
M-BTT Di-BTT Tri-BTT Tetra-BTTHexa-BTTDeca-BTT
Molecules

Figure 3B.14: Hole and Electron reorganization energies of BTT and its oligomers
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3B.4.Conclusion

Here in this work, optical and electronic properties along with reorganization energies of BT T-
oligomers are explored through DFT and TDDFT computational studies. Addition of BTT unit
to M-BTT (i. e. Di-BTT) shows a drastic enhancement in its absorption due to more 7-
delocalization in the backbone of the molecule. The successive addition of further BTT units
to DI-BTT (i e. Tri-BTT, Tetra-BTT, Hexa-BTT and Deca-BTT), the effect on absorption
energies are minimal but shows enhancement in its hole and electron reorganization energies.
Deca-BTT has the smallest hole and electron reorganization energy among all oligomers and
may use as better hole/ electron charge transport material. The studied molecules are with small
difference in their An and Ae reorganization energies and are ambipolar, which is useful in both

hole as well as electron transport materials.
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4A.1 Introduction

With continuous progress in organic electronics, it has encouraged researchers to innovate or
design new organic materials which are applicable in electronic devices. It is familiar that the
properties of organic materials are prominently depend on pi-conjugation of the molecules [1-
2]. However electronic properties of these organic materials are still not up to the mark that
achieved by inorganic materials, butthis drawback can be overcome by the manufacturability,
low cost, and possibility of producing flexible and large-area devices [3-4]. In this context,
organic conjugated materials have received significant attention due to their potential
applications in organic light-emitting diodes (OLEDSs) [5-6], organic solar cells [7], organic
field-effect transistors (OFETS)[8], organic photovoltaics (OPVSs), etc. [9-10]. Among organic
pi-conjugated materials, linear acenes (e.g., pentacene and their derivatives) are considered as
promising candidates due to their high hole mobilities(5.5cm?V-1s?) [11-12]. But these linear
acenes (like pentacene) have some drawbacks like instability and poor solubilityunder ambient
conditions; restrict them for further applications [13-15]. Various schemes have been adopted
to increase the stability and solubility of the molecules, such as introducing different
substituents and n-conjugated units, changing the position of heteroatom and so on [16-18]. K.
Takimiya group synthesized number of benzothiophene derivatives which find applications in
high-performance field-effect transistors [19-22]. When threethiophene rings added to the
benzene ring, i.e., benzotrithiophene (BTT), the molecule becomes an excellent donor and used
in donor-acceptor copolymer system and also finds applications in various organic
semiconductor devices [23-28]. In BTT, when sulfur atom replaced by oxygen and nitrogen
then molecule become benzotrifuran (BTF) and benzotripyrrole (BTP) respectively. M B
Stringer gave the very first synthesis of benzotrifuran (BTF1 in scheme 4A.1) in 1980 after the
synthesis of benzotrithiophene (BTT1 in scheme 4A.1) [29-30]. Recently, T. Fallon et al.
synthesized oligomers of furans along with BTF1 (scheme 4A.1) with good yield (89 %) using
3,4-disubstituted furan and also reported electronic excitations of the said compounds [31]. R
K Castellano group synthesized Csn symmetric isomer of BTF (BTF2 in scheme 4A.1) for the
first time in good yield. The absorption properties, electrochemistry and DFT calculations of
BTF isomer have shown that this isomer (BTF2) is having similar optical and electronic
properties to their corresponding BTT isomer and is a building unit for the t-conjugated system
[32]. J H Gall in 1979 reported the synthesis of tripyrrole derivative having
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trisazahexaradialene system and these tripyrrole derivative shows high reactivity towards
dienophile than corresponding benzotrithiophene (BTT1) [33]. Further, H Tsuji et al.
synthesized Can symmetric isomer of both BTF and BTP (BTF2 and BTP2 in scheme 4A.1)
from 1,3,5-triethynyl-2,4,6-trifluorobenzenes in good yields [34]. Benzotriselenophenes
(BTSel and BTSe2) are also synthesized independently by two different groups along with
corresponding BTT isomers [35-36]. Recently, Nazeeruddin et al. synthesizedthree new star-
shaped hole transport materials based on Csn symmetric BTP2, BTF2 and BTSe2 corefor
highly effective perovskite solar cells. They find heteroatomic core (N, O, S, Se) has relevant
effect on optical and electrochemical properties of hole transporting materials [37]. While
working on BTT (in chapter 3A), it is shown that all the isomers of BTT are planar with a
dihedral angle of almost zero. In addition to this, the smaller hole and electron reorganization
energies in BTT isomers, suggesting these are better for charge transport properties. Though
BTP, BTF and BTSe are not well explored like BTT but due to similarity in its structures, they
may find potential applications in optoelectronic devices.

Here in this chapter, systematic study of the relationship between the structures and properties
(electronic excitations, charge transport properties and NICS studies) of isomers of BTF, BTP,
BTT and BTSe are carried out by using quantum chemical calculations. All the molecules

considered in this study are shown in scheme 4A.1.

X X
/ Y X / Y%
X \
B X
Ny _
1 2 3 4
X j ﬁ X=|NH (BTP)
J~ = O (BTF)
X « ) S (BTT)
— X Se (BTSe)
5 6 7

Scheme4A.1: Structures of seven possible isomers of BTP, BTF, BTT and BTSe
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4A.2 Materials and Methods

The geometries of all the isomers of each series were fully optimized using Gaussianl6
package with B3LYP hybrid functional in combination with 6-311+G (d, p) basis set (Frisch
et al.) [38]. The absorption spectra of all the molecules have been calculated by time-dependent
density functional theory (TDDFT) using B3LYP functional by adopting 6-311+G (d, p) basis
set.

The calculation of hole (An) and electron (Ae) reorganization energies are done by using
equation 1.14 and 1.15 respectively (in chapter 1). Also the calculation of charge injection
parameters i.e ionization potential (IP) and electron affinity (EA) are done by using equations
1.17 and 1.18 respectively. Further hole and electron extraction potentials are calculated by
equations 1.19 and 1.20 respectively.

4A.3. Results and Discussions

4A.3.1. Geometry and Structures

Based on the connectivity of different heterocycles to the central benzene ring, there are seven
possible isomers with each heteroatom. Among these seven isomers first four are symmetrical
while the last three are unsymmetrical (scheme 4A.1).

All the optimized isomers of BTP, BTF, BTT and BTSe are planar with the dihedral angle of
zero. Even though 1% isomer (BTX1 in each set, i.e. BTT1, BTP1, BTF1 and BTSel) is more
symmetric, has the highest energy among all; thus, it is not the stable isomer. However, the
isomer having Csan symmetry (isomer 2 in scheme 4A.1, BTX2) is stable among all studied
molecules. Relative energies for each set, i.e., BTP, BTF, BTT and BTSe isomers are shown
in figure 4A.1 and table 4A.1. The trend for the stability of these isomers is 1< 7< 3~4< 6< 5<
2. The isomer 2 in each set (BTP2, BTF2, BTT2 and BTSe2) is more stable than its
corresponding other isomers. The calculated bond lengths, bond angles and dihedral angle of
optimized structures of all the isomers of each series are shown in table 4A.2. It is clear from
the table 4A.2, all the isomers are almost planar having dihedral angle nearly zero. The angle
between carbon and heteroatom at the periphery of benzene ring decreases with the increase
in the size of heteroatom (N, O, S and Se). For BTP2 the angle between carbon and heteroatom
at the periphery of benzene ring is 109.68° which is reduces to 106.41°,91.11° and 87.76° for
BTF2, BTT2 and BTSe2 respectively.
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Table 4A.1: Relative energy (in kcal) of the isomers of BTP, BTF, BTT and BTSe

Molecule | Symmetry | BTP | BTF | BTT | BTSe
1 Dag 12.49 | 17.23 | 13.41 | 16.50
2 Can 0.00 0.00 | 0.00 0.00
3 Cov 7.79 | 10.86| 7.53 9.23
4 Cav 6.73 957 | 7.44 9.30
5 Cs 2.80 1.86 | 0.61 0.53
6 Cs 5.85 9.27| 7.17 8.93
7 Cs 9.65 | 13.68 | 10.75 | 13.16
X —u—BTP
204 ~Y —e—BTF
= B —A—BTT
X —v—BTSe
> 16
o
qc_) A
S 12 X
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Figure 4A.1: Structures with their Relative energies

131



CHAPTER 44...

Table 4A.2: Bondlengths and Dihedral angles of the isomers of BTP, BTF, BTT and BTSe

Isomers

BTP

BTF

BTT

BTSe
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4A.3.2. NICS Calculation

Nucleus-independent chemical shift (NICS) calculations are performed on all the molecules to
see the stability of isomers by considering their aromatic character. The stability of the
molecule merely not depends on the symmetry of the molecule, but other factors are also
responsible for stability (as shown in chapter 3A). The aromatic character is also one of the
factors for deciding the stability of the molecule. NICS is a negative of magnetic shielding, a
well-known property of the electronic system and it continues to gain popularity after its
introduction by Schleyer et al.in 1996 [39]. It is one of the easy methods to compute aromaticity
and antiaromaticity of rings, clusters and transition states [39]. One of the major advantages of
NICS criteria of aromaticity over other methods available for aromaticity criteria is this method
does not require any reference molecule, increment scheme, or adjusting equation for
evaluation. According to NICS criterion, negative value signifies aromaticity while positive
value denotes antiaromaticity and value close to zero for the non-aromatic character of the
molecule. The magnitude of NICS indicates the degree of aromaticity, i.e., more negative the
NICS value implies more aromatic character, which in turn gives stability to the system. The
original NICS value was based on total isotropic shielding calculated at ring center i.e.
NICS(0). However NICS(0) value is not considered as pure measure of t-aromaticity, as local
contribution from o-framework quite noticeable. It is well-known that C-H and C-C single
bonds are also influences their magnetic environment and therefore due to these local effect
results in non-zero NICS(0) value for non-aromatic rings. For planar molecules these local
contributions fall off rapidly at points above the ring centers where -contribution dominates.

Hence NICS(1) values (i.e. 1A above the ring center) were suggested as being better measure
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of m-effect than NICS(0) values [40].The calculated NICS(0) (i.e., at the center of the
ring)values are shown in table 4A.3 for all the studied molecules.From table 4A.3, central
benzene ring of isomer 1 (BTP1, BTF1, BTT1 and BTSel) in each series is showing nearly
zero or positive NICS(0) value indicates central ring of the molecule is either antiaromatic (for
positive NICS value) or non-aromatic (for zero NICS value). The NICS(0) value for isomer 2
(BTP2, BTF2, BTT2 and BTSe2) and 5 (BTP5, BTF5, BTT5 and BTSe5) of each series are
with higher negative value, indicates central benzene ring in these isomers arewith more
aromaticcharacter.For isomer 2 of each set, the NICS(0) value of central ring for BTP2, BTF2,
BTT2and BTSe2 are -9.7,-12.1, -8.8and -8.7 respectively, shows central ring is most aromatic
in case of BTF2 and least in case of BTSe2. The NICS(0) value for isomerl i.e. BTP1 (-0.4),
BTF1 (0.3), BTT1 (3.0) and BTSel (3.9) are either positive or close to zero shows central ring
in isomer 1 is non-aromatic in character.

Additionally, NICS(1) (i.e., at 1 A above the ring center) values are also calculated as local
contributions from C-C and C-H single bonds are diminished relative to ring current effect
[39](Table 4A.4). 1t is also observed that NICS(1)value (given in Table S3) for six-membered
central benzene ring is more as compared to their NICS(0) value, but the reverse is true for the
five-membered heterocyclic ring, i.e. their NICS(0) value is more than NICS(1) values. Due
to the more aromatic character of the central benzene ring in isomers 2 and 5 (evident from
NICS(0) and NICS(1) values), these are the most stable among all the isomers.The five-
membered heterocycle rings, i.e. pyrrole (in BTP), furan (in BTF), thiophene (in BTT) and
selenophene (in BTSe) present at the periphery of benzene ring in all the isomers are showing
negative NICS value and hence are also aromatic. Thus more aromatic character in central ring
of isomers 2 and 5 as compared to other isomers make them stable, which is also evident from

the optimized molecules (isomers 2 and 5 are more stable).

Table 4A.3: Nucleus Independent chemical shift NICS (0) at center (in ppm)for all the isomers
obtained at B3LYP/6-311+ G (d, p) level

Molecule Central Five membered rings
Benzene Ring

BTP1 -0.4 -126 | -12.6 | -12.6

BTP2 -9.7 -12.4 | -125 | -125

135



CHAPTER 4A...

BTP3 -5.9 -15.1 -11.9 | -11.9
BTP4 -5.5 -11.9 -11.9 | -15.1
BTPS5 -9.9 -12.4 -124 | -12.5
BTP6 -5.6 -14.9 -11.9 | -11.9
BTP7 -2.5 -13.7 -13.6 | -11.3
BTF1 0.3 -10.8 -10.7 | -10.7
BTF2 -12.1 -10.3 -10.3 | -10.3
BTF3 -5.7 -9.9 -14.1 -9.9
BTF4 -5.7 -14.3 -9.9 -9.9
BTF5 -12.3 -10.3 -10.4 | -10.3
BTF6 -5.7 -9.9 -14.0 -9.9
BTF7 -1.6 -11.9 -9.3 -11.9
BTT1 3.0 -11.5 -11.9 | -115
BTT2 -8.8 -17.7 -10.2 | -10.3
BTT3 -3.3 -10.2 -10.1 | -13.9
BTT4 -3.5 -10.1 -10.1 | -13.9
BTT5 -9.2 -10.3 -10.1 | -10.4
BTT6 -3.5 -10.3 -10.0 | -13.9
BTT7 0.3 -12.3 -12.4 -9.7
BTSel 3.9 -10.6 -10.7 | -10.6
BTSe2 -8.7 -9.1 -9.0 -9.1
BTSe3 -2.4 -13.2 -9.0 -9.2
BTSed -2.6 -12.9 -9.1 -9.1
BTSe5 -8.8 -9.2 -9.2 -8.7
BTSe6 -2.7 -13.1 -8.9 -9.3
BTSe7 1.6 -11.5 -11.2 -8.7
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Table4A.4: Calculated Nucleus Independent Chemical Shift at 1 A above the ring center (in
ppm) (i.e. NICS(1)) for all the isomers obtained at B3LYP/6-311+ G (d, p) level

Molecule Central Five membered rings
Benzene Ring
BTP1 -2.5 -9.3 -9.3 -9.3
BTP2 -9.7 -9.6 -9.2 -9.1
BTP3 -6.7 -11.4 -9.1 -9.1
BTP4 -6.5 -9.0 -9.0 -11.0
BTP5 -9.9 -9.3 -9.3 -9.5
BTP6 -6.5 10.9 -8.9 -8.7
BTP7 -4.1 -10.2 -9.9 -8.7
BTF1 -1.2 -8.5 -8.5 -8.5
BTF2 -11.6 -8.2 -8.5 -8.2
BTF3 -6.1 -8.2 -11.2 -8.2
BTF4 -6.1 -10.9 -8.1 -8.1
BTFS5 -11.2 -8.3 -8.3 -8.3
BTF6 -6.1 -7.9 -10.9 -8.1
BTF7 -2.8 -9.4 -7.9 -9.2
BTT1 -0.7 -9.1 -9.2 -9.2
BTT2 -9.6 -10.6 -8.4 -8.4
BTT3 -5.5 -8.1 -8.1 -11.5
BTT4 -5.5 -8.2 -8.2 -11.1
BTT5 -10.0 -8.4 -8.2 -8.6
BTT6 -5.6 -8.5 -8.1 -11.3
BTT7 -2.8 -9.8 -9.9 -7.9
BTSel -0.2 -8.5 -8.1 -8.5
BTSe2 -9.8 -1.4 -7.3 -7.3
BTSe3 -4.9 -10.9 -7.1 -7.1
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BTSe4 -5.0 -10.5 -1.2 -1.2
BTSe5 -9.8 -1.2 -1.5 -6.9
BTSe6 -5.1 -10.7 -7.0 -1.5
BTSe7 -1.9 -9.3 -9.0 -6.8

4A.3.3. Electronic excitations

The calculated absorption (A), oscillator strength (f), major transitions and %contributions for
all the studied molecules calculated with B3LYP method using 6-311+G (d, p) basis set are
shown in table 4A.5. In addition, to check the effect of different functionals on absorption
energies, TDDFT calculations are also performed using different functionals namely
BHandHLYP, PBEOQ, M06, M062X, B3P86,CAM-B3LYP and WB97XD at B3LYP optimized
geometry and results are tabulated in table 4A.6.The calculated absorption energies have
resulted from different functionals suggest that along with B3LYP functional, M062X, PBEO
and B3P86 are also giving close results to the experimentally observed absorption energies.
Since these four functional (B3LYP, M062X, PBEO and B3P86) are in good agreementwith
the experimental excitation energies, our further discussion of electronic excitations is based
on B3LYP functional with 6-311+ G (d, p) basis set.

For BTT and their isomers, it is already discussed in our previous chapter 3A, here we focus
mainly on BTP, BTF and BTSe and their isomers. For BTP1, the calculated absorption
maximum is at 284nm while that of BTF1 is at 244nm. There is a 40nm blue shift observed on
replacing NH with O atom. The major transitions in BTP1 are H-1—L and H—L+1 and in
BTF1 are H-2—L and H—L+1. The experimentally observed and TDDFT calculated
absorption maximum for BTSel are 337nm and 335nm, respectively. This absorption at
335nm is due to H-1—L transition having oscillator strength of 0.048. In the case of Csn
symmetric isomers, i.e., BTP2, BTF2 and BTSe2, the calculated absorption maxima areat
282nm, 238 nm and 284nm, respectively. These absorptions are arising due to several
transitions (shown in table 4A.5). However, the major transitions for BTP2 are H-1—L+2 and
H-1—-L, for BTF2 H-1—L+1 and H—L and for BTSe2 are H-1—-Land H—L+1. The Cyy
symmetric molecules (isomer 3 and 4 in scheme 4A.1) are showing approximately the same

absorption maxima,both BTP3 and BTP4 are showing absorption at 311nm having oscillator
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strength of 0.248 and 0.012, respectively. These absorptions involvea single major transition;
BTP3 is from H—L+1 and BTP4 is from H—L+2. In the case for BTF3 (335nm) and BTF4
(325nm) there is 10nm difference in their absorption maxima and in both the cases; the major
transition is from H—L. BTSe3 and BTSe4 are showing absorption at 389nm and 390nm
respectively which arises due to H—L transition. Among unsymmetrical isomers (5, 6 and 7
in scheme 4A.1), isomer 6 is showing higher absorption (BTP6(330nm), BTF6(327nm) and
BTSe6 (385nm)). For BTP5, the absorption is at 288nm and arises due to H-1—-L+1 and
H—L+1 as major transitions. Similarly, for BTFS5, the major transitions are H-1—L, H—L and
H—L+1, giving absorption at 28 1nm. BTSe5 shows absorption at 330nm due to excitation of
an electron from H-1—-L.The last isomer 7 of each series, showing absorption at
321nm(BTP7), 287nm(BTF7) and 353nm(BTSe7). On comparing with BTT isomers,
corresponding isomers of BTF and BTP are always showing a blue shift in absorption while
BTSe isomers are showing red-shifted absorption. The result indicates that with increase in
size of the heteroatom increases the absorption maximum.In figure 4A.2, 4A.3 and 4A.4 the
normalized absorbance spectra of all the isomers of BTP, BTF and BTSe respectively are

shown.

Table 4A.5: Absorption maxima Amax (nm), Oscillator strength (f), Major Transitions (MT) and
%weight (%C;) obtained at TD-B3LYP method using 6-311+G (d, p) basis sets.

Name Nexp A f MT %Ci
BTP1 284 0.005 H-1-L 49
H—-L+1 48
246 0.032 H-2—L+4 84
BTP2 282 0.014 H-1-1L+2 38
H—-L+1 39
BTP3 311 0.248 H—-L+1 96
BTP4 311 0.012 H—-L+2 95
BTP5 288 0.041 H-1-L+1 54
H—-L+1 26
H—L+4 15
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BTP6 330 0.002 H—L 98
309 0.101 H—L+1 96

BTP7 321 0.002 H—-L 91
301 0.024 H—+1 66

H—+4 22

BTF1 2227, 244 0.003 H-2—L 20
2152 H—-L+1 69

232 0.384 H-1-L+2 43

H-2—-L+1 43

206 0.010 H-1-L+5 49

H-2—L+4 49

BTF2 | 231° 238 0.268 H-1—>L+1 38
H—-L+2 15

H—-L 38

BTF3 335 0.235 H—-L 99
BTF4 325 0.021 H—-L 99
BTF5 281 0.066 H-1-L 49
H—-L 27

H—L+1 20

BTF6 327 0.111 H—-L 98
BTF7 302 0.009 H—L 26
H—L+1 56

287 0.210 H—L 65

H—L+1 28

BTSel 337° 335 0.048 H-1-L 93
BTSe2 284 0.252 H-1-L 40
H—L+1 40
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BTSe3 389 0.138 H—-L 98
BTSe4 390 0.033 H—-L 98
BTSe5 330 0.060 H-1-L 68

H—-L+1 17
BTSe6 385 0.081 H—-L 98
BTSe7 353 0.048 H—-L 62

H—-L+1 25

¢Angew. Chem. Int. Ed. 2007, 46, 8814

@Chem. Sci. 2012, 3, 2133
® Chem. Comm. 2017, 53, 9590

Table 4A.6: Calculated absorption energies (Amax in Nm) with different functional at B3LYP
optimized geometries.

Molecule | Xexp | B3LYP | BHand | PBEO | M06 | M062X | B3P86 | CAM- | WB97XD
HLYP B3LYP
BTP1 284 249 266 | 331 256 270 245 238
BTP2 282 255 266 | 338 262 253 252 234
BTP3 311 289 302 | 347 283 308 288 285
BTP4 311 287 302 | 372 289 306 285 281
BTP5 288 264 279 | 327 267 285 264 263
BTP6 330 297 309 | 368 303 304 290 280
BTP7 321 289 301 | 384 296 295 284 266
BTF1 2228, 232 234 225 | 247 234 245 234 231
215%
BTF2 231° 238 216 231 | 251 217 236 219 217
BTF3 335 314 327 | 337 306 333 310 308
BTF4 325 305 318 | 327 297 323 301 299
BTF5 281 261 273 | 283 257 279 262 260
BTF6 327 306 319 | 329 299 325 302 300
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BTF7 287 270 290 | 297 266 299 269 268
BTSel 337° 335 289 322 | 332 289 332 290 285
BTSe2 284 252 275 | 284 255 283 256 254
BTSe3 389 361 378 | 391 351 386 358 353
BTSe4 390 358 378 | 391 348 386 354 349
BTSe5 330 299 320 | 332 299 327 301 300
BTSe6 385 356 374 | 387 346 335 352 347
BTSe7 353 317 340 | 351 312 350 316 312

2Chem. Sci. 2012, 3, 2133
® Chem. Comm. 2017, 53, 9590
¢Angew. Chem. Int. Ed. 2007, 46, 8814
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Figure 4A.2: Normalized Absorption spectra of BTP isomers
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Figure 4A.3: Normalized Absorption spectra of BTF isomers
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Figure 4A.4: Normalized Absorption spectra of BT Seisomers
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4A.3.4. Frontier Molecular Orbitals (FMOs)

The frontier molecular orbital pictures, i.e., HOMO and LUMO of all the isomers ofBTP, BTF
and BTSe are shown in table 4A.7. 4A.8 and 4A.9 respectively. In each series of molecules,
isomer 3 is showing the smallest HOMO-LUMO gap (HLG)among seven possible isomers
(table 4A.10). In BTP series, the HOMO and LUMO energies of isomer 1 (BTP1) are -4.97eV
and -0.02eV respectively and corresponding HOMO-LUMO gap is 4.95eV, which is highest
among all the isomer of BTP. On the other hand, isomer 3, i.e. BTP3 shows HLG of 4.12eVV
with HOMO and LUMO energies -4.57eV and -0.45eV respectively, which is lowest in BTP
series (shown in figure 4A.5). Similar is the case for BTF and BTSeseries,isomer 3 is showing
HOMO(LUMO) energies of 5.42eV (-1.37eV) and 5.54eV(-1.97eV) respectively and the
resulting HLG are -4.05eV and -3.57eV respectively(shown in figure 4A.6 and figure 4A.7).for
comparison HOMO and LUMO levelsand their energy gap for all the isomers of BTF, BTP,
BTT are shown in figure4A.8.Similar to absorption maxima, all the isomers of BTP and BTF
are showing higher HLG than corresponding BTT isomers whereas BTSe isomers are showing
smaller HLG than corresponding BTT isomers. This is again shows that with increase in size
of the heteroatom, stabilizing the HOMO and LUMO levels.

Table 4A.7: Molecular orbital pictures of BTP, BTF and BTSe isomers

BTP BTF BTSe
Isomers
HOMO LUMO HOMO LUMO HOMO LUMO
)
i
! - 1[50
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Figure 4A.5:HOMO, LUMO energy levels and energy gap of BTP isomers
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Figure 4A.6: HOMO, LUMO energy levels and energy gap of BTF isomers
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Figure 4A.7: HOMO, LUMO energy levels and energy gap of BTSe isomers

1.0
_ — HOMO
— LUMO
154 S
® 2.0- 4.83 {
c
> = 4.40 4.18 &
O T 3.80 3.87 >
< ] 4.49 3.86
=
Z 55 - J
-6.0 - —
-6.5 T T T T T T T
1 2 3 4 5 6 7
BTT-ISOMERS

Figure 4A.8: HOMO, LUMO energy levels and energy gap of BTT isomers
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Table 4A.8: Calculated HOMO and LUMO energies (in eV) and HOMO-LUMO gap (HLG
in eV) for all the isomers

BTP BTF BTT BTSe
o HOMO | LUMO |HLG | HOMO |LUMO | HLG | HOMO | LUMO | HLG |HOMO | LUMO | HLG
1 -4.97 -0.02 | 4.95| -6.09 -1.11 | 498 | -6.06 -1.57 | 4.49 -5.92 -1.75 | 4.17
2 -5.02 | -0.16 | 486 | -6.01 | -0.66 |535| -599 | -1.16 | 483 | -591 -1.28 | 4.63
3 -4.57 -045 | 412 | -5.42 -1.37 | 4.05 | -5.60 -1.80 | 3.80 -5.54 -1.97 | 3.57
4 -4.69 -0.29 | 4.40| -5.53 -1.34 | 419 | -5.70 -1.84 | 3.86 -5.62 -2.02 | 3.60
5 -4.69 -0.51 | 4.18 | -5.83 -1.06 | 4.67 | -5.89 -1.49 | 4.40 -5.83 -1.62 | 4.21
6 -4.62 -0.20 | 442 | -5.47 -1.32 | 415 | -5.65 -1.78 | 3.87 -5.58 -1.96 | 3.62
7 -4.67 -0.15 | 452 | -5.70 -1.13 | 457 | -5.76 -1.58 | 4.18 -5.68 -1.72 | 3.96

4A.3.5. lonization potentials (IP)and electron affinities (EA)

For a better quality of optoelectronic devices, there should be an efficient injection of hole and
electron into an organic molecule. Here the calculation ofadiabatic and vertical ionization
potentials (IPa and IP,) and electron affinities (EAa and EAy) are done as they are important
factors for charge injection phenomenon of hole and electron from source electrode into the
semiconductor layer. IP defined as the energy supplied to the system to remove an electron
and it must be low enough for efficient hole injection into the HOMO level of the molecule.
On the other hand, EA defined as the energy released when an electron added to the system.
EA must be high enough to allow an efficient electron injection into the LUMO level of the
molecule. Calculation of IP, EA, HEP (hole extraction potential) and EEP (electron extraction
potential) are carried out for all the molecules and are tabulated in table 4A.9. From the table
4A.9, it is clear that isomer 3 (BTP3, BTF3 and BTSe3) of each set is having the smallest IP
and hence it is easy to create holes in these isomers compared to others. The IPa (IPy) values
for BTP3, BTF3 and BTSe3 are 6.08eV (6.16eV), 6.99eV (7.08eV) and 6.89eV (6.99eV)
respectively. However, within these series, BTP isomers are showing smaller IP values than
their corresponding BTF, BTT and BTSeisomers (shown in table 4A.9). HEP for isomer 3 in
each series(BTP3, BTF3, BTT3 and BTSe3) also smallest and hence injection of the hole is

easier in these molecules. In each series, isomer 3 and 4 are showing the highest EA, suggesting
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there is an efficient electron injection in the HOMO level of this molecule as compared to
others. Among all studied isomers of each series, isomer 3 and 4 also have the highest EEP.
From these theoretical results one can predict that on replacing different heteroatoms in place
of sulfur in BTT molecules, there is a noteworthy change in the electron-accepting, donating
and transport properties.

4A.3.6. Reorganization energies (A)

The reorganization energy must be small enough for effective charge transfer in a molecule.
The calculation of reorganization energies are carried out by the above formulae and are
summarized in table 4A.9. With replacement of thiophene ring with pyrrole and selenophene
ring at the periphery (i.e., BTT to BTP and BTSe) the electron reorganization energies become
smaller and suggesting that BTP and BTSe isomers are better for the electron transporting
material than its corresponding BTT isomers. On the other hand, BTF isomers (furan ring in
place of thiophene ring) are showing smaller hole reorganization energies in most of the
isomers (except for BTF2 and BTF7) showing BTF isomers are better for hole transporting
material. The hole reorganization energies (An) calculated for most of the isomers in each series
are smaller than that of typical hole transport material TPD (N,N'-diphenyl-N,N'-bis(3-
methylphenyl)-(1,1'-biphenyl)-4,4'-diamine) (An=290meV)[41]. In BTP series, An is smallest
for BTP3 (171 meV) suggesting among all BTP isomers, BTP3 is the best as hole transporting
material. Similarly, BTF1 and BTSel are showing smaller An values of 85meV and 168meV
respectively in their respective series and are better for hole transporting materials (shown in
figure 4A.9). Thus, the hole transfer rates for all the studied molecule are higher than that of
TPD. The calculated electron reorganization energies (Ae) for most of the isomers are smaller
than distinctive electron transport material Alg3 (tris(8-hydroxyquinolinato)aluminum(lIl)
(Ae= 276meV) [42]. BTP series isomers are showing exceptionally smallie values (10-
60meV), which means these isomers are better for electron transport materials(shown in figure
4A.10). However, BTF1 and BTSel isomers of BTF and BTSe are showing smaller A values
of 170meV and 115meV, respectively presenting these are better for electron transport
materials in their respective series. Due to smaller e, these BTP isomers can be utilized as

electron-transporting materials in OLEDs.
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Table 4A.9: Hole and electron (Anand Ae ) reorganization energy (in meV), lonization Potential
(IP), Electron Affinity (EA), HEP and EEP (in eV) calculated at B3LYP/6-311+ G (d, p) level

of theory
Molecule | A Le IPa IPv EAa | EAv | HEP | EEP
BTP1 307 60 6.45 6.58 | -0.78 | -0.72 | 6.28 | -0.78
BTP2 270 10 6.51 6.64 | -0.62 | -0.62 | 6.37 | -0.61
BTP3 171 33 6.08 6.16 | -0.49 | -0.51 | 5.99 | -0.48
BTP4 198 15 6.21 6.30 | -0.56 | -0.57 | 6.10 | -0.55
BTP5 256 38 6.40 6.53 | -0.46 | -0.47 | 6.28 | -0.43
BTP6 188 | 13 | 6.13 | 6.22 | -0.64 | -0.64 | 6.03 | -0.63
BTP7 259 | 16 | 6.15 | 6.28 | -0.63 | -0.64 | 6.02 | -0.62
BTF1 85 170 | 7.71 7.76 | -0.31 | -0.39 | 7.67 | -0.22
BTF2 293 | 206 | 7.56 7.70 | -0.76 | -0.76 | 7.41 | -0.55
BTF3 172 | 317 | 6.99 | 7.08 | -0.07 | -0.23 | 6.91 | 0.09
BTF4 167 | 280 | 7.12 720 | -0.14 | -0.27 | 7.03 | 0.01
BTFS5 247 | 291 | 7.38 750 | -0.36 | -0.50 | 7.26 | -0.21
BTF6 176 | 328 | 7.05 714 | -0.13 | -0.29 | 6.96 | 0.04
BTF7 300 | 375 | 7.23 739 | -0.28 | -0.47 | 7.09 | -0.09
BTTL" 206 | 143 | 7.48 7.58 0.21 0.14 | 7.38 | 0.29
BTT2 224 | 239 | 741 752 | -0.19 | -0.31 | 7.30 | -0.07
BTT3 194 | 240 | 7.01 7.11 0.45 033 | 6.92 | 0.57
BTT4 172 | 194 | 7.13 7.22 0.45 0.36 | 7.05 | 0.55
BTT5 453 | 272 | 7.29 7.63 0.15 0.02 | 7.18 | 00.29
BTT6 187 | 231 | 7.07 7.17 0.42 0.30 | 6.98 | 0.53
BTT7 250 | 268 | 7.15 7.28 0.24 0.11 | 7.03 | 0.38
BTSel 168 | 115 | 7.30 7.38 0.43 037 | 7.21 | 0.49
BTSe2 203 | 215 | 7.29 739 | -0.02 | -0.13 | 7.18 | 0.09
BTSe3 202 | 209 | 6.89 6.99 0.66 0.56 | 6.78 | 0.77
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BTSe4 | 178 | 165 | 7.00 | 7.09 | 0.68 | 0.60 | 6.91 | 0.77
BTSe5 | 223 | 262 | 720 | 731 | 0.33 | 0.20 | 7.09 | 0.46
BTSe6 194 | 200 | 694 | 7.04 | 064 | 054 | 6.84 | 0.74
BTSe7 | 250 | 243 | 7.01 | 714 | 043 | 031 | 6.89 | 0.55
*BTT values are taken from Chapter 3A
500
—a— BTT
450 - —e— BTP
—a— BTF
400 - —v— BTSe
350 -
300 -
e
250 A
200 A
150 -
100 A
50 T T T T I
1 3 4 5 7
Isomers

Figure 4A.9: Hole reorganization energies for BTP, BTF, BTSe and BTT isomers
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400

—a— BTT

—e—BTP
390 4 _a—BTF

—y— BTSe
300 4

250 -+
200 -+
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O I I I I I I I

Isomers

Figure 4A.10: Electron reorganization energies for BTP, BTF, BTSe and BTT isomers

152



CHAPTER 44...

4A.4. Conclusion

In this paper, a comparative study of optoelectronic and charge transport properties along with
the NICS studies in Benzotrithiophene (BTT) isomers and its heteroatomic analogues, i.e.
Benzotripyrrole (BTP), Benzotrifuran (BTF) and Benzotriselenophene (BTSe) isomers are
reported. The studied isomers are differing in the position of heteroatom (NH, O, and Se)
results in diverse optoelectronic properties. NICS calculations are also in accordance with
minimum energy geometries, showing Cs, symmetric isomer (isomer BTX2) in each series is
more aromatic which in turn give stability to the molecule. The absorption energies are
significantly affected by replacement of S with N, O, and Se. BTP and BTF isomers are
showing blue-shifted absorption compared to their corresponding BTT isomers due to
destabilization of both HOMO and LUMO levels. BTSe isomers are showing a red shift in
absorption compared to their corresponding BTT isomers due to stabilization of both HOMO
and LUMO levels. BTP isomers are withthe smallest IP and HEP values suggesting among all
series, and it is easy to create a hole in BTP isomers. On the other hand, BTSe isomers are
showing the highest value for EA and EEP, implying BTSe isomers have greater electron
injection ability than other studied set of molecules. Results of reorganization energies show
BTP and BTSe isomers are better for electron transporting materials while BTF isomers are
better for hole transporting material than corresponding BTT isomers. In addition, hole and
electron reorganization energies for most of the studied molecules are smaller than a standard
hole/ electron transport material and hence studied molecule may be useful as better hole and
electron transporting materials. Moreover, electron reorganization energy for BTP isomers are

minimal and are suitable candidates as electron transport materials.
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4B.1. Introduction

During the past few years, an intense research effort has made for the design, synthesis and
application of organic materials. Nowadays, these organic materials are emerging as the best
alternative for inorganic semiconductor materials and found applications in organic light
emitting diodes (OLEDs) [1-2], organic photovoltaics (OPVs) [3-4], dye-sensitized solar cells
(DSSCs) [5] and organic thin film transistors (OTFTSs) [6]. A further advantage of these organic
semiconductor materials is; low cost, light weight and possibility of producing bendable and
great area devices make them best substituents for inorganic semiconductor materials [7-8].
Within the organic molecules, star-shaped n-conjugated molecules with large n-system are of

considerable interest due to their potential applications in optoelectronic devices [9-11].

Recently developed star-shaped n-conjugated molecules with a Truxene (T) or isotruxene (IT)
core became interested due to their remarkable photophysical properties (absorption and
emission), high thermal stability and ease of synthesis which makes them a promising scaffold
for future materials [9-18]. Truxene (10,15-dihydro-5H-diindeno[1,2-a;1',2'-c]fluorene) is a
heptacyclic star-shaped n-conjugated polyarene produced by trimerization of indan-1-one. The
T (scheme 4B.1) unit has a rigid, planar and Czn» symmetric structure and it can also be formally
considered as a 1,3,5-triphenylbenzene derivative with three methylene clips so that all the
four benzene rings are coplanar with w-conjugation. This results in a strong electron donating
as well as strong n-7 stacking ability, which hints for the T utility as a building block in the
development of advanced functional materials for various applications [12]. IT is an
asymmetrical isomer of T with the difference in connectivity of fluorene moieties. In the case
of T, there is meta-meta connectivity of three phenylene rings to the central core, while in IT,
itis ortho-para connectivity (shown in scheme 4B.1). Yang et al. reported that ortho and para
conjugate interactions are inherently stronger than meta interactions and this difference in
connectivity to the central ring results in a different extent of electronic coupling between the
three m-conjugated arms [13-14].

The very first report on the synthesis of T reported in 1894, where 3-phenyl propionic acid
cyclized in-situ to indane-1-one under an acidic condition to give a mixture of T and IT [19].
However, the procedure of yielding specifically 1T was established in 1960 [20]. Further, two
groups Hartke et al. and Bergman et al. synthesized T using (3-methylthio) indene and indane-

1-one respectively but the yield of the reaction is very low (~22%) [21-22]. For increasing the
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yield of T, Huang-Minlon reduction procedure has been utilized, in which reduction of
truxenone to T was established using Wolff-Kishner reagent and getting the product in 85%
yield [23]. Jian Pie et al. synthesized various star-shaped n-conjugated molecules having the T
core for OLED applications [24-25]. Derivatives with T core received more attention as a
starting material for construction of large polyarene as analogous to the fullerene[26].Since the
previously known methods for the synthesis of IT required harsh conditions (20atm and
350°C) and yield of the product was also very low (18%) [13,20]. To overcome this problem,
Yang et al. gave a facile multistep synthesis for IT with improved yield and minimized the
effort in product purification [14]. The star-shaped n-conjugated system consisting of IT core
and oligothiophene arms are showing a strong coupling in arms, which provide a new class of

two-dimensional oligomer and polymer [27].

Truxene (T) Isotruxene (IT)

Scheme 4B.1: Structures of Truxene (T, meta-meta connectivity) and Isotruxene (I T, ortho-
para connectivity)

Like T, another polycyclic aromatic compound azatruxene (TN in scheme 4B.2) or triindole
(10,15-dihydro-5H-diindolo-[3,2-a:3',2'-c]carbazole) is also a planar m-extended conjugated
structure that can be regarded as a cycle-trimer of indole. This polyarene (TN) also exists in
two possible isomers namely TN and isoazatruxene (ITN) which differ only at the connectivity
of carbazole moiety (shown in scheme 4B.2). TN was first synthesized by using an
acidcatalyzed reaction between indole and 3-bromoindole but, it gives a combination of indole
dimer, trimer, and tetramer [28]. After this, Gordon and Andrew performed electrochemical
oxidation and polymerization of indole-5-carboxylic acid, and they found an insoluble
unsymmetrical carboxylic acid derivative of TN and ITN [29]. Recently Rashatasakohn and
co-workers derived a new synthetic route for the TN and ITN by using N-bromosuccinimide

(NBS) as user-friendly reagent [30]. It also shown that TN based molecules are highly
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promising hole selective materials with wide band gaps, high LUMO levels and high hole
mobilities which make their use in organic electronic devices [31]. Further, Reghu et al.
synthesized carbazole derivatives of both TN and ITN, shows that the reduction in the
symmetryof the molecule results in a red-shifted absorption and it is unfavorable as a hole
transport material in thin films [32]. Similar results obtained by Berta Gomez Lor group; they
showed that by lowering in the symmetry of triindole, their photophysical and electronic
properties can be tuned significantly and also there is an improvement in fluorescence quantum
yield [33]. Wang et al. showed that TN is rich in electronic character and electron
delocalization than T [34]. Both the above-studied molecules T and TN are planar n-extended
electron-rich molecules which make these molecules having great potential application in
DSSCs [35], field effect transistors (FET) [36], OLEDs [37-38], two-photon absorption (TPA)
[39], organic laser and fluorescent sensors [33,40]. Other analogs of T are; oxatruxene (TO),
silatruxene (TSi) and thiatruxene (TS) also synthesized, and its photophysical properties
(except TS) are reported in the literature [41-42]. To the best of our knowledge, very few
reports are available in the literature on TO, TSi & TS and these molecules not yet explored

for materials properties, shown in scheme 4B.2 [41-42].

In the present chapter, the systematic studies were performed to analyze the effect of hetero-
atom on photophysical and charge transport properties of T and IT. For this, we considered
five sets of molecules (ten molecules) based on truxene & isotruxene and their analogs (T, TN,
TO, TSi, and TS and their corresponding geometrical isomers IT, ITN, ITO, ITSi, and ITS

respectively, shown in scheme 4B.2).
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X =CH, Truxene (T) Isotruxene (IT)
= NH Azatruxene (TN) Isoazatruxene (ITN)
=0 Oxatruxene (TO) Isooxatruxene (ITO)
= Si Silatruxene (TSi) Isosilatruxene (ITSi)
=S Thiatruxene (TS) Isothiatruxene (ITS)

Scheme 4B.2: Structures of T, IT and its hetero-atomic (N, O, Si and S) analogs

4B.2. Computational Methodology:

All the calculations have been performed in the gas phase with Gaussian 16 software package
(Frisch et al.) [43]. The ground state geometries of neutral, cation and anion were fully
optimized without symmetry constraints by using the DFT method with B3LYP functional and
6-311+G (d, p) basis set. TD-DFT has been used for the calculation of absorption energies by
means of B3LYP functional with 6-311+G (d, p) basis set. Further, we employed different
functionals (BLYP, BHandHLYP, M06, PBEO, LCWPBE, CAM-B3LYP, and WB97XD) to
validate the best functional among all for the calculation of electronic excitations for all the

molecules under study.

The calculation of hole (An) and electron (4e) reorganization energies are done by using
equation 1.14 and 1.15 respectively (in chapter 1). For the calculation of reorganization
energies, along with B3LYP, it is also performed with three more functionals, i.e. CAM-
B3LYP, PBEO, and BHandHLYP. Also the calculation of charge injection parameters i.e
ionization potential (IP) and electron affinity (EA) are done by using formulae shown in
equations 1.17 and 1.18 respectively. Further hole and electron extraction potentials i.e. HEP

and EEP are calculated by formulae shown in equations 1.19 and 1.20 respectively.
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4B.3. Results and Discussions
4B.3.1. Molecular Structure and Geometries

All the five sets of molecules are optimized in its ground state. For each set of the molecule,
two major isomers (symmetrical and asymmetrical) are possible. It is well known that
symmetrical isomers are more stable as compared to their asymmetrical one. It is found that
iso-derivatives, i.e. asymmetric molecules are always 5~8 kcal less stable than their
corresponding symmetric isomers. T is 4.72 kcal more stable than its corresponding
asymmetrical isomer IT. Similar is the case for all the molecule, TN, TO, TSiand TS are 6.51
kcal, 4.22 kcal, 7.25 kcal and 7.64 kcal more stable than their corresponding asymmetrical
isomers ITN, ITO, ITSi and ITS respectively. Molecular structures, symmetry and its relative

energies for all the molecules are shown table 4B.1.

Table 4B.1: Structures, Relative Energy (RE) and Symmetry of studied molecules

Molecule Structures RE Symmetry

0.00 Cs

4.72 Cs
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TN 0.00 Cs
ITN 6.51 Cs
TO 0.00 Cs
ITO 4.22 Cs
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TSi 0.00 Cs
ITSi 7.25 Cs
TS 0.00 Cs
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ITS 7.64 Cs

4B.3.2. Linear optical properties (or Electronic Excitations)

The experimentally reported absorption maximum for T is 273 nm while its asymmetrical
isomer IT is giving an intense peak at 337nm [44-45]. For the isomers TN and ITN, intense
absorption peak were observed at 309 nm and 345 nm respectively [46-47]. These
experimental results suggest that asymmetric isomers are always red-shifted than their
corresponding symmetric isomers. Takuya Ogaki synthesized compounds TO and TSi by
intramolecular triple cyclization of triphenylbenzene derivatives and they reported absorption
for TO and TSi are at 293 nm and 310 nm respectively [42]. Best of our knowledge, there is
no experimental report is available on photophysical properties of ITO, ITSI, ITS, and TS.

Further, to have a better understanding of reported absorption spectra in these molecules, the
lowest electronic excitations of all the molecules have been calculated by means of TD-DFT
methodology at B3LYP/6-311+ G (d, p) level.
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In addition to this to see the effect of different functionals on absorption properties, various
functionals are used to validate the best among all. Electronic excitations for all the molecules
were computed with various functionals (BLYP, BHandHLYP, B3LYP, M06, PBEO, LC-
WPBE, CAM-B3LYP and WB97XD) at 6-311+ G (d, p) basis set based on B3LYP/6-311+ G
(d, p) optimized geometries in order to verify the effect of functionals on the electronic
excitations. Absorption energies calculated with various functionals are shown in figure 4B.1
and table4B.2. It is clear from figure 4B.1 and table 4B.2, B3LYP, M06 and PBEO functionals
are showing good agreement with the experimentally reported excitation energies. Hence, our
further discussion of electronic excitations is based on calculations at TD-B3LYP/6-311+ G

(d, p) level.
A I Exp.
[ B3LYP
I V06
500 - [ PBEO
[ BLYP
[ BHHLYP
I L.CWPBE
I CAM-B3LYP
400 + I WB97XD
e
€300 -
£
<

100 -+

T IT TN ITN TO ITO TSi ITSi TS ITS
Molecules

Figure 4B.1: Calculated absorption energies of the molecules using functionals B3LYP,
BLYP, BHandHLYP, M06, PBE, LCWPBE, CAM-B3LYP and WB97XD at 6-311+G (d,p)
level
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Table 4B.2. Absorption maxima with different functionals calculated at B3LYP optimized
geometries with 6-311+G (d, p) basis set

Molecules | Aexp. | BSLYP | BLYP | BHHLYP | M06 |PBEO | LC- CAM- | WB97XD
WPBE | B3LYP

T 273 287 324 324 286 | 279 247 261 258

IT 337 | 338 373 373 340 | 329 289 308 303
TN 309 | 305 359 359 318 | 294 255 269 266
ITN 345 | 379 440 326 371 | 368 310 333 329
TO 293 282 326 327 279 273 244 255 253
ITO - 335 384 384 329 | 325 282 299 296
TSi 321 | 308 347 347 306 | 298 259 277 274
ITSi - 369 415 415 369 | 359 308 331 327
TS - 303 348 348 300 | 294 254 270 267
ITS - 375 430 430 372 | 364 308 331 328

From TDDFT results, the lowest electronic excitation for T is at 287 nm with the oscillator
strength 0.429. The major transitions for this excitation are HOMO-1—-LUMO+1 and
HOMO—LUMO. Molecule IT is showing absorption maximum at 338 nm, and this excitation
is due to the transition from HOMO—LUMO. There is a good agreement between the
experimental and calculated absorption energies for T and IT. The calculated electronic
excitations, oscillator strength along with corresponding major orbital transitions are shown in
table 4B.3. Normalized absorption spectra of symmetrical (T-TS) and asymmetrical (IT-1TS)
isomers are shown in figure 4B.2 and figure 4B.3 respectively. Experimentally reported and
theoretically calculated absorption maxima for the molecule TN are 309 nm and 305 nm
respectively. Major transitions in case of TN are HOMO—LUMO and HOMO-
1-LUMO+1.Along with these major transitions, other minor transitions from HOMO-
1-LUMO+2 and HOMO—LUMO+2 with small contributions are also observed. The
experimentally reported absorption maximum for ITN is showing a 36 nm red-shifted than
TN(309 nm)withthe intense peak at 345nm. A Similar trend is observed form TDDFT results,

calculated absorption for ITN is showing 70 nm red-shift from TN which arises due to
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transition from HOMO—LUMO (molecular orbital picture along with major transition for TN
and ITN are shown in figure 4B.4). The calculated absorption maximum for TO is at 282 nm
(observed absorption maximum is 293 nm) with the major transitions from HOMO-1—LUMO
and HOMO—LUMO+1. Molecule ITO is showing absorption at 335 nm that is due to
excitation from HOMO-1—LUMO (molecular orbital picture along with major transition for
TO and ITO are shown in figure 4B.5). The molecule TSi shows an intense peak at 308 nm
which is due to HOMO-1—-LUMO and HOMO—LUMO-+1 beside these major transitions,
minor transitions are also involved and are shown in table 4B.3. Calculated absorption
maximum for molecule ITSi is at 369 nm, which results the transition from HOMO—LUMO
(molecular orbital picture along with major transition for TSi and ITSi are shown in figure
4B.6). From these results, we find that asymmetric molecules are always 50-70 nm red-shifted
than their corresponding symmetrical isomers. TS is showing absorption at 303 nm which
arises due to transitions from HOMO-1—-LUMO and HOMO—LUMO-+1. Other transitions
are with minor contributions from HOMO-1—-LUMO+1 and HOMO—LUMO. While in ITS,
shows a red-shift in absorption compared to their respective isomer and wavelength observed
for ITS is at 375 nm which is mainly due to transition HOMO—LUMO. Figure 4B.7 shows
the major electronic excitations for molecules T and TS with their molecular orbital pictures
and figure 4B.8 shows the major electronic excitations for molecules IT and ITS with their
molecular orbital pictures. It is clear from table 4B.3, there is considerable variation in the
absorption energies of the molecules with the change in hetero-atoms; for example, TSi shows
a 26 nm red-shift compared to TO, ITN shows a 44 nm red-shift compared to ITO.

Table 4B.3: Computed lowest electronic excitations (Amaxin nm), Oscillator strength (f), Major
Transitions (MT) and % weight (% Ci>10%) at TD-B3LYP/6-311+G (d, p) method.

Molecules Aexp Amax f MT %Ci

T a73 287 | 0.429 H-1-L 13

H-1-L+1 32

H—-L 32
H—-L+1 13
IT b337 338 | 0.493 H—L 98
TN €309 305 | 0.281 | H-1-L+1 15
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H-1->L+2 13
H—-L 29
H—L+2 13
ITN 9345 379 | 0.126 H—L 94
TO €293 282 | 0573 | H-1-L 45
H—L+1 45
ITO 335 | 0.121 | H-1-L 88
TSi €321 308 | 0.330 | H-1-L 34
H-1->L+1 13
H-L 13
H—L+1 34
ITSi 369 | 0.175 H-L 77
H—L+1 17
TS 303 | 0.486 | H-1-L 27
H-1-L+1 18
H—L 17
H—L+1 27
ITS 375 | 0.110 H-L 92

2 J. Org. Chem. 2006 ,71, 7858
b Chem. Ber. 1968, 101, 212

€ Org. Lett., 2015,17, 4164
d 3. Chem. Soc. Perkin Trans. 2000, 2, 2337

€ Asian J. Org. Chem. 2017, 6, 290
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Figure 4B.2: Calculated Absorption spectra of symmetrical molecules, T-TS.

1.0 4

— T
—— TN
— |TO
0.8 - —— TS
— TS
(]
2 0.6-
(4]
.e
(@]
3 0.4 -
2o
0.2-
0.0 T T T 1 1
100 200 300 400 500 600

Wavelength (nm)

Figure 4B.3: Calculated Absorption spectra of asymmetrical moleculesIT-1TS
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Asymmetric isomers are showing smaller HOMO-LUMO gap as compared to their
corresponding symmetric isomers, shown in figure 4B.9. For molecule T, HOMO and LUMO
energies are at -5.90eV and -1.27eV respectively and corresponding HOMO-LUMO gap is
4.63 eV, while in its asymmetric isomer, i.e. IT, is showing smaller HOMO-LUMO gap (4.02
eV). This decrease in HOMO-LUMO gap in case of IT is due to destabilization of HOMO (-
5.63 eV) and stabilization of LUMO (-1.61eV) levels, shown in figure 4B.9. Molecule TN is
showing a HOMO-LUMO gap of -4.36 eV which is 0.59 eV higher than its asymmetric isomer
ITN (-3.77 eV). In case of TO and ITO, the HOMO energies for both the isomers are
approximately same but LUMO level for ITO gets stabilized to the greater extent which results
in smaller HOMO-LUMO gap for isomer ITO (4.14 eV) compared to TO (4.66 eV). Molecule
TSi is having deepest HOMO level among all studied molecule with the energy of -6.29 eV,
while the LUMO level is at -1.90 eV and HOMO-LUMO energy gap is 4.39 eV. Like other
iso-derivative, ITSi is also showing smaller HOMO-LUMO gap (3.80 eV) as compared to
their corresponding isomer (TSi) with HOMO and LUMO energies of -5.86 eV and -2.05 eV
respectively. A similar trend is followed for isomers TS, and ITS, HOMO energy of TS and
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ITS are -5.89 eV and -5.81eV respectively, there is a destabilization of HOMO energy by an
amount 0.08 eV from TS to ITS. Also, stabilization of LUMO by 0.41eV, on moving from TS
to ITS, this destabilization of HOMO and stabilization of LUMO level lowers the HOMO-
LUMO energy gap of ITS (3.84 eV) as compared to TS (4.36 eV). The calculated HOMO,
LUMO energies with their HOMO-LUMO gap for all the studied molecules are tabulated in
table 4B.4. The reason for the smaller HOMO-LUMO gaps for asymmetrical isomers than its
corresponding symmetrical one is due to destabilization of HOMO and stabilization of LUMO
levels (shown in figure 4B.9). Within the symmetrical molecules, TS and TN are showing the
smallest HOMO-LUMO gap of 4.36 eV and 4.36 eV respectively while in asymmetric series,
ITN is showing the smallest HOMO-LUMO gap with 3.77 eV.

— HOMO
-1 4 - | UMO
-r — ——
-2 -
>
>34 ) 024.36 3.77 |
g | 463 466, 3 81"
Ll
5
—6— |

T

T IT TN ITN TO ITO TSi ITSi TS ITS
Molecules

Figure 4B.9: Energy levels of HOMO, LUMO and HOMO-LUMO gap for all the molecules
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Table 4B.4. HOMO, LUMO Energies and HOMO-LUMO Gap (HLG in eV)

Molecule | HOMO LUMO HLG
T -5.90 -1.27 4.63
IT -5.63 -1.61 4.02
TN -5.32 -0.96 4.36

ITN -5.18 -1.41 3.77
TO -6.00 -1.34 4.66
ITO -5.98 -1.84 4.14
TSi -6.29 -1.90 4.39
ITSi -5.86 -2.05 381
TS -5.89 -1.53 4.36
ITS -5.81 -1.97 3.84

4B.3.3. lonization Potential (IP) and Electron Affinity (EA), HEP and EEP

For the better performance of the optoelectronic device, there should be an efficient injection
of hole and electron into an organic molecule. The energy barrier for the injection of the holes
and electrons were evaluated by IP and EA. IP defined as the energy required by the system
when an electron is removed, and it must be sufficiently low for efficient hole injection into
the HOMO of the molecule. EA defined as the energy released when an electron is added to
the system. EA must be high enough to allow an efficient electron injection into LUMO of the
molecule. The lower the IP of the hole-transport layer (HTL), the easier will be the injection
of holes from ITO (Indium tin oxide) to HTL, higher the EA of the electron-transport layer
(ETL), and easier the injection of electrons from the cathode to ETL. Thus, calculation of IP,
EA, HEP, and EEP are done by above-given formulae for all the molecules, and calculated
results are shown in table 4B.5.ClemenceCorminboeuf et al. reported that the truxene and its
derivatives are promising dopant-free hole transporting materials and IP can be tuned with the
alteration of a heteroatom in the truxene core [18]. From table 4B.5, it is clear that the IP and
EA tuned with the alteration of heteroatom in the truxene core. Among symmetrical isomers
(T-TS), TN is having smallest adiabatic and vertical IP of 6.50 eV and 6.59 eV while in
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asymmetrical molecules ITN is showing smallest IP of 6.32 eV and 6.47 eV. Thus, it is easy
to create a hole in molecules TN and ITN than other molecules. Also, asymmetrical molecules
are always showing smaller IP (adiabatic or vertical) than their corresponding symmetrical
isomers which result it is easy to create a hole in the asymmetrical molecule. Within all the
studied molecules, TN (ITN) is also showing minimum HEP of 6.40 eV (6.18 eV) indicating
that the injection of the hole is easier in these molecules. EA is highest for with the hetero-
atom Silicon, i.e., TSi (ITSi) and its vertical and adiabatic values are 0.86 eV (1.02 eV) and
0.72 eV (0.88 eV) respectively, signifying that there is an efficient electron injection in the
HOMO level of this molecule as compared to others. Further, the energy required to extract
electron (EEP) is highest for molecule TSi (ITSi) is 1.01 eV (1. 15 eV), shown in table 4B.5.
Table 4B.5. Calculated ionization potentials (IP in eV), electron affinities (EA in eV), hole and

electron extraction potentials (HEP and EEP in eV) and hole and electron reorganization
energies (An,and Ae in meV) at B3LYP/6-311+ G (d, p) level of theory.

Molecule A Ae IPa 1Py EAa EA HEP EEP
T 182 200 | 7.08 7.17 0.14 0.04 6.99 0.24
IT 222 226 | 6.77 6.88 0.51 0.40 6.66 0.62

TN 186 144 | 6.50 6.59 -0.17 -0.24 | 6.40 -0.09
ITN 285 234 | 6.32 6.47 0.31 0.19 6.18 0.43
TO 220 187 | 7.19 7.30 0.19 0.10 7.08 0.29
ITO 305 213 | 1.17 7.38 0.70 0.59 7.07 0.81
TSi 244 289 | 7.39 7.51 0.86 0.72 1.27 1.01
ITSi 311 267 | 6.92 7.08 1.02 0.88 6.77 1.15
TS 147 180 | 7.06 7.14 0.42 0.33 6.99 0.51
ITS 167 231 | 6.99 7.07 0.89 0.77 6.90 1.00
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4B.3.4. Reorganization energy (A)

The reorganization energy (A) values are used to evaluated charge-transport rate and balance
between hole and electron injections. Reorganization energy (1) is a measure of change in
energy of the system upon relaxation of the molecular structure due to excess of positive and
negative charges. As stated in chapter 1, lower the A value the higher is the charge-transport
rate. Further smaller the difference between An and Ae, better the balance between hole transfer
and electron transfer. The calculated reorganization energies are tabulated in table 4B.5 using
B3LYP functional with 6-311+ G (d, p) basis set. Anup Thomas et al. reported that the
reorganization energies obtained by Cam-B3LYP and BHandHLYP are higher than B3LYP
predictions [48]. We also calculated the reorganization energies with different functional
(BHandHLYP, PBEO and CAM-B3LYP) to see the effect of functionals and found that the
reorganization energies with Cam-B3LYP and BHandHLYP are higher than B3LYP
predictions [48] (shown in figure 4B.10 and figure 4B.11). The hole reorganization energy (An)
calculated for all the molecules (except ITO and ITSi) are smaller than that of N,N'-diphenyl-
N,N'-bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine (TPD) which is typical hole transport
material Av=290 meV [49]. Further, hole (An) as well electron (Ae¢) reorganization energy of
symmetrical molecules (T-TSi) are smaller than asymmetrical series (IT-1TSi) suggesting that
the symmetrical isomers are better for the hole transporting material than asymmetrical
isomers. Among symmetrical isomers the order of Avalue TS<KT<TN<TO<TSIi, and molecule
TS is showing smallest Ay of 147meV thus, it behaves as the best hole transporting material
among all studied symmetrical isomers. An asymmetrical isomer also follows similar trend,
here the molecule ITS is showing the smallest An value of 167 meV. In both the cases either
symmetrical or asymmetrical, the presence of sulphur is the best (TS& ITS) for hole
transporting materials. Also, the calculated electron reorganization energies, Ae for all the
molecules (except TSi) is smaller than tris(8-hydroxyquinolinato) aluminium (I11) (Alg3)
which is considered as typical electron transport material Ae= 276 meV [50-51]. Order of Ae
values in case of symmetrical series is TN< TS< TO< T<TSi, which decides TN is better for
the electron transporting material than other truxeneanalogs. The increasing order of Aein
asymmetrical isomers are ITO<IT<ITS<ITN<ITSI, and shows IT is the better for electron

transport materials. Within all studied molecules, in most of the cases, the difference between
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the An and Ae energies are smaller than 40 meV which implies there is a good balance of hole

and electron transfer rate in molecules and can behave as ambipolar molecules.
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Figure 4B.10: Hole reorganization energies for all the molecules with B3LYP, BHandHLYP,
PBEO and CAM-B3LYP functionals
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Figure 4B.11:Electron reorganization energies for all the molecules with B3LYP,
BHandHLYP, PBEO and CAM-B3LYP functionals
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4B.4. Conclusion

Here in this chapter a theoretical study of a series of symmetrical and asymmetrical truxene
analogues has been carried out by means of DFT and TDDFT calculations. The absorption
maxima of asymmetrical isomers are always 50-70 nm red-shifted than their corresponding
symmetrical isomers. Among all studied molecules, calculated absorption maxima are highest
for ITS and ITN. It is also found that when we disturb the symmetry of molecule,
destabilization of HOMO and stabilization of LUMO take place which results in a decrease in
HOMO-LUMO gap in asymmetrical isomers. lonization potentials for asymmetrical isomers
are always smaller than their corresponding symmetrical isomers suggesting that it is easy to
create a hole in asymmetrical molecules. Higher electron affinity for ITSi, suggests it is easier
to inject electrons from cathode to ETL. The smaller hole and electron reorganization energies
as compared to standard molecules give better charge transport rate in the studied molecules.
Moreover, the difference between the hole and electron reorganization energies are smaller
(~40meV) and hence studied molecule can be used as an ambipolar charge transporting

materials.
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5A.1. Introduction

Recent developments in organic semiconductor materials has attracted much attention due to
their numerous applications in the field of Organic Solar Cells[1-2], Organic Photovoltaic Cells
(OPVs) [3-4], Organic light emitting diode (OLEDSs) [5-6], Organic field effect transistors
(OFETs) [7-9], etc. Further, due to their low cost, light weight, manufacturability and
possibility of producing flexible and large area devices made these organic semiconductor
materials to be the best alternative for inorganic semiconductors materials [10-11]. Organic
semiconductor materials with m-conjugated star shaped oligomers has been designed and
synthesized to tune desirable optical and electronic properties [12-14]. The studies on materials
with m-conjugated oligomers and polycyclic aromatic hydrocarbons shows that, acene based
molecules are with good optical and efficient charge transport properties, and these are suitable
for optoelectronic applications [15-16]. But these molecules are having some drawbacks like
low solubility and poor air stability owing to their high lying highest occupied molecular
orbital level and smaller highest occupied molecular orbital (HOMO) lowest unoccupied
molecular orbital (LUMO) gap (HOMO-LUMO gap) [17-19]. Takimiya and coworkers
introduce a heteroaromatic-benzene system to these acenes and shown that fairly improved air
stability with high field effect mobilities [20-21.] Neckers et.al. successfully synthesized
sulphur containing stable unsubstitued heptacene with a high degree of charge carrier mobility
when assemble with organic transistors [22]. In context to this, fused thiophenes are well
known due to their increased stability as compared to linearly linked structure together with

more efficient conjugation [8,23].

Thiophene based oligomers are suitable for organic semiconductors due to various inter and
intra molecular interactions such as Van der Waals interactions, weak H-bonding and n-7t
stacking are existing which are essential to achieve high charge carrier mobility. S...S (sulphur-
sulphur) interactions originating in thiophene ring could strongly affect the solid-state packing
and play an important role in achieving high carrier mobilities [24-28]. Liu et al. synthesized
substituted Anthratetrarthiophene (ATT) molecule (1a in scheme 5A.1), with the help of
Negishi-coupling between 1,4-dibromo-2,5-diiodobenzene and 5-alkyl-2-thienylzinc chloride,
followed by oxidative cyclization by FeClz [29]. They showed that, presence of a thiophene
ring at the periphery of anthracene increases stability of the molecule and also favor n-n

interactions in a facile manner. It is also reported that, these molecules have a tendency to self-
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associate through m-m stacking with high hole mobility (0.012cm?V1s) and air stability [29].
In continuation to the work reported by Liu et al., Perepichka and coworkers synthesized
another geometrical isomer of anthratetrathiophene (ATT) (molecule 1b which is similar to
1a, shown in scheme 5A.1); differ only in position of suphur atom [16]. Molecule 1b shows
higher thermodynamic stability and S...S interactions than 1a. Zang et al. reported a new seven-
ring-fused system dibenzothienotetrathiophene 2a (scheme 5A.1), which exhibit high thermal
and photo stability, strong solid state fluorescence makes them better molecule for application
in optoelectronics [30]. Molecule 2a is different from 1a (1b) only by central ring system, in
later case there is anthracene as central core while in the former central benzene ring of
anthracene is replaced by thiophene ring. Further Y-A Duan et al. reported the theoretical
studies on the hole transport properties of tetrathioenoarenes and shown that, chemical
modifications like changing the position of hetero atom, introducing different substituents and
n-conjugated cores are powerful molecular designing tools to optimize their optical and
electrochemical properties [31]. By changing the position of sulphur atom in chemical
structure, lead to significant change in optical and electrochemical properties of the molecule
[31]. From these reports and also motivated by the fact that only slightly modification in
organic molecule would lead to difference in optical and electrochemical properties. Here in
this work we report Anthratetrarthiophene (ATT) as basic skeleton and studied the effect of
change of the central benzene ring of anthracene with different heterocyclic rings (five and six
membered) and position of sulphur atom, on optical and hole/ electron transport properties.
Molecule 1a and 1b are with anthracene as central moiety and thiophenes are substituted at the
periphery of the benzene ring. To know the effect of heterocyclic ring on optical and hole/
electron transport properties, we considered molecules 2a (2b), 3a (3b), 4a (4b) and 5a (5b)
along with molecule 1a (1b). In which, the central benzene ring of anthracene (in 1a and 1b)

is replaced by thiophene (2), furan (3), pyrrole (4) and pyridine (5) (scheme5A.1).
5A.2. Computational Methodology

The ground state optimization of all the molecules has been performed using density functional
theory (DFT) and time dependent DFT method with B3LYP functional. These optimized
structures are without imaginary frequencies and hence are characterized as minima on the

potential energy surface. With optimized ground state geometry, absorption spectra of all the
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molecules are calculated using TD-DFT method. All the DFT calculations are performed with
6-311+ G (d, p) basis set by using the Gaussian 16 abinitio software (Frisch et al.) [32].

The calculation of hole (4n) and electron (4e) reorganization energies are done by using
equation 1.14 and 1.15 respectively (in chapter 1). Also the calculation of charge injection
parameters i.e ionization potential (IP) and electron affinity (EA) are done by using formulae
shown in equations 1.17 and 1.18 respectively. Further hole and electron extraction potentials
i.e. HEP and EEP are calculated by formulae shown in equations 1.19 and 1.20 respectively.

Scheme 5A.1. Structure of ATT- based molecules consider for study
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5A.3. Results and Discussions
5A.3.1. Optical properties

The experimentally reported absorption maxima for compound 1a (with the substituted hexyl
group at thiophene ring) is 431nm with very low intensity but the intense peak was reported at
336 nm [29]. A similar result was also reported by Perepichka, for compound 1a and 1b with
the maxima absorption band at 418 nm and 379 nm respectively [16]. When we compare the
absorption energies of the molecules 1a and 1b, later one is showing around 40 nm blue shifted
absorption due to change in the position of sulphur atom at the periphery of the benzene ring.
Experimentally determined electronic excitations for molecule 2a were reported at 364, 357
and 314 nm. 2a is showing around 50 nm blue shifted absorption than 1a due to the replacement

of central benzene ring (1a) of anthracene with thiophene (2a).

Further, to have a better understanding of absorption spectra in these molecules, the lowest
electronic excitations of all the molecules have been calculated using TD-DFT methodology
at B3LYP/6-311+ G (d, p) level. The calculated lowest three electronic excitations, oscillator
strength and corresponding major orbital transitions are summarized in table 5A.1. All the
calculations are performed in gas phase and solvent phase (hexane, tetrahydrofuran,
dichloromethane and chloroform). Since recent studies on the optoelectronic properties of
thieno[3,4-]pyrazine analogues benzosiloles show that, effect of solvent medium on absorption
maxima is within 10 nm and also the orbital transitions corresponding to dominant absorption
bands are similar in all medium. [33-34] A similar trend is observed with TDDFT calculations,
showing there is hardly any effect of solvent on absorption energies, so our further discussion
is based on gas phase calculations only (calculated absorption energies in various solvents are
shown in table 5A.2)

From TDDFT calculations, the lowest electronic excitation for molecule 1a is at 414 nm with
low oscillator strength (0.004, shown in table 5A.1). The major transition for this excitation is
from HOMO to LUMO. A second excitation is at 400 nm with 0.07 oscillator strength having
transition from HOMO-1 to LUMO. Third excitation was also observed as intense peak at 328
nm which arises due to HOMO to LUMO+1 transition (shown in figure 5A.1). For molecule
1b, calculated absorption energies are at 400 nm and 355 nm with oscillator strength 0.107 and
0.129 respectively. Absorption at 400 nm is due to excitation from HOMO to LUMO and 355
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nm is due to HOMO-1 to LUMO. Similarly, calculated absorption energies for molecule 2a
are at 364, 357 and 314 nm. Absorption maxima at 364 nm excitation is due to transition
between HOMO to LUMO, other weaker transitions 357 and 314 nm are arising from HOMO-
1 to LUMO and HOMO-2 to LUMO respectively (shown is figure 5A.1). A blue shift (~50
nm) was observed in molecule 2a when compared with 1a; due to changes in the central
benzene ring of anthracene (central benzene ring of anthracene was replaced by thiophene in
1a). These calculated absorption energies for la, 1b and 2a are in good agreement with the
experimental values. Further, we extended this study for other molecules 3a-5a and 2b-5b.
When we change the position of sulphur atom (at the periphery, 2b) in 2a, shows 14 nm blue
shifted absorption (i. e., molecule 2b) and its two excitation energies are almost degenerate
and are showing absorption peaks at 352 and 350 nm, the major transitions are from HOMO-
1 to LUMO and HOMO to LUMO respectively (lowest three electronic excitation with their
molecular orbital pictures for molecule 1b and 2b are shown in figure 5A.2). In case of
molecules 3a and 3b, the central benzene ring of anthracene (in molecule 1) is replaced by five
membered furan ring. These two molecules are shown approximately same absorption maxima
at ~354 nm and the major transitions are from HOMO to LUMO (shown in figure 5A.3). A
similar trend was observed for 4a and 4b (shown in figure 5A.4, in these molecules central
benzene ring of molecule 1 is replaced by pyrrole ring). The lowest electronic excitations for
these two isomers are also degenerate and showing absorption at 358 nm. Thus there is no
effect of change in position of sulphur atom (at periphery) on absorption maxima in case of
molecule 3a & 3b and 4a & 4b. In case of 5a and 5b, when a central benzene ring of anthracene
in ATT is replaced by six membered pyridine ring, the absorption maxima has almost same as
that of molecule 1a but it is with intense absorption peak. The absorption maxima for molecule
5a and 5b are at 419 nm and 408 nm respectively shown in table 5A.1. Isomer 5b show 10 nm
blue shifted absorption compared to 5a due to change in position of sulphur atom at the
periphery. In both the isomers major transitions take place from HOMO to LUMO levels.
Beside this 5a and 5b both are also showing absorption bands at 413 nm and 363 nm
respectively due to transitions from HOMO-1 to LUMO with considerable oscillator strength
(lowest three electronic excitations with molecular orbital pictures of 5a and 5b are shown in
figure 5A.5). It is clear from the table 5A.1, by changing central benzene ring of anthracene in

ATT with 5-membered heterocyclic ring shows blue shifted absorption (approx. 40nm) while
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with 6-membered ring shows not much effect on absorption properties. Normalized absorption
spectra for isomer ‘a’ and ‘b’ of all molecules are shown in figure 5A.6 and 5A.7 respectively.
Table 5A.1: Computed lowest three electronic excitations (Amax IN NM), experimental

absorption (Amax=*® in nm), Oscillator strength (f), Major Transitions (MT) and % weight (%
Ci) at TD-B3LYP/6-311+G (d, p) method.

Molecules Amax™® Amax f MT %Ci

la 43123, 418° 414 0.004 H—L 96
400 0.070 H-1-L 76

336° 328 1.202 H—L+1 75

1b 379° 400 0.107 H-L 97
355 0.129 H-1-L 74

311 0.005 H—L+3 77

2a 377°¢, 356°¢, 364 0.346 H—-L 96
305¢ 357 0.031 H-1-L 81

314 0.005 H-2—L 69

2b 352 0.033 H-1-L 80
350 0.234 H-L 94

321 0.030 H-1—-L+1 43

3a 354 0.420 H—L 96
337 0.003 H-1-L 65

308 0.004 H—oL+2 61

3b 353 0.338 H—L 96
338 0.021 H-1-L 61

314 0.233 H—L+1 59

4a 358 0.352 H—L 94
355 0.016 H-1-L 82

306 0.292 H—L+1 79

4h 359 0.261 H—L 95
358 0.046 H-1-L 84

326 0.144 H—L+1 81

5a 419 0.006 H—L 96
413 0.209 H-1-L 88

318 0.001 H-3—L 69

5b 408 0.090 H—L 97
363 0.233 H-1-L 84

361 0.056 H-2—L 92

20rg. Lett. 2007, 9, 4187
b Chem. Mater. 2008, 20, 2484
¢Tetrahedron Lett. 2012, 68, 1192
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Table 5A.2. Absorption maxima (Amax In NM) in different solvents calculated at TD-B3LYP-
PCM/6-311+ G (d, p) method

1a

Molecule | Gas phase | Hexane THF DCM Chloroform
la 414 417 417 417 417
1b 400 404 404 404 405
2a 364 369 370 370 370
2b 352 353 352 352 353
3a 354 361 361 362 362
3b 353 356 355 356 356
4a 358 362 361 361 362
4b 359 369 371 371 370
5a 419 421 422 422 422
5b 408 412 413 413 413
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Figure 5A.1: Electronic transitions with their molecular orbitals for molecule 1a and 2a
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5A.3.2. Frontier Molecular Orbitals (FMOs)

The HOMO and LUMO energies of molecule 1a is -5.60 eV and -2.16 eV respectively, and
corresponding HOMO-LUMO gap is 3.44 eV (table 5A.3). On changing central benzene ring
with thiophene ring, i.e. molecule 2a, there is no change in HOMO level (-5.62 eV) but LUMO
was (-1.83 eV) destabilized by 0.25 eV as compared to 1a. Similar is the case for molecule 3a
and 4a, in these molecules (3a and 4a) LUMO energies are destabilized around 0.40 eV. While,
in the case of 5a, both HOMO and LUMO levels get stabilized around 0.25eV (HOMO and
LUMO energies are -5.86 eV and -2.40 eV respectively) (shown in figure 5A.8). When we
change the position of sulphur atom at the periphery, (i.e. isomer 'b") HOMO energies of 2b,
3b and 4b (in these, central benzene ring of anthracene in ATT is replaced by five-membered
heterocyles) are getting stabilized by ~0.15 eV to their corresponding isomers a(shown in
figure 5A.9). While in case of 1b and 5b (central ring of ATT is with six membered ring)
HOMO energies are destabilized by 0.10 eV as compared to their a-isomers. In case of b-
isomers, there is small increase in HOMO-LUMO gap was observed when compared with their
corresponding a-isomers. HOMO, LUMO and HOMO-LUMO gap energies are tabulated in
table 5A.3.

—_— HOMO
154 — LUMO
I ‘
2.0 l
/>\ I
2251 385 3.85
5 L 3.79 . L
e 1 344
L
-5.0
3.46
5.5 '
-6.0 T T T T I
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Molecules

Figure 5A.8: HOMO, LUMO energy levels and HOMO-LUMO energy gap for 'a’ isomers
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Figure 5A.9: HOMO, LUMO energy levels and HOMO-LUMO energy gap for 'b’ isomers

Table 5A.3. Calculated energies of HOMO, LUMO and HOMO-LUMO gap (in eV) for all

the molecules.

Molecule | HOMO | LUMO H-L gap
la -5.60 -2.16 3.44
1b -5.51 -2.00 3.51
2a -5.62 -1.83 3.79
2b -5.77 -1.76 4.01
3a -5.55 -1.70 3.85
3b -5.71 -1.76 3.95
4a -5.41 -1.56 3.85
4b -5.54 -1.64 3.90
5a -5.86 -2.40 3.46
5b -5.74 -2.25 3.49

195



CHAPTER 54...

5A.3.3. lonization Potential (IP), Electron Affinity (EA), HEP and EEP

For better performances of optoelectronic devices, there should be efficient injecting of hole
and electron into an organic molecule. Molecular ionization potential (IP) and Electron affinity
(EA) are important factors for charge injection. IP is defined as the energy needed by the
system when an electron is removed, IP must be low enough for an efficient hole injection into
HOMO of the molecule. Electron affinity (EA) is defined as the energy releases when an
electron is added to the system. EA must be enough high to allow an efficient electron injection
into LUMO of the molecule. Thus we calculated IP, EA, HEP (hole extraction potential) and
EEP (electron extraction potential) according to the above given formulae for all the molecules
and are tabulated in table 5A.4. As seen from the table 5A.4, molecule 4a (4b) has lowest
ionization potentials 6.67 eV (6.80 eV) and 6.59 eV (6.67 eV) for vertical and adiabatic
excitations respectively, resulting it is easy to create holes in these molecules compare to
others. Along with observed ionization potentials for molecule 4a (4b), it also shows minimum
hole extraction potentials (HEP) 6.50 eV (6.61 eV) among all studied molecules. This
indicates, injection of the hole is easier in case molecules 4a (4b). Electron affinity (EA) is
highest for 5a (5b) molecule and its vertical and adiabatic values are 1.17 eV (1.02 eV) and
1.25 eV (1.12 eV) respectively, suggesting that there is an efficient electron injection in the
HOMO level of this molecule as compared to others. Further the energy required to extract
electron (EEP) for molecule 5a (5b) is 1.32 eV and 1.21 eV respectively (table 5A.4). Among
all studied molecules, EEP is maximum for molecule 5a (5b) and next highest EEP is for
molecule 1a (1b), shown in table 5A.4. From these results one can predict that by changing
the central ring of anthracene in ATT molecule or by changing position of sulphur atom in
thiophene at the periphery of ATT molecule, a significant change in the electron accepting,

donating and transporting properties.
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Table 5A.4: Calculated lonization Potentials (IP in eV), Electron Affinities (EA in eV), Hole
Extraction potentials (HEP in eV), Electron Extraction potentials (EEP in eV) and
reorganization energies (Anand Ae in meV) at B3LYP/6311+ G (d, p) level of theory.

Molecule IPy IPa EAV EAa HEP EEP An Ae
la 6.83 6.77 0.94 1.01 6.70 1.08 124 134
1b 6.73 6.66 0.80 0.89 6.60 0.98 132 175
2a 6.87 6.77 0.61 0.73 6.65 0.84 217 238
2b 7.09 6.92 0.56 0.65 6.81 0.74 279 177
3a 6.82 6.72 0.45 0.57 6.63 0.69 183 234
3b 6.99 6.89 0.56 0.64 6.79 0.72 197 164
4a 6.67 6.59 0.33 0.44 6.50 0.57 173 239
4b 6.80 6.71 0.44 0.52 6.61 0.60 197 159
5a 7.09 7.02 1.17 1.25 6.95 1.32 134 149
5b 6.96 7.34 1.02 1.12 7.28 1.21 318 181

5A.3.4. Reorganization energy (A)

For efficient charge transfer in a molecule, the reorganization energy must be small. The
calculated reorganization energies for all the molecules are summarized in table 5A.4. The
reorganization energies calculated for hole A, for all molecules (except 5b) are smaller than
that of N,N'-diphenyl- N,N'-bis(3-methylphenyl)-(1,1'-biphenyl)-4,4'-diamine (TPD) which is
typical hole transport material A\v=290 meV [35]. Thus the hole transfer rates for all the studied
molecule are higher than that of TPD. Also the reorganization energies calculated for electron
e for all the molecules are smaller than tris(8-hydroxyquinolinato)aluminum(lil) (Alg3) which
is considered as typical electron transport material Ae= 276 meV [36-37]. Within two isomers
(a and b), in all the cases 'a' isomer is having lower An value than corresponding Ae values,
suggesting carrier mobility of the hole is larger than that of electron in these molecules (table
5A.4). The graphical representation of hole and electron reorganization energies for ‘a’

isomers are shown in figure 5A.10. While the reverse is true for b-isomers (except 1b),
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molecules 2Db, 3b, 4b and 5b are having A values are smaller than those of Ax value, suggesting
carrier mobility of electron is larger than that of hole in these molecules. The graphical
representation of hole and electron reorganization energies for ‘b’ isomers are shown in figure
5A.11. Hence, due to smaller reorganization energies, these can be used as electron transport
materials in OLEDs. In addition to this, difference between Anand Ae in most of the molecules
are in the range of 15-50 meV, implying these isomers has better equilibrium properties of hole
and electron transport properties and may be useful candidates as ambipolar charge transport

materials.
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Figure 5A.10: Graphical representations of hole and electron reorganization energies of ‘a’
isomers
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Figure 5A.11: Graphical representations of hole and electron reorganization energies of ‘b’
isomers
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5A.4. Conclusion

In this chapter we have performed DFT and TDDFT calculations on ATT based molecules.
All the molecules have been optimized at B3LYP/6-311+G (d, p) level of theories and the
calculated absorption energies are in good agreement with the experimental results. With
change in the position of sulphur atom and by introducing a different heterocyclic ring system
in place of the central benzene ring of anthracene in ATT molecule shows variation in optical
properties and reorganization energies. As we replace the central benzene ring of anthracene
in ATT, with different 5-membered heterocycles, there is almost 50 nm blue shift was observed
in each case while with 6-memeberd heterocycles no considerable effect was observed. These
ATT molecules can be used as electron transport material in OLEDs due to smaller
reorganization energies. It is also shown that, there is an improvement in charge transfer
properties in these molecules with slight modification in ATT (the change in the central
benzene ring of anthracene with different heterocycles). By changing the position of sulphur
atom (at the periphery), increases the HOMO-LUMO gap. Further, hole reorganization
energies of all the *a" isomers (sulphur facing inward) are smaller than corresponding ‘b’
isomer (sulphur exposing outside) suggesting these are better for hole transport materials. This
study will be helpful for future design and preparation of high-performance charge transport

materials.
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5B.1. Introduction

In the past two decades, researchers have found innumerable applications of organic
compounds in the field of materials chemistry. These organic compounds are utilized in many
semiconducting devices such as organic solar cells [1-2], organic field effect transistors
(OFETS) [3-5], organic light emitting diodes (OLEDSs) [6-7], organic photovoltaic cells (OPVs)
[8-9], etc. The main advantage of organic materials is the economy and ease of manufacture
making them a desirable replacement for inorganic semiconductor materials [10-11]. It has
been shown that organic semiconductors containing m-conjugated oligomers or polycyclic
aromatic hydrocarbons can be designed and manufactured to tune required optical and
electronic properties [12-14]. Fused conjugated oligomers, in particular, have been found to be
fascinating organic materials that have been used in a variety of semiconducting materials.
These include linear acenes and oligothiophenes, which are the two a large number of studied
classes of organic semiconducting materials [15-16]. To a large extent, charge carrier mobility
depends upon conjugation in a molecule; the greater the conjugation implies a higher charge
carrier mobility in the molecule. The hole mobility (un) of tetracene and pentacene (0.12 and
3.0 cm?V1s? respectively) are one of the best examples reported in the literature [17]. In the

case of anthracene, no such recognizable hole mobility has been observed.

Currently, pentacene is considered as the best active p-type materials with high hole mobility
[15]. Also, in fused thiophene oligomers there is more effective conjugation and higher
stability compared to linearly linked acenes [18]. Further, the increase in conjugation in
thienothiophenes results in the decrease in the stability of molecules because of significantly
raised highest occupied molecular orbital (HOMO) in these molecules [18]. Due to several
molecular interactions (inter or intra), such as Van der Waal interactions, hydrogen bonding
and m-m stacking makes the oligomer is suitable for an organic semiconductor. Further,
presence of sulphur-sulphur (S...S) interactions strongly affect the solid state packing of
species concerned and plays a vital role in attaining high carrier mobility and also determines
the transport network [19-23]. In order to make anthracene molecule suitable for organic
materials, anthratetrathiophene (ATT) molecule has been synthesized by Liu et.al. The reaction
performed encompassed with the Negishi-coupling followed by oxidative cyclization

(structure A in scheme 5B.1) [24]. Four thiophene rings present at the perimeter of three fused
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benzene rings (anthracene) gave stability to the molecule and efficient m-m interactions.
Further, molecule Ahas anaffinity to self-associate through n-m stacking whichinturn gives
stability and high hole mobility (0.012cm?V-1s™) to the molecule. Later, Perepichka group [16]
identified and synthesized one more isomer of ATT, differing only in the place of the sulphur
atom at the outside edge. In the former case, the sulphur atom is facing inward whereas the
latter synthesized by Perepichka group, thesulphur atom is facing outward (structure B in
scheme 5B.1) [16]. They reported that on altering the position of sulphur atom at the perimeter
leads to prominent transformation in electrochemical as well as optical properties of the
molecule. The resulting isomer B showed an improved thermal stability and better S...S
interactions concerning corresponding A isomer. Further, Zhang et al. [25] synthesized
dibenzothienotetrathiophene (structure C in scheme 5B.1), a novel seven-ring-fused system
whichdiffers from isomer A (or B) only by their central structure (the central six-membered
anthracene ring of isomer A substituted with five-membered thiophenering as shown in
molecule C). Also, molecule C displays remarkable thermal and photo-stability and shows
strong fluorescence in solid-state which makes it applicable in optoelectronics [25]. Taking all
these factors into account and also considering the effect of slight alterations in the structure
of the organic molecule, a noteworthy enhancement in the electrochemical and optical
properties was observed. In chapter 5A.1, we studied the effect of altering the place of sulphur
atom on the outside edge of anthracene and substituting heterocyclic rings in the position of
central benzene. The results obtained showed that by altering the place of S-atom at the
perimeter of anthracene there is a change in charge transport properties. Now, we wish to
extend our study further to analyze the effect of other heteroatoms (S and N) on charge

transport and optical properties of ATT.

Scheme 5B.1: Structures of Anthratetrarthiophene (ATT) molecules (A & B) and
dibenzothienotetrathiophene (C)
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Here in this chapter, we have considered ten anthratetrathiazole (ATTz) molecules (scheme
5B.2) based on alterations in the position of S and N at the periphery and with substitutions in
middle benzene of anthracene with various five or six-membered heterocyclic rings. As
depicted in scheme 5B.2, the central moiety in compounds 1a’ and 1b’ is anthracene, and
thiazole rings fused with the benzene ring. For other molecules, out of three fused benzene
rings the central benzene ring is substituted by thiophene in 2a’(2b’), furan in 3a’(3b’), pyrrole
in 4a’(4b’) and pyridine 5a’(5b").

/S S\ /=N N=\
N N S S
\_s s—7 \=N N=/
1a' 1b'

VA ST\ /=N N=\
N N S S
N A
PO ®
N N N S N S
g s/ \=N N=/
5a’ 5p'

Scheme 5B.2: Structure of ATTz- based molecules consider for study
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5B.2. Methodology

Geometry optimizations of ATTz-based molecules are performed by utilizing density
functional theory (DFT) with B3LYP functional. The optimized structures of each molecule
are without imaginary frequencies and hence were situated at the lowest position of the
potential energy surface. Further, the electronic excitations for the molecules 1a’-5a’ and their
isomers 1b'-5b’" were calculated by using TD-DFT method with B3LYP functional. The DFT
and TD-DFT calculations were executed using 6-311+ G (d, p) basis set in Gaussian 09W
program (Frisch et al.) [26]. We also considered the effect of solvent on all the molecules by
using IEFPCM method using the same calculative methods [27].

The calculation of hole (An) and electron (4.) reorganization energies for molecules la’-5a’
and their geometrical isomers i.e. 1b’-5b’ are evaluated using equation 1.14 and 1.15
respectively (in chapter 1). Also the calculation of charge injection parameters i.e. ionization
potential (IP) and electron affinity (EA) are done by using formulae shown in equations 1.17
and 1.18 respectively. Further hole and electron extraction potentials i.e. HEP and EEP are

calculated by formulae shown in equations 1.19 and 1.20 respectively.
5B.3. Results and Discussions
5B.3.1. Electronic Excitations

The experimental excitation energies for compound A and B (scheme 5B.1) were observed at
418 nm and 379 nm respectively [16]. There is an almost 40 nm blue shift on changing the
place of sulphur atom at the perimeter of benzene. Also, reported absorption maxima for
molecule C (scheme 5B.1) are at 364, 357 and 314 nm [25]. For further analysis in these
molecules (A, B and C), the lowest electronic excitations computed with various functional
[28-30] (B3LYP, CAM-B3LYP, WB97XD, PBEO, M06, and BHandHLYP) and 6-311+G (d,
p) basis set derived from B3LYP/6-311+G (d, p) optimized geometries. B3LYP is a hybrid
global gradient approximate (GGA) functional with fixed 25% Hartree-Fock (HF) exchange
[31-32]. The range separated functional, CAM-B3LYP is with 19% HF exchange and 81%
Becke exchange interaction at short range while 65% HF and 35% Becke at the long range

[33]. However, there is 100% HF exchange at long range and 19% HF exchange at short range
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in WB97XD [34]. PBEO functional uses 25% exact exchange and 75% DFT exchange [35].
MOG6 is a hybrid meta GGA functional having 27% HF exchange [36]. BHandHLYP comprises
50% HF exchange derives from Becke half and half exchange with LYP functional [37]. The
absorption energies calculated using various functional tabulated in table 5B.1. Three
functionals namely B3LYP, M06, and PBEOQ exhibited approximately similar Amax and are
comparable with the experimentally obtained absorption energies. Electronic excitations for
compounds A, B, and C are also calculated in different solvents (hexane, tetrahydrofuran,
chloroform, dichloromethane, methanol, and dimethylsulfoxide) to show that there is no effect
of solvents on absorption maxima (shown in table 5B.2). Also, lowest three electronic
excitations for molecules A, B and C calculated at B3LYP/6-311+G (d, p) level of theory are
tabulated in table 5B.3 Further our discussion for electronic excitations is based on calculations
at TD-B3LYP/6-311+G (d, p) level.

Table 5B.1: Calculated absorption energies (Amaxin NM) and oscillator strength (f) with different
functional for molecules A, B and C.

B3LYP CAM-

B3LYP

Molecule WB97XD PBE MO6 BHHLYP

(expt.

xmax ) xmax f }hmax f Kmax f 7\amax f xmax f )\max f

414 | 0.004 | 363 | 0.003 | 355 | 0.003 | 400 | 0.004 | 409 | 0.003 | 368

A (418)?

0.002

B (379)°

400 | 0.107

351

0.176

344 | 0.188

386 | 0.118

395 | 0.115

356 | 0.176

C (377)°

364 | 0.346

327

0.377

321 | 0.375

352 | 0.363

362 | 0.322

327 | 0.379

20rg.

Lett. 2007, 9, 4187

b Chem. Mater. 2008, 20, 2484
¢ Tetrahedron Lett. 2012, 68, 1192

Table 5B.2: Calculated absorption energies (Amax in NM) in gas phase and different solvents at

TD-B3LYP/6311 + G (d, p) method in gas phase.

Molecule Gas Hexane THF | Chloroform | DCM | Methanol | DMSO
Phase
A 414 417 417 417 417 417 417
400 404 404 405 404 404 405
C 364 369 370 370 370 369 370
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Table 5B.3: Calculated Absorption energies (Amaxin nm), Oscillator strength (f),
Configurations and % weight (% Ci) at TD-B3LYP/6-311+G (d, p) method for molecules A,
B and C.

Molecule | Amax=Perimental hmax f Configuration %Ci

A 4182 414 0.004 H—L 96
400 0.070 H-1-L 76

336° 328 1.202 H—L+1 75

B 379° 400 0.107 H-L 97
355 0.129 H-1—L 74

311 0.005 H—L+3 77

C 377¢, 356°, 364 0.346 H—L 96
305¢ 357 0.031 H-1-L 81

314 0.005 H-2—L 69

20rg. Lett. 2007, 9, 4187
b Chem. Mater. 2008, 20, 2484
¢ Tetrahedron Lett. 2012, 68, 1192

The premeditated absorption results obtained at TD-B3LYP/6-311+G (d, p) level
demonstrated in table 5B.3. The outcome of these studies points out that, on altering the central
ring of anthracene in ATT (molecule A) with thiophene (molecule C), ablue-shift of 50 nm is
observed. Since TD-B3LYP/6-311+G (d, p) level calculations reproduced considerable results
for compounds A, B, and C, we further calculated absorption energies for all the other
compounds (scheme 5B.2) which are tabulated in table 5B.4 (for a’ isomers) and table 5B.5
(for b’ isomers). From TD-DFT calculations, 1a’ is showing absorption at 415 nm with smaller
oscillator strength (0.011). This absorption is due to HOMO—-LUMO transition. The intense
band was observed at 319 nm which is due to HOMO->LUMO-+1 transition. On altering the
position of sulphur and nitrogen atom at the outside edge in molecule 1a’ (i. e., molecule 1b’),
10 nm blue shift was observed. The lowest three absorption peaks for molecule 1b’ are at 405
nm, 347 nm and 304 nm due to HOMO->LUMO, HOMO-1->LUMO, andHOMO-LUMO+3
respectively. Molecule 2a’ differs from 1a’ only in the middle ring structure, but the absorption
maximum of 2a’ is 50 nm blue-shifted as compared to absorption of 1a’. Calculated absorption
energies of 2a’ are at 351 nm, 343 nm and 308 nm which arises due to transitions between
HOMO-1-LUMO, HOMO-LUMO, and HOMO-1->LUMO+1 respectively. In figure 5B.1

major lowest three electronic excitations with molecular orbital pictures for molecule 1a’ and

209



CHAPTER 5B...

2a’. On interchanging the position of S-atom and N-atom in molecule 2a’, (i.e., molecule 2b’)
it shows absorption at 356 nm and 343 nm. Major transitions associated with these absorption
energies are HOMO->LUMO and HOMO-1-> LUMO. In figure 5B.2 major lowest three

electronic excitations with molecular orbital pictures for molecule 1b’ and 2b’ are shown.

A
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Figure 5B.1: Major electronic excitations with molecular orbital pictures of 1a’ and 2a’.
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Figure 5B.2: Major electronic excitations with molecular orbital pictures of 1b" and 2b'.

Further blue shift of approximately 80 nm was observed when the middle benzene of
anthracene replaced by furan (molecule 3a’ and 3b’). In compound 3a’, when sulphur atoms at
the periphery are protruding inwards, the absorption maxima is observed at 335 nm while in
case of 3b’ where sulphur atoms protruding outwards, molecule show 10 nm red shift and its
absorption is at 346 nm (major excitations with molecular orbital pictures for 3a’ and 3b’ are
shown in figure 5B.3). Similar to the molecule 3a’ and 3b’; 4a’ is showing absorption at 351
nm while its isomer 4b’ is showing absorption at 362 nm (major excitations with molecular
orbital pictures for 4a’ and 4b' are shown in figure 5B.4). For the molecule 5a’ and 5b’, middle
benzene of anthracene is replaced by heterocyclic ring pyridine which results in the same
absorption as that of molecule 1a’. For molecule 5a’ the absorption maximum was observed at
420 nm, and major excitations are from HOMO-> LUMO. When the position of S and N was
interchanged at the periphery (i.e., molecule 5b’), there is almost 30 nm blue shift, and its
absorption maximum is at 385 nm wherein the major transition is from HOMO-> LUMO

(major excitations with molecular orbital pictures for 5a’ and 3b’ are shown in figure 5B.5).
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Thus, it is evident as of table 5B.4 and 5B.5 that by varying the middle benzene of fused
tetrathiazoles with the five-membered heterocyclic ring, blue shifted absorption (approx ~50
nm) occurs while with the six-membered ring the absorption properties remain unaffected. The
interchanging of the position of S and N at periphery shows 10-15 nm blue/red shifted
absorption. Premeditated absorption energies for isomer ‘la’-5a’”” and ‘1b’-5b” shown in
figure 5B.6 and 5B.7 respectively. The lowest electronic excitations for the compounds 1a’-
5a’ and their isomers 1b’-5b’ also calculated by using various functionals, and the results are
depicted in table 5B.6.

<@ ™M =ZmMm
@
®
.
¢
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Figure 5B.3: Major electronic excitations with molecular orbital pictures of 3a’ and 3b’
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Figure 5B.4: Major electronic excitations with molecular orbital pictures of 4a’ and 4b’
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Figure 5B.5: Major electronic excitations with molecular orbital pictures of 5a’ and 5b’
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Table 5B.4: Calculated Absorption energies (Amaxin nm), Oscillator strength (f),
Configurations and % weight (% C;) at TD-B3LYP/6-311+G (d, p) method for molecules 1a’

to 5a’

Molecule | State Amax f configuration %Ci

la’ S1 415 0.011 H—L 97
S2 380 0.001 H-1-L 51

H—L+1 47

S3 319 1.290 H—L+1 51

2a’ S1 351 0.041 H-1-L 85
S2 343 0.336 H—L 94

S3 308 0.021 H-1-L+1 51

H—L+2 32

3a’ S1 335 0.417 H—L 95
S2 330 0.007 H-1-L 70

S3 301 0.004 H-2—L 40

H—L+2 53

4a’ S1 351 0.024 H-1-L 84
S2 340 0.300 H—L 89

S3 303 0.363 H-1-L+1 73

5a’ S1 420 0.012 H—L 97
S2 383 0.085 H-1-L 74

S3 316 1.152 H—L+1 73

Table 5B.5: Calculated Absorption energies (Amaxin nm), Oscillator strength (f),
Configurations and % weight (% C;) at TD-B3LYP/6-311+G (d, p) method for molecules 1b’

to 5b’

Molecule | State | Amax f configuration | %Ci

1b’ S1 405 0.093 H—-L 98
S2 347 0.061 H-1-L 69

S3 304 0.014 H—L+3 93

2b’ S1 356 0.036 H—-L 89
S2 343 0.165 H-1-L 91

S3 328 0.123 H—L+1 88

3b’ S1 346 0.284 H—-L 96
S2 335 0.007 H-1-L 54

H—L+1 42

S3 312 0.184 H-1-L 42

H—L+1 53

4b’ S1 362 0.045 H—L 88
S2 353 0.194 H-1-L 93

S3 333 0.178 H—L+1 93

S1 385 0.078 H—L 96
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5b’

S2 356 0.271 H-1-L 85
S3 323 0.001 H-2—L 50
HoL+1 47

Table 5B.6: Computed absorption (Amaxin nm) and Oscillator strength (f), with different
functionals at TD-B3LYP/6-311+G (d, p) optimized geometries.

Molecule BHHLYP MO6 PBEO CAM-B3LYP WB97XD

Amax f Amax f Amax f Amax f Amax f
la’ 367 | 0.013 | 410 | 0.010 | 401 | 0.012 | 362 | 0.014 | 355 | 0.015
b’ 357 | 0.154 | 398 | 0.103 | 390 | 0.103 | 352 | 0.153 | 345 | 0.162
2a’ 309 | 0.374 | 345 | 0.040 | 339 | 0.044 | 311 | 0.051 | 308 | 0.051
2b’ 304 | 0.065 | 349 | 0.043 | 342 | 0.041 | 311 | 0.049 | 307 | 0.049
3a’ 303 | 0462 | 334 | 0.400 | 325 | 0.439 | 303 | 0.446 | 299 | 0.438
3b’ 301 | 0.391 | 340 | 0.291 | 333 | 0.317 | 304 | 0.404 | 299 | 0.413
4a’ 307 | 0365 | 342 | 0.021 | 339 | 0.026 | 309 | 0.029 | 306 | 1.029
4b’ 311 | 0.082 | 352 | 0.047 | 348 | 0050 | 316 | 0.062 | 312 | 0.062
5a’ 366 | 0.013 | 412 | 0.011 | 405 | 0.013 | 362 | 0.014 | 355 | 0.015
5b’ 341 | 0133 | 378 | 0.084 | 372 | 0.086 | 338 | 0.131 | 332 | 0.139
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Figure 5B.6: Normalized absorption spectra of ‘a’’ series isomers
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Figure 5B.7: Normalized absorption spectra of ‘b’ series isomers
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5B.3.2. Frontier Molecular Orbitals (FMOs)

The HOMO and LUMO energies of molecule 1a’ are -6.08 eV and -2.65 eV respectively,
resulting in a HOMO-LUMO gap of 3.43 eV (table 5B.7). On varying the central benzene of
fused tetrathiazoles with different five-membered heterocyclic rings, there is a stabilization of
HOMO and destabilization of LUMO levels and the results obtained showed that there is an
enhancement in the HOMO-LUMO gap (shown in figure 5B.8). In case of 2a’, where the
central ring is thiophene, HOMO level stabilized by 0.26 eV (-6.34 eV), and LUMO level gets
destabilized by 0.31 eV (-2.34 eV) as compared to molecule 1a’ which increases the HOMO-
LUMO gap (4.00 eV). Similarly, in case of 3a’ and 4a’, HOMO levels are at -6.29 eV and -
6.13 eV and LUMO levels are at -2.23 eV and -2.11 eV respectively, and their resultant
HOMO-LUMO gap is 4.06 eV and 4.04 eV respectively. Molecule 5a’, where the central ring
is a six-membered heterocycle (pyridine) there is stabilization of HOMO and LUMO levels,
and its resulting HOMO-LUMO gap is 3.44eV. The isomers i.e. b’ series molecules are also
following a similar trend; molecule 1b’" and 5b’ show smaller HOMO-LUMO gap as compared
to other molecules (shown in figure 5B.9). This decrease in the HOMO-LUMO gap in case of
la’ and 5a’ are due to the six-membered central ring while in other molecules 2a’, 3a’ and 4a’
the central six-membered ring is replaced by a five-membered heterocyclic ring which results
inanincrement of HOMO-LUMO gap. On moving from a’ isomer (S inward and N outward
facing) to b" isomer (N inward and S outward facing), i.e., change in position of heteroatom (S
and N), leads to destabilization of both HOMO and LUMO levels.
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Table 5B.7: HOMO, LUMO energy and H-L gap(in eV)

Molecule | HOMO | LUMO H-L gap
la’ -6.08 -2.65 3.43
b’ -5.76 -2.29 3.47
2a’ -6.34 -2.34 4.00
2b’ -6.09 -2.07 4.02
3a’ -6.29 -2.23 4.06
3b’ -6.15 -2.11 4.04
4a’ -6.13 -2.09 4.04
4b’ -5.91 -1.97 3.94
5a’ -6.35 -2.91 3.44
5b’ -6.32 -2.67 3.65
— HOMO
20- . — | UMO
_‘-
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%—3.0- N
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Figure 5B.8: Energy levels of Frontier molecular orbitals and their energy gap for ‘a’” series
isomers
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Figure 5B.9: Energy levels of Frontier molecular orbitals and their energy gap ‘b’ series
isomers

5B.3.3. lonization Potentials (IP), Electron Affinities (EA), HEP and EEP

For the efficient working of a device in optoelectronics, injection of hole and electron into an
organic molecule must be easier. Molecular IP and EA are specific factors which play an
essential role in charge injection properties. IP is the energy required by means of the structure
once an electron is detached and it has to be small so that it is easy to inject hole into the
HOMO of the molecule. On the other hand, EA is described as the energy released when an
electron added to the structure. High EA value will permit an efficient electron inclusion into
LUMO level of the molecule. Thus, we have calculated IP, EA, HEP and EEP as stated in the
above-given formulas for all the compounds whichtabulated in Table 5B.8. Among a’ isomers
vertical and adiabatic ionization potentials for molecule 1a’ are 7.34 eV and 7.27 eV
respectively and is the lowest of all the a’ isomers. In case of isomers of b’, 1b’ shows lowest
vertical and adiabatic ionization potentials of 7.02eV and 6.95eV respectively. From Table
5B.8, the result suggests that 1a’ and 1b’ has the best ability to create a hole among other a’
isomers and b’ isomers respectively. In figure 5B.10 and figure 5B.11, graphical representation

of adiabatic IP and EA and vertical IP and EA of all the molecules are shown respectively. It
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is clear form figure 5B.10 and figure 5B.11, b" molecules are showing smaller IP(adiabatic and
vertical) than corresponding a’ isomers suggesting it is easy to inject hole in b’ molecule
compare to their corresponding isomers. While higher EA (adiabatic and vertical) of a’
molecule suggest it is easy to inject electron into the LUMO of molecule compared to b’
molecule. Among all the molecules, 1a’ (within a’ isomers) and 1b’ (within b’ isomers) are
showing smallest HEP values of 7.20 eV and 6.89 eV respectively suggesting it is easy to inject
hole in these molecules as match up to others (figure 5B.12). EA is maximum for 5a’ (5b’) and
their vertical and adiabatic values are 1.65 eV (1.43 eV) and 1.72 eV (1.51 eV)
correspondingly, suggesting that there is an efficient injection of electrons in the HOMO level
of these compounds as compared to others. The energy required to extract electron (EEP) for
molecule 5a’ (5b") is 1.80 eV (1.60 eV) correspondingly (table 5B.8 and figure 5B.12).

Table 5B.8: Calculated lonization Potentials (IPyv and IP, in eV), Electron Affinities (EAv and
EAa in eV), Extraction potentials (HEP and EEP in eV) and reorganization energies (Anand Ae
in meV) at B3LYP/6311+ G (d, p) level of theory for all the molecules.

Molecule Py IPa EA/ EA. HEP | EEP An he
1a’ 7.34 1.27 1.40 1.47 7.20 1.54 138 137
1b’ 7.02 6.95 1.08 1.16 6.89 1.24 131 161
2a’ 7.73 7.52 1.08 1.20 7.41 1.31 326 225
2b’ 7.41 7.34 0.85 0.93 71.26 1.01 142 161
3a’ 7.61 7.49 0.96 1.07 7.38 1.18 230 224
3b’ 7.46 7.35 0.88 0.96 1.24 1.04 221 157
4a’ 7.50 7.33 0.82 0.93 1.22 1.05 283 231
4b’ 7.25 7.14 0.75 0.83 7.03 0.90 220 154
5a’ 7.61 7.54 1.65 1.72 7.46 1.80 149 156
5b’ 7.58 7.51 1.43 1.51 7.43 1.60 143 175
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series molecules obtained at B3LYP/6-311 + G (d, p) level.
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Figure 5B.12: Hole extraction potential (HEP) and Electron extraction potentials (EEP) for a’
and b’ series molecules obtained at B3LYP/6-311 + G (d, p) level.

5B.3.4. Reorganization energies (A)

For high charge transfer rate in a molecule, the A must be low. In table 5B.8, we summarized
)\ for all the molecules based on B3LYP method (also calculated reorganization energies are
represent in figure 5B.13). The calculated hole reorganization energies (An) for la’-5a’ and
their isomers (except 2a’) are lower than that of N,N'-diphenyl- N,N'-bis(3-methylphenyl)-
(1,1'-biphenyl)-4,4'-diamine (TPD) which is a specific hole transport material having An=290
meV [38]. Thus, hole transfer rate in designed thiazole fused molecules in this work is higher
than TPD. Also, the calculated electron reorganization energies (i) for 1a’-5a’ are lower than
tris(8-hydroxyquinolinato)aluminum(lll) (Alg3) which is measured as standard electron
transport material Ae= 276meV [39-40]. Within these two set of isomers, b’ isomers are having
always smaller An values than their corresponding a’ isomers, which results in b’ isomers are

better for hole transport material than a’ isomers.
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On the other hand, A values for molecule 1a’ and 5a’ are smaller than their corresponding b’
isomers while in others molecule b’ isomers i.e. 2b’, 3b" and 4b’ having smaller A value. This
decrease in Ae values in case of 2b’, 3b’ and 4b’ are due to alterations in the position of sulphur
and nitrogen at the periphery of the molecule. Moreover, the difference of Anand Ae for the
mayjority of the molecules are in between 15-50 meV, indicating that the studied molecules are

having superior equilibrium properties of hole and electron transport and may serve as new

candidates for ambipolar charge transport materials.
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Figure 5B.13: Variation of Hole Reorganization Energy(An in meV) with with B3LYP
functional
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Figure 5B.14: Calculated Electron Reorganization Energy (Ae in meV) with B3LYP functional

In order to see the effect of functional on reorganization energies calculations are performed
with PBEO and MO06 functionals. The calculated A» for molecule 1a’ with B3LYP, PBEO and
MO06 are 138meV, 140meV and 147meV respectively, showing functional are giving same x
value. Similar is the case for A value for 1b’ are 161meV, 165meV and 172meV with B3LYP,
PBEO and M06 functional respectively. Same trend is observed for the other molecules and
are calculated hole and electron reorganization with different functional are tabulated in table
5B.9. Also in figure 5B.15 and 5B.16 calculated hole and electron reorganization energies

repectively with PBEO and MO06 functionals are represented.
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Table 5B.9: Calculated hole (An) and electron (Ae) reorganization energies of all the molecules

with different functionals

Molecules B3LYP PBEO MO6
An he An Ae Ah Ae
la’ 138 137 140 145 147 152
b’ 131 161 136 165 138 172
2a’ 326 225 348 230 365 234
2b’ 142 161 144 165 148 170
3a’ 230 224 242 230 249 234
3b’ 221 157 228 160 240 166
4a’' 283 231 315 230 351 236
4b’ 220 154 227 156 231 163
S5a’ 149 156 151 166 159 171
5b’ 143 175 147 181 153 188
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Figure 5B.15: Variation of Hole Reorganization Energy (An in meV) with B3LYP, PBEO and
MO6 functionals.
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Figure 5B.16: Variation of Electron Reorganization Energy (Ae in meV) with B3LYP, PBEO
and M06 functionals
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5B.4. Conclusion

In this chapter, we performed DFT and TD-DFT studies on ten novel molecules and analyzed
their optoelectronic properties and reorganization energies. From the analysis, it is evident that
on altering the central benzene of fused tetrathiazole by means of different 5-membered
heterocycles, approximately 50 nm blue shift was noticed in all modified molecules while with
6-membered heterocycles there is no significant effect on absorption energies. Smaller
HOMO-LUMO gap also observed when the central ring is six-membered rather than five-
membered. The small HOMO-LUMO gap is due to the low degree of aromaticity in 5-
membered heterocycles than benzene central ring system. The Ax of all the b’ isomers (sulphur
facing outward position) are lower than corresponding a’ isomer (sulphur facing inward
position) suggesting molecules of b’ isomers are better for hole transport materials
thananalogous a’ isomers. Compounds, 1a’ & 5a’ and their isomers (1b’ and 5b") have lowest
hole and electron reorganization energies due to the central six-member ring (benzene or
pyridine) of anthracene. All the compounds have smaller An value than TPD suggesting that
these molecules under study are better hole transport materials. Further, Ae values showed that
studied molecules are also better electron transport material than standard Alg3. All these
computational studies on fused terathiazolearene based compounds offer a theoretical
background with rational molecular design and the synthesis of new active materials for high-

performance charge transport materials are warranted.
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