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ABSTRACT

The use of n—conjugated semiconducting materials in flexible and large—area
optoelectronic devices is proliferated worldwide owing to the easy structural
modifications and solution processability possible, leading to the change in opto—
electronic properties. Most of the applications such as flexible displays and solid-state
lighting sources based on organic light-emitting diodes (OLEDs) and nonlinear optical
(NLO) devices are still in the developing stage due to the lack of ideal materials that
exhibit the processability and an ability to interface with other materials. The research
is continuing as ever to develop and characterize materials with large and fast optical
responses which can satisfy different technological necessities. Furthermore, a definite
correlation between the linear/nonlinear optical mechanism and the contribution of
structure and nature of some thiophene based heterocycle is yet to be clearly interpreted.

In this context, the present research work is focused on the design and synthesis
of new class of thiophene based donor—acceptor (D—A) heterocycles for optoelectronic
applications. A total of eighteen D—A type organic compounds were designed with
various design strategies. They were successfully synthesized following appropriate
synthetic protocols and characterized using different spectral analyses. The structure-
property relationships of the synthesized compounds were established by the optical
absorption (UV-Vis), electrochemical (CV) and theoretical (DFT) studies. The third
order NLO property i.e., the “effective two—photon absorption” of the compounds was
confirmed by single-beam Z-scan analysis. The compounds VK3, VK8, VK10, VK12,
VK13, VK14, VK15 and VK17 exhibit high nonlinear absorption coefficient (Serr) and
a strong optical limiting behaviour. The preliminary studies on the electroluminescent
properties of VK15 show that the molecule VK15 emits green light with low threshold

voltage.

Keywords: Thiophene; Imidazo [2,1-5][1,3,4] thiadiazole; Pyridine; HOMO-LUMO
energy; Density functional calculations; Z—scan; Nonlinear optics; OLED; Structure-

property relationship.
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CHAPTER 1

INTRODUCTION



1.1 INTRODUCTION TO n—~CONJUGATED SYSTEMS

The commencement of research work in conducting polymers (CPs) or, more
precisely, intrinsically conducting polymers (ICPs) roots back to the 1960s, when Pohl,
Katon, and their co-workers synthesized and characterized the semiconducting
polymers for the first time. The discovery of highly conducting polysulfurnitride (SN)x
was a dynamic step towards CPs as they are known today (Stenger-Smith 1998).
However, the remarkable breakthrough in the entire field of m—conjugated organic
materials was commenced nearly 40 years back when the ground-breaking discovery
of profound increase in the electrical conductivity in polyacetylene was achieved upon
I> vapor doping by Alan Heeger, Alan MacDiarmid, and Hideki Shirakawa in 1977
(Chiang et al. 1977, Shirakawa et al. 1977). In 2000, the work was further reinforced
with awarding the Nobel Prize in chemistry to these pioneers “for the discovery and
development of electrically conductive polymers”. As aresult, a variety of =—conjugated
materials (polymers, oligomers or small molecules) based on aromatic precursors such
as p-phenylenevinylene, thiophene, triphenylamine, carbazole, fluorene and their
derivatives (Junkers et al. 2012; McCullough 1998; Roncali 1992; Sahin et al. 2011;
Skotheim et al. 2007) have been developed (Figure 1.1) and their photophysical and
electrochemical properties have also been intensively studied in the subsequent years.
Moreover, the semiconducting/ metallic conducting properties, a broad range of optical
absorption, charge mobility and charge storage properties of these conjugated materials
enabled the practical usage of these systems in the field of organic electronics and
photonics, such as organic photovoltaics (OPVs) (Brabec et al. 2001), OLEDs (Kraft et
al. 1993), nonlinear optics (Prasad and Williams 1991), sensors (McQuade et al. 2000),
thin film transistors (Halls et al. 1995), electrochromic devices (Invernale et al. 2009),

and they are also used as electrical transporters or battery electrodes (Liang et al. 2012).



Poly (para-phenylene) (PPP)  Poly (carbazole) (PC) Poly (thiophene) (PT)
N
NS
v ” ngt
S n
Poly (aniline) (PANI) Poly (fluorene) (PF) Poly (3,4-ethylenedioxythiophene)
(PEDOT)

Figure 1.1 Some important conjugated polymers.

Conjugated materials (polymers/molecules) are organic materials consisting of
alternate single and double bonds along the molecular chain, comprised mainly of
carbon, hydrogen and heteroatoms such as oxygen, nitrogen and sulfur (Figure 1.1).
The overlap of n—orbitals in such systems leads to the extended and delocalized
conjugation which originates conductivity in the system. These conjugated materials
possessing the optical, electronic, magnetic and electrical properties of a metal, have
been fascinating numerous researchers all over the world due to their practical
application in modern technology. These metallic characteristics of CPs turn them into
the category of so-called ‘synthetic metals .

Moreover, the low cost of synthesis, tunability and mechanical flexibility of 7—
conjugated organic materials establishes considerable interest when compared to the
traditional inorganic-based electronic materials such as silicon (Kelley et al. 2004).
Unlike the synthesis of inorganic materials, which usually involves high temperatures
(T > 500°C) (Pell et al. 2004), the conjugated materials can be easily synthesized
through robust organic reactions such as condensation reactions, green synthesis, one-
pot multicomponent reactions, Palladium-catalysed cross-coupling reactions and so on
(Cheng et al. 2009; Demeter et al. 2014), which are cost-effective. The inorganic-based
materials are mostly brittle and hard, while the conjugated materials, on the other hand,
are mechanically flexible in nature, and the modern organic synthetic methods allow
facile functionalization of the conjugated system which can readily tune their
photophysical and electronic properties, making the conjugated materials a mainstay of

our technological existence (Forrest 2004; Gibson et al. 2012).



1.1.1 a—conjugated polymers

In this system the m—orbitals are extended throughout the entire conjugated
backbone in the polymer chain which enable sufficient optical absorption in the
ultraviolet-visible (UV-Vis) region and facilitate the intramolecular charge-transfer
(ICT) (Farchioni and Grosso 2013; Nalwa 1997). These polymers are often
functionalized with solubilizing agents, namely, hydrocarbon chains that not only
improve the solution processability but also enhances the intermolecular interaction in
the solid state (Allard et al. 2008).

The performance of polymer-based materials depends on the molecular weight
and distribution of molecular weight, which is called the dispersity (D). The high
molecular weight polymers have longer conjugation which broadens the absorption and
enhances the charge transporting ability. Moreover, polymers with lower D value have
fewer surface defects and smooth morphologies, which is desirable for high efficacy
devices (Facchetti 2011). The inherent drawback of conjugated polymer systems is their
low solubility in common organic solvents, low crystallinity and the sample purity that
lead to the improper charge transport which ultimately diminishes the materials
performance (Martin and Diederich 1999). However, high viscosity of the conjugated
polymers yields good quality thin-films with uniform and smooth surface, which

improves the device performance (Facchetti 2011).

A number of n—conjugated polymers have been designed and synthesized from
electron rich systems like poly(3-hexylthiophene) (P3HT), electron deficient systems
such as poly(benzobisimidazobenzophenanthroline) (PBBL) as well as donor (D)-
acceptor (A) type polymers like poly(N,N’dialkylperylenedicarboximide-dithiophene)
(PDIR-T2). Some of them are shown in Figure 1.2.

P3HT PFTPA PBBL
R:CgH13

Figure 1.2 Chemical structures of P3HT, PFTPA, PBBL and PDIR-T2.



1.1.2 a—conjugated small molecules

The organic n—conjugated small molecules also have greatly been extended in
the optoelectronic field since couple of decades. A wide chemical functionality and
simple modifications in synthetic route can tune optical, morphological, electrical and
electrochemical properties. Also, proper selection of alkyl groups improves the
solubility of the system (Mishra and Bauerle 2012). The purification of organic
materials is very essential since the impurities develop charge-carrier traps, which
reduces the performance of the device. Small molecule organic materials can be
purified by traditional crystallization technique or column chromatography, that are not
applicable to purify high molecular weight polymers. Further, high crystallinity can be
achieved in small molecule materials by simple solution-grown crystallization and
vacuum deposition techniques which facilitates the intermolecular charge-transport
efficiently, and hence, enhances the performance of electronic materials. The small
molecules have similar design principle as that of polymers where electron deficient,
electron rich and D—A moieties play crucial role to fine tune their optoelectronic
properties. There are numerous reports on m—conjugated small molecules in the

literature, some of them are shown in Figure 1.3.
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Figure 1.3 Molecular structures of (a) Rubrene, (b) electron-rich, (c) electron—

deficient and (d) D—A n—conjugated small molecules.

1.2 CONDUCTION IN CONJUGATED SYSTEM

The molecular orbital theory (MOT) becomes more prominent in the case of
molecules where two or more n—bonds interact with one another. The n—molecular
orbitals are used to describe the energies and locations of m—electrons in conjugated
systems. The m—molecular orbitals usually include the frontier molecular orbitals,
which are the highest occupied molecular orbital (HOMO), corresponding to fully
occupied n—band and the lowest unoccupied molecular orbital (LUMO), corresponding
to empty n*~band. The HOMO and the LUMO energy levels analogous to the
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conduction band and the valence band of inorganic semiconductors. The difference in
the energy levels between the HOMO and the LUMO is called the band gap (Eg)
(Figure 1.4). The mechanism of conduction is explained by band theory, according to
which the half-filled valence band forms a continuous delocalized n—system, is
responsible for the conductivity in the material. In the case of conjugated polymers, the
conductivity could be enhanced by the process called doping, which involves either
oxidation (removal of electrons) or reduction (addition of electrons) of polymeric
system. The mechanism of conductivity in these polymers is based on the movement
of charged defects within the conjugated framework. These charge carries/defects,
either positive (p-type) or negative (n-type), are the products of oxidation or reduction

of the polymer, respectively.
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Figure 1.4 Schematic of band formation from molecular repeat unit to t=—conjugated

polymer.

1.3 DONOR-ACCEPTOR (D-A) i-CONJUGATED SMALL MOLECULES
The ease of synthesis, structural diversity, tunability and fascinating
optoelectronic properties of carbon and heteroatom based conjugated materials have
attracted particular interest in the field of material science. However, for achieving
high performing devices, the conjugated materials should possess certain physical and
chemical properties such as broader solar absorption, low band gap, efficient
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photoinduced charge transfer and separation, low oxidation potential and ambipolar
charge transport with high mobilities (Nielsen et al. 2013). Therefore, in order to attain
desired requirements, modification in the HOMO and the LUMO energy levels is of
great importance.

The D-A approach, wherein the electron rich/donor (D) and the electron
deficient/acceptor (A) substituents are arranged alternatively along the conjugated
backbone, has attracted intense attention in the past couple of decades (Havinga et al.
1993). When compared to the conjugated materials consisting of all the donor units,
D—A conjugated materials with the alternate D and A units absorb solar energy at longer
wavelengths. The interaction between a strong electron-donor and a strong electron-
acceptor gives rise to an increased double bond character between these units, since
they can accommodate the charges that are associated with such a mesomerism
(DA—D*A"). As a result, a significant enhancement of ICT could be seen in such D—
A systems which extends the conjugation length, leading to a prolonged absorption and
a higher absorption coefficient. If the energy of the HOMO level of D and the LUMO
level of A moiety is relatively close, there exists a strong intramolecular orbital mixing
between the D and A units, which considerably lowers the LUMO level and raises the
HOMO level, resulting a low energy gap (Balan et al. 2008; Zotti et al. 1999) as
depicted in Figure 1.5. Hence, in a conjugated molecule with an alternating sequence
of appropriate D and A units, the hybridization of energy levels of the D and the A
moieties can induce an unusually low HOMO-LUMO separation, resulting a reduction
in its Eg (Brocks and Tol 1996). Due to this feature, the D—A conjugated materials are
being spotlighted since couple of decades for their application in many optoelectronic
and electronic devices such as OLEDs, OSCs and OFETS.

LUMO

LUMO

Energy

B
N + pnowo

D D-A A

Figure 1.5 Interaction of molecular orbitals of D/A moieties leading to a D—A unit
with low HOMO-LUMO separation (H. A.M. Mullekom 2000).



In D-A systems, the introduction of strong electron-donor groups raises the
HOMO levels, while the introduction of strong electron-withdrawing groups lowers the
LUMO levels, which results in the narrov HOMO-LUMO energy gap (Ajayaghosh
2003). Thus, key design criterion is the selection of proper electron-donor and acceptor
units to achieve desired HOMO and LUMO levels beneficial for the development of
organic optoelectronic materials. Additionally, the presence of strong electron-donors
and acceptors increases the delocalization of m—electrons, making the material highly
polarizable which causes remarkable optical nonlinearities in such system. Due to these
benefits, they are also considered as potential candidates in the area of nonlinear optics
(Albota et al. 1998; Huang et al. 2012).

Although, the D-A conjugated materials have developed rapidly and became
popular in the couple of decades, they are still the focus of intensive research. There is
still a considerable room for the rational design and synthesis of new D-A type
materials. For an instance, the most widely used electron donating moieties are
thiophene, carbazole, triphenylamine, phenothiazine and fluorene, and the most
commonly used electron accepting groups are 1,3,4-oxadiazole, cyanovinylene,
perylene diimides, 2,1,3-benzothiadiazole and pyridine, which involve various
functionalization and different substitution patterns. These substituents play a vital role
in “bandgap engineering” of organic molecules to fine-tune their optoelectronic
properties.

1.4 BAND GAP ENGINEERING OF n—-CONJUGATED SYSTEM

The control of HOMO-LUMO gap by structural modification is the key factor
to design low Eg4 conjugated materials, which governs the optical, electronic and
conducting properties of the conjugated materials. In order to cover the visible and other
parts of the spectrum effectively, flexible tuning and precise control of the Eq is
necessary. The Eq4 of conjugated aromatic materials is determined by several factors.
Some of the factors on which the Eg is dependent on are: bond length alternation (BLA),
which contributes by a quantity EgLa to the magnitude of Eg; resonance effect, due to
which the n—electrons confine within the aromatic ring. As a result, their delocalization
along the whole conjugated chain is prevented. This effect, thus, contributes by a
quantity Eres. Another major factor contributing to Eg is the rotational disorder around

interannular single bonds. A mean dihedral angle 8 between the consecutive units limits
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the delocalization of n—electrons along the conjugated backbone and hence, increases
the Eq by a quantity Ee. The introduction of electron-releasing or electron-accepting
substituents is the most direct way to modulate the HOMO and LUMO levels, and
hence, their difference, of a conjugated system. This contribution is represented by a
term Esup (Roncali 2007). However, when assembling individual molecules or polymer
chains into a material, intermolecular interactions (Eint) also contribute to the magnitude
of Eg.

Thus, Eq= EgLA + Eres + Esup + Eo + Eint

The individual factors those play an important role in the synthesis of low band gap

conjugated system are (Roncali 2007):

Resonance energy: The torsion angle existing due to steric interactions between
adjacent phenyl rings and the rotational freedom around single bonds can be suppressed
by introducing double bonds between the aromatic rings, which allows the conjugated
system to adopt a planar structure. Also, double bonds lead to a decrease of the overall

aromaticity of the system which further reduces the gap.

Rigidification of the conjugated system: Covalent rigidification of m—conjugated
systems i.e., covalent fastening of elemental units (bithiophene, dithienylethylene,
terthiophene or dithienylhexatriene) leads to fully-planar conjugated structures with
significantly lower Eg values than the parent open-chain compounds, which is largely
from a decrease in the BLA but is limited by the remaining possible inter-ring rotations

in the conjugated backbone.

Electron-releasing groups: Introduction of electron-donating groups to a conjugated
system produces an increase of the HOMO level, which usually reduces the Egto a
considerable extent. For example, the inductive effect of simple alkyl groups decreases
the oxidation potential of the thiophene ring by approximately 0.20 V. On the other
hand, linear alkyl chains of sufficient length (typically 6-9 carbons) indirectly
contribute to reduce the E¢ by enhancing the long-range order in the polymer.

Electron-withdrawing groups: Introduction of acceptor groups such as nitro, carboxy
or cyano at the appropriate position in the n—conjugated system induces a large increase
in the oxidation potential. This represents the most immediate way to tune the LUMO

energy level of a conjugated system.



Increasing the quinoid character: The most direct way to increase the quinoid
character of the neutral polyaromatic chain involves the fusion of the aromatic ring of
polyaromatic chain with an aromatic system with higher resonance energy (Eres). Since
the aromatic sextet tends to localize in the system of highest Eres, it follows that the
aromatic ring of polyaromatic chain tends to dearomatize to adopt a quinoid structure.
The quinoidal form has higher ground state energy than the aromatic form and in turn,
forms a smaller energy band gap. Additionally, the quinoid form enables n—electrons
to delocalize more effectively in aromatic rings and increases planarity in the polymer
backbone (Son et al. 2011).

Alternating donor—acceptor groups: The basic idea of D—A concept is that
conjugated systems involving a regular alternation of D and A groups should lead to a

broadening of the valence and conduction bands and thus Eg reduction.

Apart from the intrinsic properties of a single polymer chain, intermolecular interaction
between polymer single chains such as n—r stacking in the solid state also contributes
to reduce the Eg of conjugated polymers. A closely packed and ordered structure of
polymer chains promotes a planar structure in the polymer backbone, facilitating n—
electron delocalization and hence, the reduction of E.

Since D-A n—conjugated materials possess distinct advantages like lightweight,
good film forming property, relatively low manufacturing cost, bio-compatibility,
moderate to high conductivity and easy tunability of desired properties, they are broadly
used as active components in optoelectronic/ photonic devices such as OPVs, OLEDs,
OFETs and NLO. Amongst the various applications reported for D-A n—conjugated
materials, their usage in NLO and OLED attained considerable interest in recent years.
The following section essentially discusses the theoretical formalisms of the cause and
effect relationships that exist in the domain of NLO, the materials exhibiting optical
nonlinearity and their device level applications. The section also involves a brief
account on construction and working principle of OLEDs and the importance of
conjugated materials in OLEDs.

1.5 NONLINEAR OPTICS

The contributions of NLO to the entirety of science and especially to our daily

affairs, are praiseworthy. So far almost nine Nobel prizes awarded in physics and



chemistry owe credit to NLO (Garmire 2013). NLO is regarded as the branch of optics
which deals with high intensity light-matter interactions and various optical phenomena
occurring as a result of such interactions. This field has been at its height since 1961,
after the invention of the laser by Theodore Maiman in 1960 (Bloembergen 1984;
Maiman 1960) followed by the observation of second harmonic generation (SHG) by
Franken and co-workers in quartz, a year later. Later on, NLO contributed in
diversifying laser, light-material interaction and information technology. Nonlinear
optical phenomena can be observed from the extreme ultra-violet to the deep infrared
wavelengths and can even be used to produce terahertz radiation. Various organic and
inorganic systems such as polymers, dyes, semiconductors, liquid crystals,
nanoparticles, nanocrystals, nanocomposites, gases, plasma, etc., are being investigated
for several NLO applications. NLO phenomena such as SHG, third harmonic
generation (THG), and sum and difference frequency generation enhanced the range
and diversity of lasers (Bloembergen 1984; Garmire 2013). Most of the NLO
applications are still in their infancy owing to the lack of ideal materials displaying ease
in processability and an ability to interface with other materials. Researchers in NLO
are keenly in search of ideal materials with requisite specifications so as to furnish the

need of optical industry and research.

1.5.1 Theoretical formulation

Electromagnetic waves interact with materials, mainly through the outer
electrons to generate electric dipoles which lead to macroscopic polarization in the
matter. For the low intensity electromagnetic radiations, the induced polarization is
directly proportional to the applied electric field.

Under normal light, polarization, P can be assumed as:
P=gyyE 1.1
where ¢o is the permittivity of free space, E is the applied electric field and y is the
electric susceptibility of the material.
Under intense light-matter interaction, higher order powers of electric fields also

contribute in the above Equation 1.1 (Sutherland 2003) and can be expressed as:

P=¢)(7"E+y?EE+ yYEEE +....occcoo... | E— 1.2
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where 9, »@ and y® are first-order, second-order and third-order susceptibility
tensors. Generally, ¥ ™ is n'" order susceptibility tensor of rank n+1. Each susceptibility
tensor leads to different processes, for example, second-order susceptibility tensor
governs sum and difference frequency generations, SHG, parametric amplification,
etc., while third-order nonlinear susceptibility tensor governs THG, two-photon
absorption (TPA), optical Kerr effect, optical phase conjugation, etc (Boyd 2003; Shen
1984; Sutherland 2003).

1.5.2 Second order nonlinearity

The nonlinear optical phenomena associated with second-order nonlinear
optical susceptibility (y®) have a variety of applications in laser technologies. » lacks
in materials, which have a centre of symmetry. The major phenomenon includes SHG,
sum and difference frequency generation and parametric amplification. The SHG is the
first and foremost demonstrated nonlinear optical phenomenon, where two photons of
same frequency combine to form a single photon of double the frequency. For example,
a wavelength of 532 nm is produced out of 1064 nm in Nd: YAG laser system using
Potassium Dihydrogen Phosphate crystal. SHG has applications in high-resolution
optical microscopy. In the process of sum frequency generation (SFG), two photons of
frequencies w1 and w2 combine to form a photon of frequency w3z which is the sum of
the input frequencies. In difference frequency generation (DFG) the generated
frequency is the difference of that of the input waves. Both SFG and DFG are really

useful in producing new tunable frequencies at new wavelengths in lasers.

1.5.3 Third order nonlinearity

The third-order nonlinear optical susceptibility () is responsible for various
third-order nonlinear optical phenomena. Though »® is a general phenomenon, it
strongly depends on the material property and input intensity. The real part of y©® is
directly related to nonlinear refraction (NLR) and the imaginary part is related to
nonlinear absorption (NLA). Some of the major phenomena associated to x® are
discussed below.
1.5.3.1 Nonlinear absorption (NLA)

In light-matter interaction, if the intensity of the light is sufficiently strong, NLA
may occur. NLA either result in an increase in transmittance (saturable absorption (SA))

or decrease in transmittance (reverse saturable absorption (RSA)) on increasing the
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intensity of the input light. Moreover, it could also be possible for a switching behavior
from SA to RSA or RSA to SA or a combined effect of both SA and RSA on increasing
the intensity. The NLA mechanism is strongly dependent on the nature of the material
and the intensity of laser light. Some of the major mechanisms which come under NLA
are discussed below:

(i) Saturable absorption (SA)

SA is a NLA mechanism which normally occurs at sufficiently high input
intensity where output transmittance increases with increasing intensity. Materials
which exhibit intense electronic absorption can act as saturable absorbers. As a result
of intense absorption at the excitation wavelength, the ground state population is
depleted significantly and finally leads to the saturation of absorption. In SA material,
the absorption cross section for ground state (ag) is higher than that of the excited state
(oe) (Figure 1.6).

o'g_ Ng

Saturable Absorption

Figure 1.6 Schematic representation of SA in two level system.

Thus, the intensity-dependent linear absorption coefficient (« (1)) is given by:

where Is=hv/ro, is the saturation intensity, at which a(l) becomes half of ao; a0 is the

ground state linear absorption coefficient.
(if) Two photon absorption (TPA)
TPA is a NLA mechanism, where two photons from the incident field are

absorbed simultaneously by an electron in the ground state (Ng) which later excites to
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the next level (Ne) through the virtual state. Schematic representation of energy levels

involved in TPA is shown in Figure 1.7.
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Two Photon Absorption
Figure 1.7 Schematic representation of TPA in two level system.
In the case of TPA, the rate of change of beam intensity on propagating through a
nonlinear medium is given by:

L T L3, 1.4
z

where ao is the linear absorption coefficient and S is the TPA coefficient. The unit of g
ismwT,

Suppose the linear absorption of the system is negligible, the second term (TPA) in the
Equation 1.4 dominates, and Equation 1.4 becomes:

g—'=—ﬂ 2 e et 15
zZ

Then, the solution becomes:

L Y 1.6
1+ B,z

where lg is the incident intensity.
(iii) Reverse saturable absorption (RSA)

Consider a system with multiple energy levels, in which the electrons can be
excited to higher levels on irradiating with a suitable laser beam. On interacting with
high intense light, system is raised to the first excited level and it can be subsequently
excited to higher levels by absorbing more photons, which results in a decrease in net
transmittance and the phenomenon is termed as RSA. The RSA may arise from various
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processes such as TPA, excited state absorption (ESA), nonlinear scattering etc.
Compared to TPA, in ESA, the promotion of an electron to a higher level happens via
absorption of photons from a lower excited state. The transition from second to the third
level is possible through the absorption of one photon according to the frequency of the
laser beam and the nature of the material, provided o1 is significantly greater than oyg.

The schematic representation of RSA is shown in Figure 1.8.

B >0
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Excited State Absorption

Figure 1.8 Schematic representation of RSA, including both TPA and ESA in multi-
level system.

Considering the steady state condition, the spatial rate of change of laser intensity along
the direction of propagation can be expressed as:
dl
dz
where, fert is the effective TPA coefficient, including both TPA and ESA.

o T 0 L 1.7

(iv) Free carrier absorption

When a semiconducting material interacts with high intensity light, charge
carriers (electrons or holes) are formed and these carriers can be excited to higher levels
in the conduction band by absorbing photons. The excitation to higher levels takes place
with the assistance of photons and is known as free carrier absorption, which is similar
to ESA in molecular systems. Consider the free carrier absorption due to the absorption

of a single photon, the change in intensity is given by:

% = —(a+UN)I ....................................................................... 1.8

14



where o is the free carrier absorption cross section and N is the number of electron-hole

pairs per unit volume.

1.5.3.2 Nonlinear refraction (NLR)

When a Gaussian profiled beam propagates through the medium, besides NLA
it can also undergo phase distortions. The spatial and temporal characteristics of a
propagating beam depend largely on the material property and the intensity of light.

The nonlinear refractive index of the medium is given by:

N=Ny Nl 1.9

Here no is the linear refractive index, | is the intensity of the light and n; is the nonlinear
refractive index coefficient and it can be either positive or negative. If the value of n2>0,
the material is of self-focusing behavior, where the material itself can act as a positive
lens and try to converge the beam. In a positive n, material, the net refractive index is
higher than no. If the value of n»<0, the material is of self-defocussing nature and the
system tries to diverge (negative lens) the beam. In such a case the net refractive index
is smaller than no, The third-order NLR plays a crucial role in self-phase modulation,
mode-locking, wave-mixing, photo refractivity, phase conjugation, spatial solitons,

nonlinear waveguides and interfaces, and optical bistability.

1.5.4 Optical limiting (OL)

Controlling the intensity of light in a stable and foreseeable way is the most
fundamental innovation in photonic technology, which has wide applications in the
field of optical communications and optical computing (Chen 2001; Hernandez et al.
2000; Sutherland 1989). Optical limiting is the phenomenon of decrease in the
transmittance of a nonlinear material on increasing the intensity of the incident optical
beam. A perfect optical limiter is the one which exhibits constant transmittance at low
input fluence and reduced transmittance at high input fluence. Optical limiters can be
exploited in applications such as pulse shaping, pulse smoothing, pulse compression,
laser pulse regulation, mode locking, etc. However, their main application is to
safeguard the sensors, detectors and human eyes from the high intense light (Anand et
al. 2011). From 1960 onwards optical limiters have been developed for protecting
optical sensors against laser light induced damages. B- or P- doped silicon single

crystals were reported as the first material exhibiting optical limiting property by
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Geusic et al. of Bell labs in 1967 (Geusic et al. 1967). The first optical limiter was
demonstrated by Soileau and co-workers (Soileau 1980) in 1980 using CS; solutions to

suppress 1064 nm laser pulses via self-focusing method.

In dynamic optical limiters, certain feedback devices are used to control the
intensity of transmittance light and they are with some limitations like lower speed and
high complexity whereas, in passive optical limiters the process of limiting is very fast
and less complex. In a passive optical limiter, the material itself does all the functions
of a sensor, which monitors the input light intensity, the processor, which activates a
modulator and finally the modulator, which limits the intensity of the light. Optical
limiters made out of NLO materials are passive optical limiters.

The optical limiting data are extracted from the graphs of normalized
transmittance obtained from NLA analysis against input fluence. From the graph, the
onsets of limiting action (the value of input fluence at which the intensity of output
transmittance starts decreasing) and the limiting threshold (LT) values (the value of
input fluence at which the intensity of output pulse becomes 50% of the initial value)
can be determined, which are very much essential to study the optical limiting action
of materials. The characteristics of a passive optical limiter are shown in Figure 1.9.

Linear transmittance
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Threshold
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Figure 1.9 Transmittance features of a passive optical limiter.

OL property of a material can be characterized by its coefficients of NLA and
NLR, since both are responsible for the nonlinear variations in the intensity as it
propagates through the medium. The essential qualities of optical limiters include high
damage threshold, wide dynamic range, low optical limiting threshold value, fast
optical response and good chemical and mechanical stability. The mechanisms which
contribute to the optical limiting behavior of a material are ESA, TPA, thermal
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defocusing, thermal scattering, photorefraction, NLR, induced scattering etc, (Tutt and
Boggess 1993).

1.5.5 Nonlinear optical analysis

Various techniques are introduced to examine the nonlinear optical properties
of materials, such as degenerate four-wave mixing technique, four-wave mixing
technique, optical Kerr gate technique, optical power limiter technique and Z-scan
analysis. Different nonlinear light-matter interactions make use of the above-mentioned
techniques and hence, values of nonlinear parameters extracted are different in each
technique. Among the above-mentioned experimental techniques, Z-scan, introduced
by Sheik Bahae and his co-workers in 1990 (Sheik-Bahae et al. 1990), is widely used

technique for the measurement of third-order nonlinear parameters.

1.5.5.1 Z-scan
The Z-scan technique is simple and sensitive for determining the third-order
nonlinear optical parameters. Both the magnitude and the sign of NLA and NLR

coefficients can be figured out from the experiment.

1.5.6 Conjugated materials for NLO

A variety of materials are being investigated for third-order optical nonlinearity
after its discovery. In 1991, Cheng et al. reported the nature of n—conjugated bond in a
series of benzene and stilbene derivatives towards nonlinearity (Cheng etal. 1991). The
three main basic requirements for organic materials to exhibit NLO property are (i)
polarizability (electrons need to be greatly perturbed from their equilibrium positions),
(ii) acentric crystal packing and (iii) asymmetric charge distribution (incorporation of
D—A molecules). Further, the materials must possess (a) large oscillator strength for
electronic transitions from the ground state to the excited state, (b) excited states close
in energy to the ground state and (c) a large difference between the ground and excited
state dipole moments. As D—A n—systems allow charge transfer between electron
donating and electron withdrawing moieties, many of them are studied for NLO
properties and device applications. So far, many conjugated organic molecules are
recognized as the key components due to their ease and low cost of synthesis, high laser
damage thresholds, large optical nonlinearity and short response time (Dalton et al.
2009; Liu et al. 2015; Rajeshirke et al. 2018; Thakare et al. 2017). The existence of ©—

conjugation between suitable D and A units in conjugated molecules enables interesting
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feature of ICT via interaction between D and A groups in organic materials
(Karuppanan and Kalainathan 2018). Further, variations in D and A groups facilitate
the modifications in electronic structures which in turn alters the molecular
polarizability, electronic and nonlinear optical properties (Quade et al. 2000; Murali et
al. 2012). Thus, the organic materials with strong n—conjugated system and alternating
sequence of D—-A units are found to exhibit remarkable third order nonlinearity
(Audebert et al. 2003; Bredas et al. 1994; Karuppanan and Kalainathan 2018), which
make them promising in the fields such as optical computing, optical switching and
electro—optic modulation (Kanis et al. 1994; Prasad and Williams 1991; Williams
1983).

1.6 ORGANIC LIGHT EMITTING DIODES (OLEDs)

The OLEDs made of organic semiconducting materials, are solid-state lighting
sources. Ever since their discovery (Tang and VanSlyke 1987), OLEDs have kept
receiving great attentions in both academia and private industry due to their superior
properties such as simplicity of fabrication, potentially lower cost, higher color contrast,
high brightness and power efficiency, mechanical flexibility and light weight compared
to the conventional inorganic semiconductors. These unique qualities of OLEDs make
them perfect candidates for next-generation solid state lighting and display
technologies. OLEDs are now being used in consumer electronic industry as emissive
materials in modern day electronic devices such as digital cameras, televisions, tablets,

smart watches and phones.

1.6.1 Fundamentals of OLEDs
1.6.1.1 Basic device physics: Architecture and working principle

In an OLED, the recombination of injected electrons and holes in an
electroluminescent active organic layer generates the light. A very basic device
structure needs only one organic layer. The device structure is shown in Figure 1.10
(a). In the basic device structure, transparent indium tin oxide (ITO) is typically used
as an anode, a low-work-function metal such as calcium (Ca) or aluminium (Al) is used
as a cathode and the active organic layer is sandwiched between the electrodes where
the emission of light takes place. The active material can be either small molecule or
polymer. When a voltage is applied to the device, charge carriers are injected into the

active organic layer from the electrodes, namely holes from the anode and electrons
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from the cathode (Brutting et al. 2001). Injected charges further move into organic layer
and recombine to form an exciton. The excitons formed at the active layer further
diffuses to undergo radiative emission, which is shown in Figure 1.10 (a). However, in
order to overcome the discrepancies like mismatching of energy levels among the
functional layers and charge leakage through the organic materials in single, two- and
three-layered devices, a commonly adopted structure is a stack of multi-layer organic

heterostructures in almost all OLED devices.

In general, highly efficient OLEDs, developing at present, consist of many
layers with different functionalities. The typical multilayer device comprises of (1) the
anode: ITO, pre-deposited on a glass substrate, (2) hole injecting layer (HIL), (3) hole
transporting layer (HTL), (4) electron blocking layer (EBL), (5) emissive layer (EML),
(6) hole blocking layer (HBL), (7) electron transporting layer (ETL), (8) electron
injecting layer (EIL) and a low work function cathode (Al, Ca or Mg). The holes are
injected from a high-work-function metal (anode, ITO) into the HOMO of HIL, while
the electrons are injected from a low-work-function metal (cathode, Al, Ca or Mg) into
LUMO of EIL. The HIL and EIL, which are typically organic semiconductors
containing strong electron donors and acceptors, act as “Ohmic” buffer layers to
facilitate hole and electron injection from the anode and cathode, respectively. Further,
the holes and electrons are transported via the HTL and ETL, which are typically weak
electron donors and acceptors, respectively, serve as media for transporting holes and
electrons to the HOMO and LUMO level of EML. Holes and electrons recombine at
the light-emitting layer to form excitons, which can decay radiatively
(electroluminescence) or non-radiatively. Before the holes and electrons reach the
EML, they have to pass EBL and HBL (optional), respectively. These blocking layers
prevent the leakage of opposite charges from EML to HTL or ETL and confine the
excitons within the EML. The recombination region depends on the magnitude of the
injection barriers and the relative mobilities of holes and electrons, while the color of
the emitted light is governed by the HOMO-LUMO energy difference of the organic
material. To enhance radiative recombination, the emitting layer is typically a dopant-
host matrix in which the dopant, present in various concentrations, is a highly

fluorescent or phosphorescent organic compound, and the host is an organic compound
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or mixture capable of transporting both holes and electrons (Reineke et al. 2013). A
schematic of multilayer OLED structure is shown in the Figure 1.10 (b).

Cathode

Cathode

(b)
Figure 1.10 (a) OLED single layer structure, (b) OLED multilayer structure with
energy level diagram explaining electroluminescence mechanism.
1.6.1.2 Important device parameters
(i) Luminance (L)
This describes the amount of light that is emitted from an area of 1 m? per a
given solid angle.
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(ii) External Quantum Efficiency (EQE)

The ratio of number of photons emitted in the forward direction of a device to

the number of electrons injected into the diode. i.e.,

EQE% = 1 »100
Me
where, #pn is the total number of photons emitted from the device and e is the total
number of electrons injected into the device.

EQE is also defined as:
EQE =y X7 X Ty X et
where, y = charge injection efficiency, is the ratio of number of charges that recombine
to the total number of charges injected into the device. #int = internal quantum efficiency
(IQE), is the amount of luminescent exciton recombination to the total number of
excitons recombined within the device. nov = quantum yield, is a measure of number
of photons emitted from a luminescent material to the number of photons absorbed by
it. 7ext = extraction efficiency or out coupling efficiency, is the ratio of number of
photons collected at the surface of a device to the total number of photons generated

within the device.
(iii) Current Efficiency (nce)

It is the ratio of forward luminance, L to the applied current density, J. It is

expressed in units of mA/cm?.

Hee ==

(iv) Luminous efficiency (qLe)

It is the ratio of luminous flux ¢y to the radiant flux ¢ and it is expressed in units
of lumens per watt (Im/W).

e =

(v) Power efficiency (nrE)

It is the measure of the amount of light flux produced by a source at a given

input power, is also expressed in units of Im/W.
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In order to improve the light output, lifetime and efficiency of OLEDs,
innovations on multiple fronts are still needed. The best method to extract the light
generated by the OLED, the advancement in design and synthesis of materials and
device architectures to achieve high efficiency and stability remain as key challenges.
Moreover, reduction of cost is another major factor which need to be taken into account

when comes to the commercialization.

To address these issues, the best way is understanding the structure-property
relationship between the molecular structure of conjugated system and its
electroluminescent properties. For efficient charge injection and transportation, close
alignment of the energy levels (HOMO/ LUMO) of conjugated materials and the work
function of the metal electrodes is necessary. In this regard, many approaches have been
attempted to improve the charge injection/transport (Parker et al. 1994 and Son et al.
1995). Recently, alongside the development of device configuration, growing interest
has been focused on finding materials with D—A combinations, aiming for new
materials to develop more efficient OLEDs.

The following section gives a brief account on the literature report on important
D—A type conjugated materials carrying different types of D and A moieties. Further,
it also highlights the effect of various D/A units on optical and electrochemical
properties of the materials.

1.7 LITERATURE REVIEW

Part A: This section covers a brief literature report on different kinds of D-A
type conjugated small molecules and the influence of structure on third-order NLO
properties of the molecules.

Gu et al. 2014 studied the linear and NLO properties of four 1,8-naphthalimide
hydrazones (1.1a-1.1d) possessing different electron-donating groups. Their TPA
behavior with femtosecond laser pulses at 800 nm and ESA behavior with nanosecond
laser pulses at 532 nm were investigated. Different from TPA behavior, compound 1.1b
showed the best NLA properties at 532 nm and its feyand y© were up to 1.41x1071m
W ! and 4.65x107'? esu, respectively, due to its D—A conjugation and the absence of

linear absorption at 532 nm.
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A novel D-n1—A-n-D type thiophene-pyrimidine derivative, 2,2'-thiophene-4,

Figure 1.11

6-bis (4-N,N-diethylbenzene ethenyl) pyrimidine (1.2), was
synthesized via Knoevenagel and Suzuki coupling reactions by Zhang et al. 2014.
Detailed experiments on third-order NLO properties revealed that the thiophene-
pyrimidine derivative showed strong third-order NLO response and large TPA cross
section in high polar solvents. The S.sand remarkable value of y® were 0.451 cm GW™!

and 1.45x10°® esu, respectively.
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Figure 1.12

Jia et al. 2017 reported the third-order NLO properties of quinacridone (QA)-
based materials (1.3a1-1.3c1, 1.3a2-1.3c2, 1.3d). Introduction of dicyanoethylene
groups to the quinacridone core not only successfully modified the structures and
photoelectric properties of the chromophores, but also led to the superior third-order
NLO properties. The chromophore 1.3b2 exhibited a maximum y® of
15.456x10713 esu, which was 5 times higher than that of mono-modified QA and also,
the Bey value was 30.071x 10! m W', The results suggested that quinacridone-based
materials have good photo-thermal stability and large third-order NLO properties,

which are very promising for integrated NLO devices.
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1.3d

Figure 1.13

Xu et al. 2017 designed and synthesized mono- and di-4-N,N-bis(4-
methoxylphenyl)aniline-substituted anthraquinone derivatives 1.4a and 1.4b. The
third-order NLO studies of the synthesized molecules revealed that the symmetric D—
A-D type molecule, di-methoxy triphenylamine-substituted anthraquinone (1.4b)
showed a larger ferr and TPA cross section compared to asymmetric D—n—A type
molecule, mono methoxy triphenylamine-substituted anthraquinone (1.4a). The fes
obtained by the open Z-scan curves increased from 2.04 x107*2 cm W to 3.91 x107*2

cm W when second triphenylamine unit was introduced to the core moiety.

Figure 1.14
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Anandan et al. 2018 designed, synthesized and characterized two thiophene
derivatives 1.5a and 1.5b. The optical limiting properties were studied using Z-scan
under nanosecond laser excitation at 532 nm with an input energy of 100 pJ. The
molecules showed TPA process. The effective delocalization of electrons in dialdehyde

(1.5b) led to a maximum Seit value of 2.9x10* m w2,

( © CHO
N s. CHO N \_ 5

oy o
C OHC =
1.5b

1.5a

Figure 1.15

Gowda et al. 2018 synthesized 3,4-ethylenedioxythiophene (EDOT) based bent-
core shaped mesogens (1.6a and 1.6b) bearing terminal alkyl chains. The presence of
extended delocalized n—electron conjugations in the mesogens resulted in large optical
nonlinear properties. The mesogens showed effective TPA when measured under
excitation by nanosecond laser pulses at 532 nm. In bent-core mesogens (1.6a and
1.6b), the acetylene linking group acted as a conjugating spacer between the central
heteroaromatic EDOT ring and the phenyl group with flexible alkoxy chain entities,
which further enhanced the nonlinearities. With extended delocalized m—electronic

conjugation, the compound 1.6a showed RSA with Beyof 5.6x 107! m W1,

1 .6a:R=C4H9
1 .6b:R=C6H13

Figure 1.16
Jia et al. 2018 synthesized a series of quinazolinone-based materials (1.7a—1.7f)
and their third-order nonlinear optical properties were investigated using Z-scan
measurement. The results showed that the introduction of phenylacetylene groups on
the planar structure reduced the n—m intermolecular stacking of parent ring. And the

formation of push-pull structure by connecting phenylacetylene groups to
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quinazolinone backbone decreased the energy gap of entire molecule. A good NLO
response was obtained for all the molecules. Out of all the six molecules, the molecule
1.7b showed an excellent ey of 0.471x 107! m W' and 4 value of 1.184x 10713 esu.

1.7a:R=H
1.7b:R=0CHj,
1.7c:R=Cl
=Z 1.7d:R=CHj
N™S 1.7€:R=C3H;
AN A 1.7f:R=C4Hgq

R

Figure 1.17

Wu et al. 2018 synthesized three novel D—A type phenanthridine derivatives
(1.8a, 1.8b and 1.8¢) and their third-order NLO properties were systematically
determined by open/closed aperture Z-scan methods using tunable femtosecond laser.
The results revealed that 1.8b possessed largest TPA coefficient (Berf =0.349 cm GW ')
and cross sections (s =1669.306 GM) compared to the others. The highly delocalized
n—electronic configuration and superior intrinsic planarity made 1.8b a potential
candidate for third-order NLO materials in the near infrared region.
1.8a: Ry=0CH3, R;=OCH3

1.8b: Ry=O(CHj3)sCHa, Ry=OCHj
1.8c: R1=O(CH3)5CH3, R2=OCHQCH3

R4

Figure 1.18

Avhad et al. 2019 synthesized three push-pull rhodanine-arylamine based D—n—
A dyes (1.9a-1.9¢) and studied the effect of donor on electronic, linear and NLO
properties. The dyes 1.9a, 1.9b and 1.9¢ possessed a vinyl spacer conjugated with
triphenylamine, julolidine and carbazole donors, respectively, with a methoxy group
and rhodanine-3-acetic acid. The dyes 1.9a and 1.9¢ showed RSA with positive S and
reasonable values of y©. The Berand y values of 1.9a and 1.9¢ were 3.718x10712 m
W !and 1.8766x107" esu, and 3.133x10 2 m W' and 1.1758x10" ' esu, respectively.
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1.9a 1.9b 1.9¢

Figure 1.19

Three novel N-heteroacene molecules (1.10a, 1.10b and 1.10¢) based on
tetraazachrysene units as cores were designed and synthesized by Li et al. 2019. The
TPA studies were carried out using open and closed aperture Z-san technique. The
molecule 1.10¢ showed a significant enhancement in the TPA cross section with
magnitudes as high as ~700 GM (1 GM = 1 x 107° cm* s/photon) when excited with
800 nm light. Due to the weak electron-donating ability of (triisopropylsilyl)acetylene
segment, 1.10a exhibited negligible third-order NLO properties, while 1.10b and 1.10c
exhibited B of 0.43x107'% and 0.51x107'> cm W™, respectively.
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Figure 1.20

Xu et al. 2019 synthesized two thiophene containing pyrene derivatives 1.11a
and 1.11b, and investigated the third order NLO properties using femtosecond Z-scan

at 532 nm. The measured NLA of two compounds was related to the TPA mechanism.
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The molecule 1.11b exhibited higher fess value due to the extended conjugation when

compared to the other molecule, 1.11a and was determined to be 3.45x10™* m W,

1.11a 1.11b

Figure 1.21

Zheng et al. 2019 synthesized quinazolinone based compounds (1.12a-1.12d)
containing triphenylamine moiety for the application of third-order NLO. The NLO
properties evaluated by the Z-scan technique showed that the introduction of a benzene
ring as a m—bridge reduced the transmission energy of electrons from the ground state to
the excited state and the added methoxy in TPA moiety promoted the ICT and improved
the third-order NLO properties of molecules. With enlarged m—conjugation and
additional electron donating groups, the compound 1.12d exhibited excellent third-

order NLO responses with the S5 0f 3.692x107'' m W' and 4 0f 9.295x107"3 esu.

Figure 1.22

Part B: This section covers a brief literature review on different kinds of star
shaped D—A type conjugated small molecules and the effect of structure on OLED

device parameters.
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Su et al. 2008 designed and synthesized unique bipolar host materials (1.1.3a
and 1.13b) combining carbazole as electron donor with high triplet energy and pyridine
as electron acceptor with high electron affinity. Bis[2-(4,6-difluorophenyl)pyridinato-
C2,N](picolinato)iridium(111) (FIrpic)-based blue phosphorescent OLEDs (PHOLEDs)
fabricated using the present bipolar molecules as host materials showed a record EQE
of 24% and a pe of 46 Im W with reduced efficiency roll-off at a high driving current
as a result of good confinement of the triplet excitons on the guest molecules and
improved carrier balance injected into in the emissive layer. The findings suggested a

new route to further improve the performance of PHOLEDS, especially at a high driving

Fotieth

CH, Y=N
N, Y=CH

current.

1.13a: X=
1.13b : X=
Figure 1.23

Yuan et al. 2008 synthesized and characterized amorphous 2,4,6-trisubstituted
pyridines, containing two triphenylamine and one carbazole moieties (1.14b) or three
peripheral carbazole moieties (1.14a) and studied their photophysical, electrochemical
and thermal properties. The results showed that the molecules possess good thermal
stability, emit intense blue light and the HOMO/LUMO levels match with those of
N,N’-bis(naphthalen-1-yl)-N,N'-bis(phenyl)benzidine (NPB). The results showed that

the materials could be of potential candidate in optoelectronics.
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Figure 1.24
Lietal. 2010 reported two multiaryl substituted pyridine derivatives (1.15a and
1.15b) for applications in non-doped deep blue OLEDs as ETL. The low LUMO energy
levels for the two pyridine derivatives implied no barrier and facilitated electron
injection from the cathode to the organic layer. The devices based on the new

compounds exhibited a maximum nce of above 2.1 cd AL,

Figure 1.25

Su et al. 2012 synthesized a series of star shaped host materials comprising
arylene cores, such as benzene (1.16a), pyridine (1.16b) and pyrimidine (1.16c) for red-
green-blue (RGB) PHOLEDs. ICT leading to bathochromic shift in the photoluminescent
spectrum and reduced Eg was achieved in molecules with heterocyclic cores of pyridine
(1.16b) and pyrimidine (1.16c) in comparison with molecule with benzene core (1.16a). In
addition, reduced LUMO level, lower singlet-triplet excited state energy, smaller singlet-
triplet energy difference and improved bipolarity were achieved with heterocyclic cores of

pyridine and pyrimidine instead of benzene.
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Figure 1.26

You et al. 2012 synthesized and characterized a series of cyano substituted
pyridine derivatives (1.17a-1.17e). In addition to the electron transporting properties
of pyridine derivatives, they also showed light emitting as well as bipolar transporting
properties when incorporated with large m—systems. Besides that, introduction of
triphenylamine groups endowed it with hole transporting characteristics. The devices
based on these materials showed low turn on and driving voltages, high power

efficiency and mild efficiency roll-off.
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Figure 1.27

Jeong et al. 2013 synthesized two triphenylamine substituted benzimidazole
derivatives (1.18a and 1.18b) for use as efficient deep-blue emitters in non-doped

fluorescent OLEDs. The device based on 1.18a showed higher current density (c.d.)
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(5.12 mA cm2) than that based on 1.18b (3.13 mA cm2). As the packing densities in
the solid-state result in different c.d., the structurally less bulky 1.18a showed higher
c.d. than that of the device with structurally bulkier 1.18b. But the device fabricated
using 1.18b exhibited a high EQE of 4.67% compared to the device based on 1.18a
(3.05%). The increased steric bulkiness of 1.18b limited the molecular packing which

suppressed the exciton quenching and led to high device performance that that of 1.18a.
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Figure 1.28
Zhan et al. 2013 synthesized pyrene-functionalized triphenylamine derivatives

1.18a 1.18b

(1.19a-1.19c¢) by alternate Heck and Wittig reactions. The increase in the number of
carbazole—vinylene conjugated bridges increased the nonplanarity of the molecules
which resulted in blue-shifts of the absorption and emission maxima. Further, the
compounds 1.19a, 1.19b and 1.19c were employed as the emitters as well as the hole-
transporting materials (HTMSs) in electroluminescent devices. Due to the less number
of carbazole—vinylene units the device based on 1.19a exhibited good performance
with a low turn-on voltage of 2.8 V, a maximum luminance of 29,880 cd m2at 9.5 V,
a high 5ce of 3.34 cd A%, a high »pe of 2.67 Im W and resulted in green emission

which suggested the use of 1.19a as potential material in non-doped green OLEDs.
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Figure 1.29

Liu et al. 2015 designed and synthesized thermally activated delayed
fluorescence (TADF) emitter containing carbazole as electron donor unit and pyridine-
3,5-dicarbonitrile as electron acceptor unit (1.20). With the extremely small singlet-
triplet splitting and high PL quantum yield, material acted as efficient blue TADF
emitter. The optimized OLED based on this material exhibited maximum 7ce, #pe and
EQE of 47.7 cd A%, 42.8 Im W and 21.2%, respectively.
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Figure 1.30
Karthik et al. 2016 synthesized carbazole and benzimidazole based organic
luminescent materials (1.21a—1.21e) in which thiophene and phenyl moieties were used

as spacers. The thiophene containing dyes exhibited red-shifted absorption and low
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oxidation potential than that of the phenyl analogs due to the effective electron
distribution and high electron density in the former. Moreover, the devices containing
thiophene-based dyes showed relatively low turn-on voltage, attributed to the favorable
alignment of energy levels, which facilitated balanced charge transport. Also,
thiophene-based dye, 1.21e, exhibited better performance in the series with EQE as
high as 1.5%, 5ce of 0.7 cd A%, ype of 6.8 Im Wt at 100 cd m™2 with low turn-on

voltage.
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Figure 1.31
Cunha et al. 2018 designed and synthesized triphenylamine substituted
quinacridone based small molecule (1.22) for solution processed OLEDs. The methoxy
triphenylamine as end capping group provided propeller shaped conformation which
hindered the intermolecular m—r stacking and aggregation in thin film and hence,
suppressed the concentration quenching. The OLEDs based on 1.22 as dopant in host
material tris-(8-hydroxyquinoline)aluminum (Alg3) showed a turn on voltage of
~6.4V, a maximum luminescence of ~800 cd m™2, a maximum #ce and EQE of
0.42 cdA™* and 0.2%, respectively.
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Figure 1.32
Marghad et al. 2019 synthesized new TADF molecule (1.23) containing 4,6-

bis-phenyl phenothiazine as donor units and 2-thiophene-1,3,5-triazine as acceptor unit.
The device utilizing 1.23 as active emissive layer exhibited green-yellowish emission with
a turn-on voltage of 4.6 V, a maximum #ce of 35.47 cd A%, a ype of 11.1 Im W, a
maximum luminance up to 10,370 cd m2 and a maximum EQE of 9.4%. The enhanced
performance was attributed to an efficient TADF process enabling the effective up
conversion of the triplets to the singlets via reverse inter system crossing (RISC).

NN

Figure 1.33
1.7.1 Salient features of the literature review
» The D-A system with planar structure provides improved ICT, polarizability
and enhanced optical nonlinearity.
» A molecule possessing rigid-cyclic ring system exhibits excellent optical
limiting behavior.
» The HOMO-LUMO energy levels of organic molecules must match to the work

function of the respective semiconductor.
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» Star-shaped molecules possess good thermal stability, high purity, good thin
film formation, good solution processability and outstanding device
performance.
» There is still a good scope for variation of donor moiety, n—spacer and electron
acceptor group which can ameliorate the optical nonlinearity/ device
performance.
» There s still a considerable room for the development of star-shaped molecules
which can improve the efficacy of the OLED.
1.8 SCOPE AND OBJECTIVES

A thorough literature review provides the scientific community with both
general and in-depth information on structure-property relationships of the organic
conjugated molecules/polymers, which play an important role in synthesizing novel
materials with unique properties. In this context, several organic conjugated
molecules/polymers have been synthesized from a different range of conjugated
aromatic systems. The conjugated molecules with rigid structural skeleton are being
explored because of their promising optoelectronic properties. Some of the problems
associated with high molecular weight polymers such as solubility, sample purity etc.
could be improved in case of conjugated molecules. Further functional modification
could be easily carried out with conjugated molecules so as to achieve desired
properties required for device applications. In comparison to the conjugated polymers,
conjugated molecules possess some critical advantages such as, (1) well-defined
molecular structures lead to their synthetic reproducibility with high purity which is
vital to obtain repeatable device performance; (2) crystalline features of molecules
favor the long range order in the solid state and benefit the charge carrier transport; (3)
the devices can be readily fabricated by both solution-processable and vacuum-
deposited techniques (Collins et al. 2017). Among different molecular combinations
studied, conjugated system containing both electron donor and acceptor units arranged
alternatively along the conjugated molecular chain are demonstrated to be the most

auspicious materials for optoelectronic devices.

The presence of electron donor and acceptor group in the organic molecules
increases the charge transfer through n—electron delocalization, which increases the

molecular polarizability, making the organic materials superior to inorganics both in
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the speed of response and in the magnitude of the third-order effect. Thus, recently,

these push-pull m—systems with large optical nonlinearity and polarizability have

received extensive attention in emerging electronic and photonic technologies like

optical computing, optical limiters for sensors and eye protection, telecommunication

etc. Though significant advances have already been established in this field, there is

still a scope for improving the third order NLA and hence, the limiting action of the

molecules. In this regard, search for efficient NLO materials is grossing much interest

in recent years.

In this perception and based on the literature review, the following objectives

have been proposed for the present research work.

1.
2.

To design new D-A type thiophene containing conjugated compounds.

To synthesize the designed compounds using standard multistep organic
synthetic protocols.

To characterize the intermediates and new compounds using spectroscopic
methods viz. *H-NMR, *C-NMR and mass spectral techniques followed by
elemental analysis.

To study the linear optical properties of the synthesized D—A conjugated
compounds using UV-Vis absorption and fluorescence emission spectroscopic
methods.

To study the electrochemical properties of the synthesized D—A conjugated
compounds using cyclic voltammetry (CV).

To discuss the electronic distribution in HOMO-LUMO energy levels using
density functional theory (DFT).

To investigate the third order NLO properties of the synthesized compounds
using Z-scan technique.

To discuss the structure-property relationship by comparing the results obtained
in the optical, electrochemical and other studies of the conjugated compounds
with their chemical structure.

Following the literatures and keeping the above objectives in view, five series

of thiophene based conjugated materials have been designed.
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1.9 MOLECULAR DESIGN OF NEW D-A TYPE CONJUGATED MATERIALS

A detailed literature survey reveals that the synthesis of intermediate-sized
conjugated molecules or oligomers with extended conjugation can provide the desirable
qualities of both polymers and small molecules. There has been a dramatic surge in
design, synthetic development of conjugated molecules and also, in terms of device
efficiency in recent years. Plenty of materials with various D—A combinations such as
D-A-D, A-D-A, D—n—A and star-shaped architectures have been reported with
excellent optoelectronic performances. Among them, D—A-D module is emerged as
one of the most successful and promising modules explored in optoelectronic and
photonic industry (Raynor et al. 2015). Tuning of frontier molecular orbital plays vital
role in achieving desired properties in such t—systems. There are four primary ways to
modify the frontier orbital energies: (i) enlarging the m—conjugation; (ii) incorporating
planar fused aromatic ring systems so as to increase the planarity of the system; (iii)
incorporating strong donor/acceptor functional units alternatively and (iv)

incorporation of polarizable double bonds.

Most of the reported D-A conjugated materials contain simple organic
compounds such as thiophene, carbazole, triphenylamine, phenothiazine, fluorene etc.,
as powerful electron donors and 1,3,4-oxadiazole, pyridine, cyanovinylene, perylene
diimides, 2,1,3-benzothiadiazole, thiadiazole, thiazolo[5,4-d]thiazole etc, as electron
accepting groups. However, thiophene based n—conjugated systems have progressively
supplanted other classes of systems in a variety of plastic electronic technologies. The
unique combination of efficient electron transfer, structural versatility, environmental
stability, a moderate band gap and ease of functionalization of thiophene provides an
indispensable role for the thiophene based materials in organic optoelectronic fields
such as OSCs, OLEDs, sensors, OFETs and NLO (Perepichka and Perepichka 2009;
Skabara 2009). Accordingly, in the present study, it is planned to design and synthesize
five new series of thiophene based D—A-D type conjugated compounds. Out of five
series, molecules of series—1 to series—3 carry thiophene as electron donor and
imidazo[2,1-b][1,3,4]thiadiazole (ITD) as electron acceptor group along with n—linkers
and other supporting electron donor and acceptor groups, while compounds of series—
4 and series-5 comprise thiophene as donor and pyridine as acceptor moiety along with

n—linkers and other supporting electron donor groups.
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(i) Design of molecules (VK1-VK3) of series—1

ITD ring is a fused, partially planar and rigid aromatic heterocyclic system with
extended m—conjugation, consisting of two heteroaromatic rings, viz., imidazole and
[1,3,4]thiadiazole fused together with a bridgehead nitrogen atom (Khazi et al. 2011).
The biological activities of ITD derivatives have been extensively studied but there is
no research work reported on optoelectronic/photovoltaic results achieved since it’s
discovery. Therefore, in this series three new D—A-D type organic molecules were
designed, wherein ITD is an electron acceptor unit and thiophene/ phenyl moieties are
electron donor units that produce a D—A-D configuration. The thiophene—ITD (Th-
ITD) core structure comprises three different groups viz., thiophene—2—acetonitrile
(VK1), phenylacetonitrile (VK2) and rhodanine—3-acetic acid (VK3). The design
strategy for the molecules VK1-VKa3 is depicted in Figure 1.34.

EDG= Electron Donating Group

EAG=Electron Accepting Group
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\ N\ *: The attaching position of substituents
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Figure 1.34

(i) Design of molecules (VK4-VKG6) of series—2
In this series three new class of azomethines were designed wherein thiophene
and ITD remain as the invariable donor and acceptor moieties, and three different n—
conjugated systems viz., pyrene (VK4), anthracene (VK5) and triphenylamine (VKG6)
are bonded with the thiophene—ITD core unit via azomethine linkage as m—extenders.

The design strategy for the molecules VK4-VKG6 is shown in Figure 1.35.
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(iii) Design of oligomers (VK7-VK10) of series—3

Despite the numerous studies on impact of electron donors on optoelectronic
properties, there is a paucity of work on the effect of strong electron acceptors on the
performance of D—A type materials. The one acceptor, that has immense applications
in optoelectronic industry is 1,3,4-oxadiazole (Cristiano et al. 2005). Lately, 2,5
diaryl-1,3,4-oxadiazoles have been explored as versatile electron transporting
materials in optoelectronic field due to their electron—deficient nature, resistance to
oxidative degradation, high thermal and hydrolytic stability. Further, they help in
extending the conjugation when substituted in D—A type systems (Hughes and Bryce
2005; Li et al. 2014). In addition, the organic molecules with the fused heterocycles
have gained much interest as these molecules could increase the performance when
applied in optoelectronics. For an instance, thiazolo[5,4-d]thiazole (tztz), a rigid, fused
heterocyclic system having the coplanar structure with electron—withdrawing nitrogen
atoms forming an imine (C=N-) backbone, also acts as an efficient electron acceptor
(Cheng et al. 2013; Nazim et al. 2013). The small molecules comprising tztz as an
electron acceptor unit with either D-A-D or A-D-A structure are utilized as potent
optoelectronic/ photovoltaic materials in the recent past (Cheng et al. 2013; Dutta et al.
2012; Lee et al. 2011; Peng et al. 2005; Shi et al. 2012). However, the structure—
property relationship of such molecules is yet to be understood. Hence, it is planned to

design a series of four H-shaped conjugated oligomers with thiophene (VKT7),
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thiophene—-1,3,4—oxadiazole-thiophene (VKS8), tztz (VK9) and phenyl-tztz—phenyl
(VK10) units as central cores, respectively and the Th—ITD moiety at the periphery.
The design strategy for the oligomers VK7-VK10 is depicted in Figure 1.36.
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Figure 1.36

(iv) Design of compounds (VK11-VK14) of series—4

To synthesize organic materials with larger TPA or ESA cross sections and to
scale up the applications, various design strategies such as D-n—A, D—A-D and A-D-
A have been established by many research groups (Albota et al. 1998; Reinhardt et al.
1998). In addition, proper selection of D and A building blocks, distance between D
and A moieties, suitable n—linkers to connect D and A units and the symmetry of the
molecule play key roles in fine tuning the optical nonlinearity of the system (Xu et al.

2017).
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Among the various electron acceptors, pyridine ring is found to be a well-known
electron deficient and a highly electron withdrawing moiety. The electro-optical
properties of pyridine derivatives can be tuned by substitution of pyridine at different
positions and also, by coordination of different guest units to the nitrogen atom of the
pyridine group (Vellis et al. 2008). The high thermal stability, chemical stability and
good electron-transporting abilities of pyridine make pyridine to have significant role
in optoelectronic industry (Liaw et al. 2009).

Given that, in the present work, a new class of trigonal-shaped molecules and
polymers with D-A-D structural arrangement were designed with 2,4,6-trisubstituted
pyridine (served as electron acceptor) and thiophene (served as electron donor)
backbone with thiophene acetonitrile (VK11), phenyl acetonitrile (VK12, VK14) and
thiophene (VK13) units as side groups. The design strategy for the compounds VK11-
VK14 is shown in Figure 1.37.

OCyoH21 ]\
VK11: R= y

NC

S
VK12: R= ©\/CN
VK13: Re BrPh3P\/©\/PPh3Br

NC
VK14: R= CN

Figure 1.37
(v) Design of molecules (VK15-VK18) of series—5

VK11-VK14

Similar to thiophene, another excellent electron donor is propeller shaped
triphenylamine moiety, possessing a continuous conjugation between the central
nitrogen atom and peripheral phenyl groups (Jana and Ghorai 2012). In addition, it has
a high triplet energy of 3.04 eV and possesses good hole transporting property (Jiang
et al. 2009; Sonntag et al. 2005; Tong et al. 2007). The compounds containing
carbazole, another electron donating group, also have attracted much attention due to
their good charge-transport function, high thermal stability, solubility, moderately high
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oxidation potential and extended glassy state (Liaw et al. 2009; Yook and Lee 2014).
In this series, two sets of four, symmetric, novel star-shaped molecules (VK15-VK18)
were designed. In one set (VK15 and VK16) the central pyridine core (served as
electron acceptor) was connected to terminal triphenylamine (VKZ15)/carbazole
(VK16) moieties (served as electron donors) through thiophene (served as n—linker),
which provided a D-n—A-n-D structural configuration to the system, whereas, in
another set (VK17 and VK18), the central triphenylamine (VK17)/carbazole (VK18)
moiety was connected to the peripheral thiophene—pyridine—thiophene unit (D—A-nx) to

provide D-A-n-D-n—A-D configuration. The design strategy for the compounds
VK15-VK18 is shown in Figure 1.38.

OCoH21

VK15 and VK16 VK17 and VK18
VK15: R= N VK16: R=
EDG DG

RECASN B

EDG EDG

Figure 1.38
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1.10 THESIS FRAMEWORK
The present research work has been presented in the thesis in four chapters,

details of each are given below:

Chapter 1 introduces the conjugated polymers/molecules, D-A approach,
followed by a brief account on NLO, its theory and various processes involved with it.
It also gives a brief description on OLED, its working principle and parameters to
characterize the device. The chapter also includes a brief literature review pertaining to
the work carried out. The scope and objectives of the research work are presented in
this chapter and finally, it consists of the design strategy for five new series comprising
sixteen D—A-D type conjugated molecules and two D—A-D type conjugated polymers.

Chapter 2 is on the experimental section which includes: the materials and
methods used in the work, experimental procedure, synthetic scheme of compounds
and a brief description on characterization techniques used. This chapter also includes
important equations used in the work.

Chapter 3 presents the results and discussion of five series of compounds which
includes: spectral elucidation of all the intermediates and final compounds; the
photophysical and electrochemical studies; theoretical calculations; thermal properties
and the third-order NLO properties of the final compounds. It also discusses the OLED
device fabrication and performance of VK15 as a proof of concept and also throws light
upon the important findings from the experimental data.

Chapter 4 summarizes the present research work and lists the conclusions. It

also includes the scope for further work.
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CHAPTER 2

EXPERIMENTAL SECTION



2.1 EXPERIMENTAL

In accordance with the design strategy of five series of D—-A-D conjugated
systems discussed in the previous chapter, the compounds were synthesized utilizing
appropriate multistep synthetic protocols. The detailed experimental procedure for the
synthesis of newly designed compounds and the characterization details of the

intermediates and the final compounds are discussed herein.

2.1.1 Materials and methods

All the reagents and the starting materials were procured from commercial
suppliers and used as received unless specially stated. The chemicals used were
thiophene-2-carboxylic acid (Sigma Aldrich, 99%), thiosemicarbazide (Alfa Aesar,
98%), phenacyl bromide (Spectrochem, 99%), thiophene-2-acetonitrile (Sigma
Aldrich, 97%), phenylacetonitrile (Spectrochem, 98%), rhodanine-3-acetic acid (Alfa
Aesar, 98%), 4-nitrophenacyl bromide (Spectrochem, 95%), iron powder-325 mesh
(Sigma Aldrich, 97%), 1-pyrenecarboxaldehyde (Sigma Aldrich, 99%), 9-
anthracenecarboxaldehyde (Sigma Aldrich, 97%) and 4-(diphenylamino)benzaldehyde
(Alfa Aesar, 98%), 4-hydroxyphenacyl chloride (Spectrochem, 95%), potassium
carbonate (K2COs3) (Loba Chemie, 99%), 1-bromodecane (Sigma Aldrich, 98%), 2,5-
dimethylthiophene (Sigma Aldrich, 98%), 5-methyl-2-thiophenecarboxylic acid
(Sigma Aldrich, 99%), N-bromosuccinimide (NBS) (Loba Chemie, 98%),
Azobisisobutyronitrile  (AIBN) (Spectrochem, 98%), triphenylphosphine (Sigma
Aldrich, 99%), thionyl chloride (SOCI>) (Loba Chemie, 99%), hydrazine hydrate (Loba
Chemie, 99%), dithiooxamide (Sigma Aldrich, 97%), 2-acetylthiophene (Avra
Synthesis Pvt. Ltd, 95%), 4-hydroxybenzaldehyde (Loba Chemie, 98%), ammonium
acetate (Merck, 97%), 1,4-phenylenediacetonitrile (Alfa Aesar, 97%), sodium
borohydride (NaBHs) (Spectrochem, 96%), triphenylphosphine hydrobromide
(PPh3.HBr) (Sigma Aldrich, 97%), 9H-carbazole (Loba Chemie, 95%), 1-bromoethane
(Sigma Aldrich, 98%), sodium hydride (NaH) (Sigma Aldrich, 60% dispersion in
mineral oil) and bis(4-formylphenyl)phenylamine (Sigma Aldrich, 95%). All the
solvents were of analytical grade and dried prior to the usage. All the reactions were
carried out under inert conditions in round bottomed (RB) flask and the progress of the
reaction was monitored using thin layer chromatography (TLC) technique which was
performed on pre-coated aluminium sheets with 60 F254 silica gel (Merck KGaA). The

45



developed TLCs were observed under a short/long wavelength UV-Vis lamp. All the
synthesized intermediates as well as final compounds were purified either by column

chromatography or by recrystallization using suitable solvent system.

2.1.2 Synthesis of molecules (VK1-VK3) of series—1
2.1.2.1 Synthesis

The molecular structures and the synthetic route for VK1-VKS3 are shown in
Figure 2.1 and Scheme 2.1, respectively. The synthesis of molecules VK1-VK3
includes four steps. In the first step, the intermediate 3 was synthesized via a reaction
between the commercially available thiophene-2-carboxylic acid and
thiosemicarbazide in the presence of phosphorous oxychloride (POCIs). The
intermediate 4 was synthesized by the reaction between the intermediate 3 and phenacyl
bromide followed by cyclization, which was then subjected to Vilsmeier—Haack
formylation to obtain the intermediate 5. In the final step, the precursor 5 was subjected
to the well-known Knoevenagel condensation reaction with active methylene
compounds, viz., thiophene-2-acetonitrile, phenylacetonitrile and rhodanine-3-acetic
acid, to achieve the target compounds VK1, VK2 and VK3, respectively.

HOOC
. (> )
— S§<N O
NC N\ NC N\ S A\
N~ N~ N~
N N N
|\ % \\ |\ % N O |\ 7 N
|::,S\>__<S/’L\N |:j,S\>__<S/‘L§N |::,S\>__<S/’L§N
VK1

VK2 VK3

Figure 2.1 Molecular structures of VK1, VK2 and VK3.
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Scheme 2.1. Synthetic route for molecules VK1-VK3. Reagents and reaction
conditions: (a) POCI3, 75°C, 2 h, yield: 94%; (b) Phenacyl bromide, ethanol, 85-90°C,
24 h, yield: 89%; (c) POCIz, DMF 60-65°C, 6 h, yield: 86%; (d) NaOC;Hs, C2HsOH,
RT, yield: 73—76%:; (e) Piperidine, 80—85°C, 8 h, yield: 70%.
2.1.2.2 The detailed experimental procedure
Synthesis of 5-(thiophen-2-yl)-1,3,4-thiadiazol-2-amine (3)

Thiophene-2-carboxylic acid (1) (9.0 g, 70.23 mmol) and thiosemicarbazide (2)
(6.4 g, 70.23 mmol) were taken in a clean RB flask, followed by the addition of POCl;
(10.0 mL). The mixture was heated for 2 h; then, the mixture was cooled down to room
temperature (RT) and quenched using ice cold water. It was then basified with a 20%
sodium hydroxide (NaOH) solution, and the obtained solid was filtered and dried. The
crude product was purified by column chromatography (60—120 mesh silica) using
dichloromethane (DCM) as an eluent to obtain intermediate 3 as a white colored solid
(12.08 g, yield: 94%). ESI-MS (m/z) calcd. for CsHsN3S2: 182.99, found: 184.0
[M+H]*; '"H NMR (400 MHz, DMSO-ds) J (ppm): 7.60 (d, J=5.2 Hz, 1H, Ar-H), 7.42
(s, 2H, Ar-NH,), 7.38 (d, J = 4.4 Hz, 1H, Ar—H), 7.11-7.09 (m, 1H, Ar-H); *C NMR
(100 MHz, DMSO—ds) 0 (ppm): 168.5, 151.0, 133.7, 128.4, 128.2, 128.0; Anal. calcd.
for CeHsN3S2: C, 39.33; H, 2.75; N, 22.93; S, 34.99; found: C, 39.29; H, 2.78; N, 22.89;
S, 34.97.
Synthesis of 6-phenyl-2-(thiophen-2-yl)imidazo[2,1-b][1,3,4]thiadiazole (4)

To a solution of intermediate 3 (6.0 g, 32.74 mmol) in ethanol (C2HsOH) (20
mL), phenacyl bromide (7.8 g, 39.29 mmol) was added, followed by refluxing for 24h.
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Excess CoHsOH was removed under reduced pressure, and the resulting solid was
suspended in water and refluxed for 4 h. After this, the product was neutralized with
10% sodium carbonate (Na2COz). The obtained solid product was filtered, dried and
purified by column chromatography using a mixture of petroleum ether (pet ether):
ethyl acetate (8: 2, v/v) as an eluent to achieve intermediate 4 as a brown colored solid
(8.25 g, yield: 89%). ESI-MS (m/z) calcd. for C14aH9N3S,: 283.02, found: 284.00
[M+H]*; *H NMR (400 MHz, CDCls) 6 (ppm): 8.01 (s, 1H, Ar-H), 7.99 (d, J = 8.0 Hz,
1H, Ar-H), 7.82 (d, J = 8.0 Hz, 2H, Ar—H), 7.61-7.40 (m, 4H, Ar-H), 7.33-7.14 (m,
1H, Ar—H); *C NMR (100 MHz, CDClIs) ¢ (ppm): 155.8, 146.1, 144.6, 133.1, 132.3,
129.9, 129.2, 128.8, 128.1, 127.8, 125.1, 109.4; Anal. calcd. for C14aHoN3S,: C, 59.34;
H, 3.20; N, 14.83; S, 22.63; found: C, 59.25; H, 3.31; N, 14.76; S, 22.71.
Synthesis of 6-phenyl-2-(thiophen-2-yl)imidazo[2,1-b][1,3,4]thiadiazole-5-
carbaldehyde (5)

Freshly distilled N,N-dimethylformamide (DMF) (2.18 mL, 28.26 mmol) was
taken in a two-necked RB flask and cooled down from 0 to —5°C. To this, POCl; (2.64
mL, 28.26 mmol) was added drop-wise followed by stirring for 15 min to obtain the
Vilsmeier salt. The solution of intermediate 4 (4.0 g, 14.13 mmol) in DMF was added
to the formed Vilsmeier salt, and the mixture was heated at 65°C for 6 h; after this, the
mixture was guenched using ice cold water. The obtained solid was filtered, dried and
purified by column chromatography using a mixture of ethyl acetate and pet ether (3:7,
v/v) as an eluent to obtain intermediate 5 as a yellow solid (3.78 g, yield: 86%). ESI-
MS (m/z) calcd. for C1sHoN3OS,: 311.02, found: 312.00 [M+H]*; *H NMR (400 MHz,
CDClIs) 6 (ppm): 10.11 (s, 1H, -CHO), 7.92-7.90 (m, 2H, Ar-H), 7.66-7.60 (m, 2H,
Ar—H), 7.54-7.45 (m, 3H, Ar-H), 7.19-7.17 (m, 1H, Ar-H); **C NMR (100 MHz,
CDCls) ¢ (ppm): 177.4, 163.0, 157.8, 155.9, 149.9, 132.2, 131.6, 130.9, 130.0, 129.1,
128.8,125.1, 124.2; Anal. calcd. for C15sH9N30S,: C, 57.86; H, 2.91; N, 13.50; S, 20.59;
found: C, 57.79; H, 2.82; N, 13.62; S, 20.67.
Synthesis of (E)-3-(6-phenyl-2-(thiophen-2-yl)imidazo[2,1-b][1,3,4]thiadiazol-5-yl)-
2-(thiophen-2-yl)acrylonitrile (VK1)

To a freshly prepared solution of sodium ethoxide (NaOC:Hs) (89.3 mg, 8.11
mmol), thiophene-2-acetonitrile (0.40 mL, 3.85 mmol) was added slowly under stirring.
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After 15 min of stirring, intermediate 5 (1.0 g, 3.21 mmol) was added and the reaction
mixture was stirred at RT for 5 h. The precipitated solid was obtained by filtration,
washed with CoHsOH and purified by column chromatography using a mixture of pet
ether: ethyl acetate (9: 1, v/v) as an eluent to obtain VK1 as a yellow solid (0.97 g,
yield: 73%). ESI-MS (m/z) calcd. for C21H12N4Ss: 416.02, found: 417.10 [M+H]*; *H
NMR (400 MHz, CDCl3) ¢ (ppm): 7.74-7.71 (m, 2H, Ar-H), 7.64-7.63 (m, 1H, Ar-
H), 7.56 (d, J = 4.0 Hz, 1H, Ar-H), 7.51-7.47 (m, 2H, Ar-H), 7.44-7.41 (m, 3H, Ar-
H), 7.34-7.33 (m, 1H, Ar—H), 7.16 (d, J = 8.0 Hz, 1H, Ar-H), 7.11 (d, J = 8.0 Hz, 1H,
Ar—H); 3C NMR (100 MHz, CDCls3) 6 (ppm): 155.4, 149.0, 147.3, 139.3, 130.5, 129.5,
128.9, 128.7, 128.3, 128.2, 128.1, 127.4, 126.6, 119.0, 116.3, 107.6; Anal. calcd. for
C21H12N4S3: C, 60.55; H, 2.90; N, 13.45; S, 23.09; found: C, 60.61; H, 2.98; N, 13.36;
S, 23.01.
Synthesis of (2)-2-phenyl-3-(6-phenyl-2-(thiophen-2-yl)imidazo[2,1-
b][1,3,4]thiadiazol-5-yl)acrylonitrile (VK2)

Molecule VK2 was synthesized following the above-mentioned procedure for
VK1, using the precursors phenylacetonitrile (0.44 mL, 3.85 mmol) and intermediate 5
(1.0 g, 3.21 mmol) (yellow solid, 1.00 g, yield: 76%). ESI-MS (m/z) calcd. for
C23H14N4S2: 410.07, found: 411.10 [M+H]*; *H NMR (400 MHz, CDCls) § (ppm): 7.72
(d, J=8.0 Hz, 4H, Ar-H), 7.64-7.63 (m, 1H, Ar-H), 7.58-7.55 (m, 2H, Ar-H), 7.49-
7.38 (M, 6H, Ar-H), 7.17-7.14 (m, 1H, Ar—H); *C NMR (100 MHz, CDCls) 6 (ppm):
155.3, 149.0, 147.2, 134.2, 133.6, 132.3, 130.4, 129.4, 129.3, 129.1, 128.9, 128.6,
128.2,128.1, 126.2, 126.1, 119.5, 117.2, 113.5; Anal. calcd. for C23H14N4S2: C, 67.29;
H, 3.44; N, 13.65; S, 15.62; found: C, 67.35; H, 3.53; N, 13.55; S, 15.51.
Synthesis  of  (E)-2-(4-ox0-5-((6-phenyl-2-(thiophen-2-yl)imidazo[2,1-b][1,3,4]
thiadiazol-5-yl)methylene)-2-thioxothiazolidin-3-yl)acetic acid (VK3)

A mixture of intermediate 5 (1.0g, 3.21 mmol) and rhodanine-3-acetic acid
(0.61 g, 3.21 mmol) was taken in acetonitrile (CH3CN) (10 mL). Piperidine (0.5 mL)
was added to the mixture followed by refluxing for 8 h. After this, the solvent was
evaporated and to the obtained residue, distilled water (20 mL) was added followed by
neutralization using 10% hydrochloric acid (HCI). The suspended solid was filtered,
dried and purified by column chromatography using a mixture of pet ether: ethyl acetate
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(6: 4, vIVv) as an eluent to obtain VK3 as an orange solid (1.08 g, yield: 70%). *H NMR
(400 MHz, DMSO-ds) 6 (ppm): 13.00 (s, 1H, -COOH), 8.03-8.02 (m, 1H, Ar-H),
7.96-7.95 (m, 1H, Ar—H), 7.76 (s, 1H, Ar—H), 7.69-7.67 (m, 2H, Ar—H), 7.58-7.49 (m,
3H, Ar-H), 7.31-7.29 (m, 1H, Ar-H), 4.70 (s, 1H, -CH>). **C NMR (100 MHz,
DMSO-ds) 6 (ppm): 194.7, 167.9, 167.4, 157.8, 153.3, 149.7, 144.5, 133.2, 132.3,
131.4, 129.9, 129.6, 129.5, 129.2, 119.4, 119.1, 118.3, 45.7; Anal. calcd. for
C20H12N403S4: C, 49.57; H, 2.50; N, 11.56; S, 26.46; found: C, 49.46; H, 2.58; N,
11.64; S, 26.38.
2.1.3 Synthesis of molecules (VK4-VK®6) of series—2
2.1.3.1 Synthesis

The molecular structures and the synthetic pathways of three new molecules
VK4-VKG are shown in Figure 2.2 and Scheme 2.2, respectively. The intermediate 3,
synthesized in Series-1, was cyclized with 4-nitro phenacyl bromide to obtain
intermediate 6. Further, the intermediate 7 was synthesized by the reduction of
intermediate 6 in the presence of iron powder. Finally, Schiff base condensation
reactions of intermediate 7 with pyrene-1-carbaldehyde, anthracene-9-carbaldehyde
and 4-(diphenylamino)benzaldehyde resulted in final compounds VK4, VK5 and VKB6,

respectively.
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Figure 2.2 Molecular structures of VK4, VK5 and VKB6.
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NH,

Scheme 2.2 Synthetic pathways of VK4-VK®6. Reagents and reaction conditions: (b)
4-nitro phenacyl bromide, CoHsOH, 85-90°C, 24 h, yield: 82%; (f) Iron powder,
NH4Cl, CH3OH, 60-65°C, 5 h, yield: 73%; (g) Substituted aldehydes, acetic acid,
C2Hs0OH, RT, 12 h, yield: 72-82%.
2.1.3.2 The detailed experimental procedure
Synthesis of 6-(4-nitrophenyl)-2-(thiophen-2-yl)imidazo[2,1-b][1,3,4]thiadiazole (6)
The intermediate 6 was synthesized following the procedure for intermediate 4
using the precursors intermediate 3 (3.0 g, 16.37 mmol) and 4—nitro phenacyl bromide
(4.8 g, 19.64 mmol) (a yellow solid, 4.40 g, yield: 82%). ESI-MS (m/z) calcd. for
C14HsN402S,: 328.01, found: 329.0 [M+H]"; Anal. calcd. for C14HsN4O2S2: C, 51.21;
H, 2.46; N, 17.06; S, 19.53; found: C, 51.10; H, 2.47; N, 17.01; S, 19.55.
Synthesis of 4-(2-(thiophen-2-yl)imidazo[2,1-b][1,3,4]thiadiazol-6-yl)aniline (7)
A mixture of intermediate 6 (3 g, 9.03 mmol), iron powder (2.5 g. 45.68 mmol)
and ammonium chloride (NH4CI) (15 mL) was refluxed in methanol (CH3OH) (10 mL)
for 5 h. Later, it was filtered using celite and the filtrate was extracted using ethyl
acetate. The solvent was evaporated by vacuum and the obtained solid was purified by
column chromatography using a mixture of pet ether/ ethyl acetate (6:4) as mobile
solvent to get 7 as yellow crystals (1.99 g, yield: 73%). ESI-MS (m/z) calcd. for
C14H10N4S2: 298.38, found: 299.00 [M+H]"; *H NMR (400 MHz, CDCls3) ¢ (ppm): 7.87
(s, 1H, Ar-H), 7.63 (d, J = 8.0 Hz, 2H, Ar—H), 7.53-7.51 (m, 2H, Ar-H), 7.16-7.13
(m, 1H, Ar-H), 6.74 (d, J = 8.0 Hz, 2H, Ar-H), 3.76 (s, 2H, —NH>); *C NMR (100
MHz, DMSO-ds) ¢ (ppm): 154.7, 147.1, 146.1, 144.2, 132.7, 129.4, 128.7, 128.0,
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126.3,124.4,115.2, 107.9; Anal. calcd. for C1aH10N4S2: C, 56.36; H, 3.38; N, 18.78; S,
21.49; found: C, 56.17; H, 3.40; N, 18.69; S, 21.40.

Synthesis of (E)-N-(pyren-1-ylmethylene)-4-(2-(thiophen-2-yl)imidazo[2,1-
b][1,3,4]thiadiazol-6-yl)aniline (VK4)

A mixture of intermediate 7 (0.5 g, 1.67 mmol) and pyrene-1-carbaldehyde
(0.38 g, 1.67 mmol) was taken in dry C2HsOH (5 mL), a catalytic amount of acetic acid
was added and stirred at RT for 12 h. The obtained solid was filtered, washed with cold
C2HsOH and recrystallized from a mixture of CH3sOH and chloroform (CHCIs) (1:1) to
get compound VK4 as yellow crystals (0.67 g, yield: 79%). ESI-MS (m/z) calcd. for
Ca1H1sN4S2: 510.10, found: 511.50 [M+H]*; *H NMR (400 MHz, CDCIs) ¢ (ppm):
9.55 (s, 1H, Ar-H), 9.06-9.04 (m, 1H, Ar-H), 8.78-8.76 (m, 1H, Ar-H), 8.27-8.23 (m,
4H, Ar—H), 8.17-8.12 (m, 2H, Ar-H), 8.09-8.03 (m, 2H, Ar—H), 7.95-7.93 (m, 2H,
Ar—H), 7.55-8.03 (m, 4H, Ar—H), 7.16 (d, J = 8.0 Hz, 1H, Ar—H); *C NMR (100 MHz,
CDCIs) ¢ (ppm): 157.3, 151.0, 145.4, 143.7, 132.4, 131.5, 130.7, 130.2, 129.5, 128.6,
128.0, 128.0, 127.5, 127.0, 126.4, 125.8, 125.2, 125.1, 124.9, 124.9, 124.0, 123.9,
123.6, 121.5, 120.6,108.2. Anal. calcd. for Cs1H1sN4S2: C, 72.92; H, 3.55; N, 10.97; S,
12.56; found: C, 72.80; H, 3.51; N, 10.80; S, 12.58.
(E)-N-(anthracen-9-ylmethylene)-4-(2-(thiophen-2-yl)imidazo[2,1-
b][1,3,4]thiadiazol-6-yl)aniline (VK5)

The above-mentioned procedure for VK4 was followed to get molecule VKS5,
by reacting intermediate 7 (0.5 g, 1.67 mmol) with anthracene-9-carbaldehyde (yellow
solid, 0.34 g, 1.67 mmol) (0.58 g, yield: 72%). ESI-MS (m/z) calcd. for C2oH18N4S>:
486.10, found: 487.10 [M+H]*; *H NMR (400 MHz, CDCls) § (ppm): 9.70 (s, 1H, Ar—
H), 8.73-8.71 (m, 2H, Ar-H), 8.51 (s, 1H, Ar-H), 8.01-7.89 (m, 5H, Ar—H), 7.54-7.43
(m, 8H, Ar—H), 7.11-7.09 (m, 1H, Ar-H); 3C NMR (100 MHz, CDCls) § (ppm): 158.3,
145.3, 130.3, 129.7, 129.7, 128.7, 128.0, 127.0, 126.3, 125.0, 124.4, 123.8, 120.6,
108.3. Anal. calcd. for CooH18N4S2: C, 71.58; H, 3.73; N,11.51; S, 13.18; found: C,
71.52; H, 3.75; N,11.26; S, 13.09.
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(E)-N,N-diphenyl-4-(((4-(2-(thiophen-2-yl)imidazo[2,1-b][1,3,4]thiadiazol-6-
yl)phenyl)imino)methyl)aniline (VK6)

Molecule VK6 was synthesized following the procedure mentioned for VK4,
by reacting intermediate 7 (0.5 g, 1.67 mmol) with 4-(diphenylamino)benzaldehyde
(yellow solid, 0.45 g, 1.67 mmol) (0.76 g, yield: 82 %). ESI-MS (m/z) calcd. for
Cs3H23NsS2: 553.14, found: 554.20 [M+H]*; *H NMR (400 MHz, CDCls) & (ppm): 8.35
(s, 1H, Ar-H), 7.94 (s, 1H, Ar-H), 7.78 (d, J = 8 Hz, 2H, Ar-H), 7.68 (d, J = 8.4 Hz,
2H, Ar-H), 7.48 (s, 2H, Ar-H), 7.25-7.19 (m, 6H, Ar-H), 7.09-7.01 (m, 9H, Ar-H);
13C NMR (100 MHz, CDCls) ¢ (ppm): 158.1, 150.7, 149.8, 145.9, 130.2, 128.9, 128.6,
128.4, 127.9, 127.0, 124.8, 124.4, 123.0, 120.5, 120.4, 108.1. Anal. calcd. for
Ca3H23NsS2: C, 71.58; H, 4.19; N, 12.65; S, 11.58; found: C, 71.55; H, 4.20; N, 12.59;
S, 11.53.

2.1.4 Synthesis of oligomers (VK7-VKZ10) of series-3
2.1.4.1 Synthesis

The thiophene substituted moiety, intermediate 8, obtained by the cyclization of
intermediate 3 with 4-hydroxy phenacyl chloride, was alkylated to yield intermediate
9. In the alkylation step, the decyl chain was selected as alkylating agent to improve the
solubility in different organic solvents. Later, intermediate 9 was formylated via well-
known Vilsmeier-Haack reaction to achieve intermediate 10. On the other hand, three
different Wittig salts (intermediates 13, 19 and 24) with different conjugations were
synthesized using multistep synthetic protocol as mentioned in Scheme 2.3. Finally,
the intermediate 10 was reacted with dithiooxamide and the Wittig salts 13, 19 and 24
to yield VK9, VK7, VK8 and VK10, respectively. The chemical structures of VK7-
VK10 are shown in Figure 2.3 and the synthetic pathway is depicted in Scheme 2.3.
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Scheme 2.3 Synthetic pathways for the oligomers VK7-VK10. Reagents and reaction
conditions: (b) 4-hydroxy phenacyl chloride, CoHsOH, 80°C, 24 h, yield: 89%; (h) 1-
Bromodecane, K2COs, DMF, RT-85°C, 12 h, yield: 91%; (i) NBS, AIBN, Benzene,
75°C, 2 h, yield: 64-74%; (j) Triphenylphosphine, DMF, 85°C, 12 h, yield: 78-90%;
(k) SOClz, 0°C—RT, 4 h, yield: 94%; (l) Hydrazine hydrate, triethylamine, NMP, RT, 8
h, yield: 94%; (m) POCls, 75°C, 3 h, yield: 78%; (n) DMF, 160°C, 5 h, yield: 41-55%;
(o) C2HsONa, CHCl3, CoHsOH, RT, 12 h, yield: 82—85%.
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2.1.4.2 The detailed experimental procedure
Synthesis of 2-(thiophen-2-yl)imidazo[2,1-b][1,3,4]thiadiazol-6-0l (8)

The intermediate 8 was synthesized following the procedure for intermediate 4
using intermediate 3 (3.0 g, 16.37 mmol) and 4-hydroxy phenacyl bromide (4.8 g, 19.64
mmol) (off-white solid, 7.27 g, yield: 89%). ESI-MS (m/z) calcd. for C14H9oN30S;:
299.02, found: 300.00 [M+H]*; *H NMR (400 MHz, DMSO-ds) & (ppm): 9.51 (s, 1H,
—OH), 8.49 (s, 1H, Ar-H), 7.91-7.89 (m, 1H, Ar-H), 7.83-7.82 (m, 1H, Ar-H), 7.66
(d, J =8.0 Hz, 2H, Ar-H), 7.26-7.24 (m, 1H, Ar-H), 6.78 (d, J = 8.0 Hz, 2H, Ar-H);
13C NMR (100 MHz, DMSO-ds) 6 (ppm): 157.5, 155.3, 146.2, 143.9, 132.0, 131.5,
130.8, 129.1, 126.5, 125.0, 115.9, 109.4; Anal. calcd. for C14H9N30OS>: C, 56.17; H,
3.03; N,14.04; S, 21.42; found: C, 56.02; H, 3.15; N,14.16; S, 21.47.

Synthesis of 6-(decyloxy)-2-(thiophen-2-yl)imidazo[2,1-b][1,3,4]thiadiazole (9)

The intermediate 8 (4 g, 13.36 mmol) and anhydrous K>CO3 (5.53 g, 40.08
mmol) were added to DMF (20 mL) and the mixture was stirred at RT for 0.5 h. Later,
1-bromodecane (4.15 mL, 20.04 mmol) was added slowly to the above mixture and
heated at 80°C for 12 h. The reaction mixture was quenched using cold distilled water.
The obtained solid was filtered and purified using column chromatography using a
mixture of pet ether/ethyl acetate (9:1, v/v) as eluent to get 9 as a yellow solid (5.34 g,
yield: 91%). ESI-MS (m/z) calcd. for C2sH29N308S;: 439.18, found: 440.10 [M+H]*; *H
NMR (400 MHz, CDCl3) & (ppm): 7.91 (s, 1H, Ar-H), 7.73 (d, J = 8.0 Hz, 2H, Ar-H),
7.54-7.52 (m, 2H, Ar-H), 7.15-7.13 (m, 1H, Ar-H), 6.94 (d, J = 8.0 Hz, 2H, Ar-H),
3.98 (t, J = 6.8 Hz, 2H, -OCH>), 1.81-1.27 (m, 16H, -CH>), 0.87 (t, J = 7.2 Hz, 3H, -
CHs); *C NMR (100 MHz, CDCls) 6 (ppm):158.9, 155.1, 146.4, 144.3, 132.5, 129.6,
128.9, 128.0, 126.3, 126.0, 114.7, 108.4, 68.0, 31.8, 29.5, 29.5, 29.4, 29.3, 29.2, 26.0,
22.6, 14.1; Anal. calcd. for C2sH20N30S2: C, 65.57; H, 6.65; N,9.56; S, 14.58; found:
C, 65.49; H, 6.67; N,9.52; S, 14.64.

Synthesis of 6—(decyloxy)-2—(thiophen-2-yl)imidazo[2,1-b][1,3,4]thiadiazole-5-
carbaldehyde (10)

The intermediate 10 was synthesized following the procedure mentioned for
intermediate 5 using a freshly distilled DMF (1.05 mL, 13.64 mmol), POCls (1.27 mL,
13.64 mmol) and intermediate 9 (3 g, 6.82 mmol) (a yellow solid, 2.74 g, yield: 86%).
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ESI-MS (m/z) calcd. for CasH2oN302S,: 467.17, found: 468.10 [M+H]"; *H NMR (400
MHz, CDCIs) ¢ (ppm): 10.09 (s, 1H,—~CHO), 7.88 (d, J = 8.0 Hz, 2H, Ar-H), 7.64-
7.59 (m, 2H, Ar-H), 7.18-7.16 (m, 1H, Ar-H), 7.01 (d, J = 9.2 Hz, 2H, Ar—H), 4.02 (t,
J = 6.8 Hz, 2H, -OCHy), 1.81-1.27 (m, 16H, -CH>-),0.87 (t, J = 7.2 Hz, 3H, —CHj);
13C NMR (100 MHz, CDCls) 6 (ppm): 177.3, 160.7, 157.4, 155.8, 149.8, 131.6, 130.7,
130.4, 129.8, 128.1, 124.4, 123.6, 114.7, 68.1, 31.8, 29.5, 29.3, 29.1, 26.0, 22.6, 14.1;
Anal. calcd. for C2sH29N302S;: C, 64.21; H, 6.25; N,8.99; S, 13.71; found: C, 64.30; H,
6.19; N,8.92; S, 13.78.
Synthesis of 2,5-bis(bromomethyl)thiophene (12)

To a solution of 2,5-dimethylthiophene (11) (1.01 mL, 8.91 mmol) in benzene
(10 mL), NBS (3.33 g, 18.71 mmol) and AIBN (0.292 g, 1.78 mmol) were added and
the mixture was refluxed for 2 h. The excess of solvent was evaporated under reduced
pressure to yield a viscous fluid, to which distilled water (25 mL) was added to remove
the excess of NBS; the product formed was extracted with ethyl acetate and dried using
sodium sulphate (Na2SO4). Then, the ethyl acetate was evaporated to get 12 as brown
oily liquid, which was used as such without further purification (1.75 g, yield: 74%).
Anal. calcd. for CcHeBmS: C, 26.69; H, 2.24; S, 11.87; found: C, 26.75; H, 2.17; S,
11.79.
Synthesis of (thiophene-2,5—diylbis(methylene))bis(triphenylphosphonium) bromide
(13)

The intermediate 12 (0.5 g, 1.86 mmol) and triphenylphosphine (1.07 g, 4.10
mmol) were mixed in anhydrous DMF (5 mL) and the mixture was refluxed for 12 h.
Later, the mixture was cooled down to RT and slowly poured into ethyl acetate (25 mL)
to obtain a solid product, which was filtered, washed with ethyl acetate and dried to get
13 as a brown colored solid (1.31 g, yield: 89%). *H NMR (400 MHz, CDCls) J (ppm):
7.76-7.59 (m, 30H, Ar-H), 6.70 (s, 2H, Ar-H), 5.53 (d, J = 12.0 Hz, 4H, Ar-CH>-);
13C NMR (100 MHz, CDCl3) 6 (ppm): 135.3, 134.1, 131.7, 130.1, 129.3, 117.6, 116.7;
Anal. calcd. for C42H36Br2P2S: C, 63.49; H, 4.57; S, 4.03; found: C, 63.38; H, 4.53; S,
4.11.
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Synthesis of 5—-methylthiophene—2—carbonyl chloride (15)

5-methyl thiophene-2-carboxylic acid (14) (5 g, 35.21 mmol) was taken in a dry
RB flask, to this SOCI> (2.54 mL, 35.21 mmol) was added slowly followed by the
addition of DMF (0.2 mL). The stirring was performed at RT for 4 h. The excess SOCI;
was removed under reduced pressure to obtain a colorless oily liquid 15, which was
used as such for the next step (5.28 g, yield: 94%). Anal. calcd. for C¢HsCIOS: C, 44.87;
H, 3.14; S, 19.96; found: C, 44.95; H, 3.19; S, 19.82.

Synthesis of 5-methyl-N'—(5—-methylthiophene-2—carbonyl)thiophene—2-
carbohydrazide (16)

To the solution of 15 (5 g, 31.13 mmol) in N-methyl-2-pyrrolidone (NMP),
triethylamine (8 mL, 36.16 mmol) and hydrazine hydrate (~1.0 mL, 15.56 mmol) were
added slowly at 0°C and the mixture was stirred at RT for 8 h. It was quenched using
cold distilled water to precipitate the crude product, which was purified by column
chromatography using a mixture of DCM/CH3OH (9:1, v/v) as mobile solvent to get
intermediate 16 as a white solid (8.22 g, yield: 94%). ESI-MS (m/z) calcd. for
C12H12N20,S,: 280.03, found: 281.00 [M+H]*; 'H NMR (400 MHz, DMSO-dg) ¢
(ppm): 10.34 (s, 2H,—NH), 7.64 (d, J = 4.0 Hz, 2H, Ar—H), 6.88 (s, 2H, Ar-H), 2.48 (s,
6H, —CHs); *C NMR (100 MHz, DMSO-ds) ¢ (ppm): 161.3, 146.1, 135.1, 129.7,
127.1, 15.6; Anal. calcd. for C12H12N202S;: C, 51.41; H, 4.31; N, 9.99; S, 22.87; found:
C, 51.50; H, 4.35; N, 9.88; S, 22.95.

Synthesis of 2,5-bis(5—-methylthiophen-2-yl)-1,3,4-oxadiazole (17)

The intermediate 16 (2 g, 7.13 mmol) in POCIs (8 mL) was refluxed for 4 h.
Later, the mixture was cooled down to RT and quenched using ice cold water to
precipitate the crude product. The product was filtered and purified by column
chromatography using a mixture of pet ether/ethyl acetate (7:3, v/v) as mobile solvent
to get intermediate 17 as a brown solid (1.45 g, yield: 78%). ESI-MS (m/z) calcd. for
C12H10N20S2: 262.02, found: 263.00 [M+H]*; *H NMR (400 MHz, DMSO-ds) ¢
(ppm): 7.65 (s, 2H, Ar—H), 6.99 (s, 2H, Ar-H), 2.52 (s, 6H, —CHs); 3C NMR (100
MHz, DMSO-dg) 0 (ppm): 159.8, 146.1, 131.0, 127.7, 121.9, 15.5; Anal. calcd. for
C12H10N20S2: C, 54.94; H, 3.84; N,10.68; S, 24.44; found: C, 54.86; H, 3.90; N,10.63;
S, 24.53.
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Synthesis of 2,5-bis(5—(bromomethyl)thiophen—2-yl)-1,3,4—oxadiazole (18)

A mixture of 17 (1 g, 3.81 mmol), NBS (1.42 g, 8.00 mmol) and AIBN (0.125
g, 0.76 mmol), was refluxed in benzene (10 mL) for 2 h. The excess of solvent was
evaporated to get brown colored fluid, to which distilled water (25 mL) was added and
stirred at RT for 0.5 h. The obtained solid product was filtered and recrystallized using
a mixture of ethyl acetate/CHCIs (1:1) to obtain intermediate 18 as a brown colored
solid (1.08 g, yield: 68%). *H NMR (400 MHz, DMSO-ds) ¢ (ppm): 7.73 (d, J = 4.0
Hz, 2H, Ar-H), 7.38 (d, J = 4.0 Hz, 2H, Ar-H), 5.13 (s, 4H, —-CH.Br); 1*C NMR (100
MHz, DMSO-dg) ¢ (ppm): 160.0, 146.7, 130.8, 130.4, 125.2, 27.4; Anal. calcd. for
C12HgBr2N20Sz: C, 34.31; H, 1.92; N, 6.67; S, 15.26; found: C, 34.40; H, 1.86; N, 6.74;
S, 15.18.

Synthesis  of  2,5-bis(5—((bromotriphenylphosphoranyl)methyl)thiophen—2-yl)-
1,3,4—oxadiazole (19)

The intermediate 19 was synthesized following the procedure mentioned for
intermediate 13 using intermediate 18 (0.5 g, 1.19 mmol) and triphenylphosphine (0.68
g, 2.61 mmol) (brown solid, 1.01 g, yield: 90%). *H NMR (400 MHz, DMSO-ds) ¢
(ppm): 7.93-7.68 (m, 30H, Ar-H), 7.14 (s, 4H, Ar-H), 5.29 (d, J = 16 Hz, 4H, Ar-
CH2-); C NMR (100 MHz, DMSO—dg) ¢ (ppm): 162.7, 159.5, 135.9, 134.3, 132.5,
130.9, 125.3, 118.2, 117.3, 36.2; Anal. calcd. for C4gHzsBr.N.OP>S>: C, 61.03; H, 4.05;
N, 2.97; S, 6.79; found: C, 61.12; H, 4.16; N, 2.86; S, 6.65.

Synthesis of 2,5-di—p-tolylthiazolo[5,4—d]thiazole (22)

Dithiooxamide (20) (1.0 g, 8.32 mmol) and p-tolualdehyde (21) (2 g, 16.64
mmol) were dissolved in dry DMF (15 mL). The mixture was refluxed for 6 h, which
later, was cooled to RT while intermediate 22 started crystallizing out. The crystals
were separated by filtration and purified by column chromatography using a mixture of
pet ether/ ethyl acetate (9:1, v/v) to get compound 22 as yellow crystals (2.95 g, yield:
55%). ESI-MS (m/z) calcd. for C1sH14N2S2: 322.06, found: 323.00 [M+H]*; *H NMR
(400 MHz, DMSO-ds) 6 (ppm): 7.91 (d, J = 8.0 Hz, 4H, Ar-H), 7.36 (d, J = 8.0 Hz,
4H, Ar—H), 2.37 (s, 6H, —CHs); Anal. calcd. for C1gH14N2S,: C, 67.05; H, 4.38; N, 8.69;
S, 19.89; found: C, 67.14; H, 4.32; N, 8.58; S, 19.97.

Synthesis of 2,5-bis(4—(bromomethyl)phenyl)thiazolo[5,4—d]thiazole (23)
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The intermediate 23 was synthesized following the procedure of intermediate
18 using intermediate 22 (0.6 g, 1.86 mmol), NBS (0.695 g, 3.90 mmol) and AIBN
(0.061 g, 0.37 mmol) (yellow solid, 0.57 g, yield: 64%). *H NMR (400 MHz, CDCls)
S (ppm): 7.89 (d, J = 8.0 Hz, 2H, Ar—H), 7.69 (d, J = 8.4 Hz, 2H, Ar—H), 7.51-7.49 (m,
3H, Ar-H), 7.29 (d, J = 8.0 Hz, 1H, Ar-H), 4.53 (s, 4H, Ar—-CH2Br); Anal. calcd. for
C1sH12BraN2S»: C, 45.02; H, 2.52; N, 5.83; S, 13.35; found: C, 45.13; H, 2.44; N, 5.89;
S, 13.42.

Synthesis of 2,5-bis(4—((bromotriphenylphosphoranyl) methyl) phenyl) thiazolo[5,4—
d]thiazole (24)

The intermediate 24 was synthesized following the procedure of intermediate
19 using intermediate 23 (0.5 g, 1.04 mmol) and triphenylphosphine (0.60 g, 2.29
mmol) (brown solid, 0.81 g, yield: 78%). 'H NMR (400 MHz, DMSO-ds) 6 (ppm):
7.93-7.89 (m, 10H, Ar-H), 7.76-7.68 (m, 23H, Ar-H), 7.36 (d, J = 8.0 Hz, 1H, Ar-H),
7.14 (d, J = 8.0 Hz, 4H, Ar-H), 5.29 (d, J = 16.0 Hz, 4H, Ar—CH,-); 3C NMR (100
MHz, DMSO-dg) 6 (ppm): 168.4, 151.0, 135.6, 134.5, 134.4, 133.3, 132.3, 130.7,
130.6, 126.9, 118.4, 117.6; Anal. calcd. for CssHa2BroNoP2Sy: C, 64.55; H, 4.21; N,
2.79; S, 6.38; found: C, 64.48; H, 4.16; N, 2.83; S, 6.44.
2,5-bis((E)-2—(6—(4—(decyloxy)phenyl)-2—(thiophen-2-yl)imidazo[2,1-
b][1,3,4]thiadiazol-5-yl)vinyl)thiophene (VK7)

The intermediates 13 (0.5 g, 0.52 mmol) and 10 (0.49 g, 1.05 mmol) were
dissolved in a mixture of CHCIs and C2HsOH (1:1), to which, a freshly prepared
solution of C2HsONa (89.3 mg, 8.11 mmol in 3 mL of ethanol) was added drop wise in
argon atmosphere and the mixture was stirred at RT for 12 h. The excess of solvent was
removed under reduced pressure and the residue was purified by column
chromatography using a mixture of pet ether/ethyl acetate (8:2, v/v) to get the
compound VK7 as an orange colored solid (0.52 g, yield: 83%). MALDI-TOF-MS
(m/z) caled. for CsgHs2NeO2Ss: 1011.452, found: 1012.346 [M+H]*; 'H NMR (400
MHz, CDCl3) 6 (ppm): 7.89 (s,1H, Ar-H), 7.85 (s,1H, Ar—H), 7.68 (d, J = 8.0 Hz, 4H,
Ar—H), 7.60-7.56 (m, 4H, Ar-H), 7.19-7.16 (m, 2H, Ar—H), 7.11 (s, 1H, Ar-H), 7.07
(s, 1H, Ar—H), 7.05-7.03 (m, 6H, Ar-H), 4.03 (t, J = 8.0 Hz, 4H, -OCHy), 1.86-1.81
(m, 4H, —CH2-), 1.79-1.47 (m, 7H, —CH>-), 1.34-1.28 (m, 21H, -CH>-),0.88 (t, J =
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8.0 Hz, 6H, —CHs3); *C NMR (100 MHz, CDCls) 6 (ppm): 159.0, 154.8, 145.2, 145.1,
142.2,132.6,129.7,129.4,129.0, 128.0, 127.1, 126.7,121.7,121.5, 114.8, 113.7, 68.1,
31.9, 29.6, 29.5, 29.4, 29.3, 26.1, 22.6,14.1; Anal. calcd. for CsgHe2NeO2Ss: C, 66.50;
H, 6.18; N, 8.31; S, 15.85; found: C, 66.58; H, 6.09; N, 8.43; S, 15.97.
2,5-bis(5—((E)—2—(6—(4—(decyloxy)phenyl)-2—(thiophen—-2-yl)imidazo[2,1-
b][1,3,4]thiadiazol-5-yl)vinyl)thiophen-2-yl)-1,3,4—oxadiazole (VK8)

The compound VK8 was synthesized following the same procedure for VK7
using intermediate 19 (0.5 g, 0.63 mmol) and intermediate 10 (0.59 g, 1.26 mmol)
(orange solid, 0.52 g, yield: 85%). MALDI-TOF-MS (m/z) calcd. for Ce2HsaNgO3Ss:
1160.343, found:1159.100 [M]*; *H NMR (400 MHz, CDCls) 6 (ppm): 7.89 (s, 1H, Ar—
H), 7.85 (s, 2H, Ar-H), 7.80-7.60 (m, 3H, Ar-H), 7.57-7.48 (m, 2H, Ar-H), 7.42-7.39
(m, 3H, Ar—H), 7.22-7.15 (m, 3H, Ar-H), 7.14-7.00 (m, 3H, Ar-H), 6.96-6.93 (m, 2H,
Ar—H), 6.89-6.78 (m, 2H, Ar-H), 6.75-6.72 (m, 1H, Ar—H), 4.06 (t, J = 8.0 Hz, 2H, —
OCH?), 3.95 (t, J = 8.0 Hz, 2H, —-OCHy), 1.86-1.83 (m, 4H, —CH>-), 1.76-1.58 (m, 5H,
—CH>-), 1.50-1.42 (m, 4H, -CH»>-), 1.30-1.27 (m, 19H, -CH>-), 0.88 (t, J = 8.0 Hz,
6H, —CHs); *C NMR (100 MHz, CDCls) § (ppm): 160.0, 159.9, 158.9, 154.6, 148.3,
145.8, 144.8, 132.5, 128.5, 127.8, 126.8, 126.3, 124.7, 121.1, 119.7, 118.0, 116.6,
1149, 1145, 68.1, 31.8, 29.5, 29.3, 29.2, 26.0, 22.6, 14.0; Anal. calcd. for
Ces2HsaNgO3Ss: C, 64.11; H, 5.55; N, 9.65; S, 16.56; found: C, 64.23; H, 5.42; N, 9.58;
S, 16.67.

Synthesis  of  2,5-bis(6—(4—(decyloxy)phenyl)-2—(thiophen—-2—-yl)imidazo[2,1-
b][1,3,4]thiadiazol-5-yl)thiazolo[5,4—d]thiazole (VK9)

The oligomer VK9 was synthesized following the procedure for intermediate
22 using the precursors intermediate 10 (0.5 g, 1.06 mmol) and intermediate 20 (0.064
g, 0.53 mmol) (yellow crystals, 0.44 g, yield: 41%). MALDI-TOF-MS (m/z) calcd. for
Cs2HssNg02Se: 1016.285, found: 1016.989 [M+H]*; 'H NMR (400 MHz, CDCls) &
(ppm): 7.96 (d, J = 8.0 Hz, 4H, Ar—H), 7.65 (d, J = 4.0 Hz, 2H, Ar-H), 7.60 (d, J = 8.0
Hz, 2H, Ar-H), 7.20-7.18 (m, 2H, Ar-H), 6.99 (d, J = 8.0 Hz, 4H, Ar-H), 4.03 (t, J =
8.0 Hz, 4H, —OCH), 1.84-1.80 (m, 5H, -CH>-), 1.50-1.46 (m, 4H, —CH,>-), 1.38-1.28
(m, 23H, —CHy-), 0.87 (t, J = 8.0 Hz, 6H, —CH3); *3C NMR (100 MHz, CDCls) J (ppm):
159.7, 156.2, 155.8, 147.2, 145.4, 132.2, 130.4, 130.2, 129.4, 129.2, 128.1, 125.7,
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118.7, 114.2, 68.0, 31.8, 29.5, 29.4, 29.2, 26.0, 22.6, 14.0; Anal. calcd. for
Cs2Hs6NgO2Ss: C, 61.39; H, 5.55; N, 11.01; S, 18.91; found: C, 61.48; H, 5.51; N,
11.13; S, 18.86.
Synthesis of 2,5-bis(4—((E)—2—(6—(4—(decyloxy)phenyl)—-2—(thiophen—2—
yl)imidazo[2,1-b][1,3,4]thiadiazol-5-yl)vinyl)phenyl)thiazolo[5,4-d]thiazole (VK10)

The compound VK10 was synthesized following the procedure mentioned for
VK7, using intermediates 24 (yellow solid, 0.5 g, 0.497 mmol) and 10 (0.46 g, 0.995
mmol) (0.49 g, yield: 82%). MALDI-TOF-MS (m/z) calcd. for CesHesNgO2Se:
1221.706, found:1222.723 [M+H]"; *H NMR (400 MHz, CDCls) ¢ (ppm): 7.97 (d, J =
8.0 Hz, 4H, Ar-H), 7.83 (s, 1H, Ar-H), 7.79 (s, 1H, Ar-H), 7.68 (d, J = 8.0 Hz, 4H,
Ar—H), 7.60-7.58 (m, 7H, Ar-H), 7.38 (s, 3H, Ar-H), 7.20-7.18 (m, 2H, Ar-H), 7.04
(d, J=8.0 Hz, 4H, Ar-H), 4.04 (t, J = 8.0 Hz, 4H, -OCH>), 1.87-1.80 (m, 4H, -CH>—
), 1.52-1.46 (m, 5H, -CH>-), 1.31-1.25 (m, 23H, —-CH>-), 0.89 (t, J = 8.0 Hz, 6H, —
CHz); 3C NMR (100 MHz, CDCls) § (ppm): 159.1, 145.4, 132.6, 129.6, 129.5, 128.9,
128.8, 128.4, 128.0, 126.8, 126.6, 126.2, 125.8, 121.8, 115.6, 114.7, 114.4, 68.1, 31.8,
29.6, 29.5, 29.3, 29.2, 26.0, 22.6, 14.0; Anal. calcd. for CesHesNgO2Ss: C, 66.85; H,
5.61; N, 9.17; S, 15.75; found: C, 66.93; H, 5.70; N, 9.06; S, 15.68.
2.1.5 Synthesis of compounds (VK11-VK14) of series—4
2.1.5.1 Synthesis

The synthetic route for VK11-VK14 are depicted in Scheme 2.4 and their
structures are shown in Figure 2.4. In the first step, the green synthesis of intermediate
27 involves one-pot multicomponent reaction under solvent-free (neat) condition via
microwave irradiation. The intermediate 27 was alkylated in the next step to improve
the solubility in different organic solvents using 1-bromodecane, to yield intermediate
28. Then, the intermediate 28 was formylated via Vilsmeier Haack reaction to obtain
intermediate 29. Finally, the intermediate 29 was subjected to well-known
Knoevenagel condensation and Wittig condensation reactions with active methylene
compounds viz., thiophene-2-acetonitrile, phenylacetonitrile, 1,4-
phenylenediacetonitrile and Wittig salt 13 (series—3) to obtain the target compounds
VK11, VK12, VK14 and VK13, respectively.
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Figure 2.4 Chemical structures of VK11, VK12, VK13 and VK14.

OC1qHz1 OCoHa1
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CHO
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Scheme 2.4 Synthetic route for VK11-VK14. Reagents and reaction conditions: (p)
ammonium acetate, microwave, 400 W, 120°C, 0.5 h, yield: 68%; (q) POClz, DMF,
90-95°C, 48 h, yield: 49%.
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2.1.5.2 The detailed experimental procedure
Synthesis of 4-(4-(hydroxy)phenyl)-2,6-di(thiophen-2-yl)pyridine (27)

In a single-necked RB flask, 2-acetylthiophene (25) (8.84 mL, 81.88 mmol), 4-
hydroxybenzaldehyde (26) (5.0 g, 40.94 mmol) and ammonium acetate (63.12 g,
818.86 mmol) were taken. The mixture was subjected to microwave irradiation (400
W) at 120°C for 0.5 h, then the residue was quenched using ice-water (60 mL) and the
obtained solid was filtered. The solid was washed several times with ice cold distilled
water to remove unreacted ammonium acetate and purified by column chromatography
using a mixture of pet ether/ethyl acetate (8:2, v/v) as mobile solvent to get intermediate
27 as a white solid (9.32 g, yield: 68%). ESI-MS (m/z) calcd. for C10H13NOS>: 335.04
found: 336.21 [M+H]"; *H NMR (400 MHz, CDCls) 6 (ppm): 7.72 (s, 2H, Ar-H), 7.65—
7.60 (m, 4H, Ar-H), 7.44 (d, J = 8.0 Hz, 2H, Ar-H), 7.17-7.14 (m, 2H, Ar-H), 6.97 (d,
J=8.4Hz, 2H, Ar-H), 5.31 (s, 1H, —OH); 3C NMR (100 MHz, CDCls) 6 (ppm): 156.6,
152.5, 149.5, 144.9, 130.9, 128.4, 127.9, 127.7, 124.7, 116.0, 114.6; Anal. calcd. for
C1H13NOS2: C, 68.03; H, 3.91; N, 4.18; S, 19.12; found: C, 67.86; H, 4.17; N, 3.97; S,
19.66.

Synthesis of 4-(4-(decyloxy)phenyl)-2,6-di(thiophen-2-yl)pyridine (28)

The intermediate 28 was synthesized following the procedure for intermediate
9 (series—3), using intermediate 27 (4.00 g, 11.92 mmol), K.COs3 (4.94 g, 35.77 mmol)
and 1-bromodecane (3.77 mL, 17.88 mmol) (off-white solid, 5.10 g, yield: 90%). ESI-
MS (m/z) calcd. for C2H3sNOS,: 475.20 found: 476.34 [M+H]*; *H NMR (400 MHz,
CDClI3) 6 (ppm): 7.72 (s, 2H, Ar—H), 7.67-7.65 (m, 4H, Ar-H), 7.44 (d, J = 4.0 Hz, 2H,
Ar-H), 7.17-7.14 (m, 2H, Ar-H), 7.04 (d, J = 8 Hz, 2H, Ar—H), 4.04 (t, J = 8.0 Hz, —
OCHy), 1.88-1.81 (m, 2H, -CH>-), 1.52-1.49 (m, 2H, -CH>-), 1.37-1.29 (m, 12H, -
CH2-), 0.92 (t, J = 8.0 Hz, —-CHs); *C NMR (100 MHz, CDCls3) J (ppm): 160.1, 152.5,
149.6, 145.0, 130.3, 128.1, 127.9, 127.6, 124.7, 115.0, 114.4, 68.1, 31.9, 29.6, 29.4,
29.4,29.2, 26.0, 22.7, 14.1; Anal. calcd. for C2H33sNOSz: C, 73.22; H, 6.99; N, 2.94;
S, 13.48; found: C, 73.88; H, 6.18; N, 2.55; S, 13.87.
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Synthesis of 5,5"-(4-(4-(decyloxy)phenyl)pyridine-2,6-diyl)bis(thiophene-2-
carbaldehyde) (29)

Freshly distilled DMF (11.66 mL, 151.35 mmol) was taken in a dry two-necked
RB flask and cooled to 0 to —5°C. To this, POCIz (14.10 mL, 151.35 mmol) was added
drop wise and stirred for 30 min to get Vilsmeier salt. Then, solution of 28 (4.0 g, 8.40
mmol) in DMF (10 mL) was added to the formed Vilsmeier salt and the mixture was
refluxed at 95°C for 48 h. The reaction mass was quenched using ice-cold water and
subsequently, basified using NaOH solution (5 M). The precipitated solid was collected
by filtration and the crude product was purified by column chromatography using a
mixture of pet ether/ethyl acetate (8:2, v/v) as eluent to obtain 29 as a yellow solid (2.2
g, yield: 49%). ESI-MS (m/z) calcd. for C31H33sNO3S2: 531.19 found: 532.43 [M+H]";
'H NMR (400 MHz, CDCls) 6 (ppm): 9.88 (s, 2H, -CHO), 7.72-7.69 (m, 6H, Ar-H),
7.57 (d, J = 8.8 Hz, 2H, Ar-H), 6.99 (d, J = 8.4 Hz, 2H, Ar-H), 4.00 (t, J = 6.8 Hz, -
OCHy), 1.84-1.77 (m, 2H, -CH>-), 1.48-1.43 (m, 2H, -CH>-), 1.32-1.26 (m, 12H, —
CH-), 0.86 (t, J = 6.8 Hz, —CHs); *C NMR (100 MHz, CDCls) J (ppm): 183.0, 160.6,
153.1, 151.3, 150.2, 144.4, 136.5, 129.0, 128.1, 125.5, 116.5, 115.1, 68.2, 31.8, 29.5,
29.3,29.2, 29.1, 25.9, 22.6, 14.0; Anal. calcd. for C3:H33sNO3S;: C, 70.02; H, 6.26; N,
2.63; S, 12.06; found: C, 70.47; H, 6.52; N, 2.09; S, 12.17.
Synthesis of (2E,2'E)-3,3'-((4-(4-(decyloxy)phenyl)pyridine-2,6-diyl)bis(thiophene-
5,2-diyl))bis(2 (thiophen-2-yl)acrylonitrile) (VK11)

The molecule VK11 was synthesized following the procedure for the oligomer
VK7 (series—3), using C2HsONa (89.3 mg, 8.11 mmol), thiophene-2-acetonitrile (0.12
mL, 1.18 mmol) and intermediate 29 (0.3 g, 0.56 mmol) (yellow solid, 0.29 g, yield:
71%). MALDI-TOF-MS (m/z) calcd. for CasHagN3OSs: 741.20 found: 742.194
[M+H]*; *H NMR (400 MHz, CDCls) 6 (ppm): 7.77-7.76 (m, 2H, Ar-H), 7.73-7.72
(m, 4H, Ar-H), 7.67 (d, J = 8.8 Hz, 2H, Ar-H), 7.48 (s, 2H, Ar-H), 7.38-7.37 (m, 2H,
Ar-H), 7.32-7.30 (m, 2H, Ar—H), 7.09-7.07 (m, 2H, Ar—H), 7.04 (d, J = 8.8 Hz, 2H,
Ar-H), 4.04 (t, J = 6.4 Hz, 2H, ~OCH,), 1.79-1.75 (m, 2H, —-CH,-), 1.49-1.47 (m, 2H,
—CHz-), 1.28-1.25 (m, 12H, —CH>-), 0.88 (t, J = 6.8 Hz, 3H, —CHj3); **C NMR (100
MHz, CDCls) 6 (ppm): 160.4, 151.5, 149.7, 148.2, 138.9, 134.8, 132.3, 131.6, 130.1,
129.5,128.7,127.1,125.6,116.9, 115.8, 115.1, 103.3, 68.2, 38.7, 31.8, 29.6, 29.5, 29.3,
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29.2, 28.9, 26.0, 22.6, 14.0; Anal. calcd. for C43sH39N30S4: C, 69.60; H, 5.30; N, 5.66;
S, 17.28; found: C, 69.42; H, 5.71; N, 5.52; S, 17.33.

Synthesis of (2Z,2'Z)-3,3'-((4-(4-(decyloxy)phenyl)pyridine-2,6-diyl)bis(thiophene-
5,2-diyl))bis(2-phenylacrylonitrile) (VK12)

The compound VK12 was synthesized following the above-mentioned
procedure for VK11, using the precursors 29 (0.3 g, 0.56 mmol) and phenylacetonitrile
(0.13 mL, 1.18 mmol) (yellow solid, 0.27 g, yield: 68%). MALDI-TOF-MS (m/z)
calcd. for Ca7H3N30S2: 729.28 found: 730.221 [M+H]"; *H NMR (400 MHz, CDCls)
d (ppm): 7.79 (s, 2H, Ar-H), 7.75 (s, 2H, Ar-H), 7.69-7.67 (m, 6H, Ar-H), 7.47-7.44
(m, 4H, Ar-H), 7.40-7.37 (m, 4H, Ar-H), 7.05 (d, J= 8.8 Hz, 2H, Ar-H), 6.99 (s, 2H,
Ar—H), 4.04 (t, J = 6.4 Hz, 2H, -OCH), 1.77-1.75 (m, 2H, -CH>-), 1.50-1.47 (m, 2H,
—CHz-), 1.30-1.25 (m, 12H, -CH>-), 0.88 (t, J = 6.8 Hz, 3H, —CH3); 3C NMR (100
MHz, CDCls) J (ppm): 160.4, 151.7, 148.3, 139.4, 133.9, 133.8, 132.6, 129.6, 129.1,
129.0,128.2,125.8,125.7,118.1, 115.7, 115.1, 108.5, 68.2, 31.8, 29.5, 29.4, 29.3, 29.2,
26.0, 22.6, 14.0; Anal. calcd. for C47H43N30S2: C, 77.33; H, 5.94; N, 5.76; S, 8.78;
found: C, 77.17; H, 5.76; N, 5.89; S, 8.92.

Synthesis  of  poly  [(E)-4-(4-(decyloxy)phenyl)-2-(thiophen-2-yl)-6-(5-(2-(5-
vinylthiophen-2-yl)vinythiophen-2-yl)pyridine] (VK13)
The polymer VK13 was synthesized following the above-mentioned procedure for
VK11, using C2HsONa (89.3 mg, 8.11 mmol in 3 mL of ethanol), intermediates 29 (0.3
g, 0.56 mmol) and 13 (0.49 g, 0.62 mmol). The reaction mixture was poured slowly
into 50 mL CH3OH and the precipitated polymer VK13 was filtered. Thus, obtained
polymer was re-dissolved in CHCIz and precipitated in CH3OH several times. The
obtained orange colored solid polymer VK13 after filtration was vacuum dried. Mw =
4241,PD =1.22; *H NMR (400 MHz, CDCls) 6 (ppm): 7.94-7.81 (m, 3H, Ar-H), 7.77—
7.68 (m, 2H, Ar-H), 7.60-7.52 (m, 4H, Ar-H), 7.42-7.38 (m, 3H, Ar-H), 7.17-7.15
(m, 1H, Ar-H), 7.06-7.04 (m, 3H, Ar—H), 6.94-6.91 (m, 2H, Ar-H), 4.04 (t, J = 6.8
Hz, 2H, -OCH), 1.79-1.77 (m, 2H, -CH2-), 1.43-1.29 (m, 14H, -CH>-), 0.89 (t, J =
6.4 Hz, 3H, —CH3); 1*C NMR (100 MHz, CDCls) ¢ (ppm): 132.1, 132.0, 131.9, 128.5,
128.3, 128.1, 115.1, 68.2, 31.8, 29.5, 29.2, 26.0, 22.6, 14.0; Anal. calcd. for
Ca3H4sNOS4: C, 71.72; H, 6.30; N, 1.95; S, 17.81; found: C, 71.89; H, 6.16; N, 1.72; S,
17.63.
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Synthesis of poly [(Z)-2-(4-(1-cyanovinyl)phenyl)-3-(5-(4-(4-(decyloxy)phenyl)-6-
(thiophen-2-yl)pyridin-2-yl)thiophen-2-yl)acrylonitrile] (VK14)

The polymer VK14 was synthesized following the procedure for polymer
VK13, using the precursors 29 (0.3 g, 0.56 mmol) and 1,4-phenylenediacetonitrile
(0.096 g, 0.62 mmol). Mw = 10426, PD = 4.34; 'H NMR (400 MHz, CDCls) 6 (ppm):
7.63-7.39 (m, 7H, Ar—H), 7.20-6.99 (m, 15H, Ar—H), 4.00 (t, J = 6.8 Hz, 2H, —OCH)),
1.80 (m, 2H, —CH2-), 1.29-1.24 (m, 14H, -CH,-), 0.88 (t, J = 6.8 Hz, 3H, -CHz); *C
NMR (100 MHz, CDCIs) ¢ (ppm): 128.1, 125.8, 115.0, 68.1, 31.8, 29.5, 26.0, 22.6,
14.0; Anal. calcd. for C49H47N30S,: C, 77.64; H, 6.25; N, 5.54; S, 8.46; found: C, 77.82;
H, 6.46; N, 5.32; S, 8.79.

2.1.6 Synthesis of molecules (VK15-VK18) of series-5
2.1.6.1 Synthesis

The synthesis of molecules VK15-VK18 is depicted in Scheme 2.5 and their
chemical structures are shown in Figure 2.5. The intermediate 28 (series—4) was
formylated to obtain intermediates 29 (series—4) and 30. The reduction of intermediates
30 and 29 yielded the intermediates 31 and 32, respectively, which were later converted
into their corresponding Wittig salts 33 and 34. Finally, the Wittig reaction of
intermediate 34 with 4-formyltriphenylamine (39) and intermediate 37 produced final
molecules VK15 and VK16, respectively, while the Wittig reaction of intermediate 33
with bis(4-formylphenyl)phenylamine (40) and intermediate 38 produced final
molecules VK17 and VK18, respectively.
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VK18
Figure 2.5 Chemical structures of VK15, VK16, VK17 and VK18.
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Scheme 2.5 Synthetic pathways of VK15, VK16, VK17 and VK18. Reagents and
reaction conditions: (r) NaBHs, CH30H, RT, 12 h, yield: 90-92%; (s) PPhsHBr, CHCl3,
60°C, 3 h, yield: 93-94%; (t) NaH, C2HsBr, DMF, RT, 12 h, yield: 82%.
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2.1.6.2 The detailed experimental procedure
Synthesis of 5-(4-(4-(decyloxy)phenyl)-6-(thiophen-2-yl)pyridin-2-yl)thiophene-2-
carbaldehyde (30)

The intermediate 30 was obtained in the synthesis of intermediate 29 (series—4)
and was separated in the purification step by column chromatography using a mixture
of pet ether/ethyl acetate (9:1 v/v) as eluent (yellow solid, 1.1 g, yield: 26%). ESI-MS
(m/z) calcd. for CaoH3asNO,S,: 503.20 found: 504.37 [M+H]*; *H NMR (400 MHz,
CDCls) 6 (ppm): 9.96 (s, 1H, —-CHO), 7.79-7.71 (m, 5H, Ar-H), 7.66 (d, J = 8.0 Hz,
2H, Ar-H), 7.46 (d, J = 4.0 Hz, 1H, Ar-H), 7.17-7.15 (m, 1H, Ar-H), 7.05 (d, J = 8.0
Hz, 2H, Ar-H), 4.04 (t, J = 6.8 Hz, 2H, -OCH>), 1.87-1.83 (m, 2H, -CH>-), 1.53-1.49
(m, 2H, -CHz-), 1.31-1.28 (m, 12H, -CH>-), 0.91 (t, J = 6.4 Hz, 3H, ~CH3); 3C NMR
(100 MHz, CDCls) ¢ (ppm): 183.2, 160.4, 154.2, 152.9, 151.0, 149.9, 144.3, 144.1,
136.7, 129.8, 128.1, 128.0, 125.1, 126.0, 115.9, 115.2, 115.1, 68.2, 31.8, 29.5, 29.3,
30.0, 29.2, 26.0, 22.6, 14.0; Anal. calcd. for C3oH33sNO2S: C, 71.53; H, 6.60; N, 2.78;
S, 12.73; found: C, 70.99; H, 6.87; N, 2.03; S, 12.27.

Synthesis of (5-(4-(4-(decyloxy)phenyl)-6-(thiophen-2-yl)pyridin-2-yl)thiophen-2-
yl)methanol (31)

In a clean and dry RB flask, a solution of 30 (1.00 g, 1.98 mmol) in CH3OH (10
mL) was prepared. To this solution, NaBH4 (0.15 g, 3.97 mmol) was added and the
mixture was stirred at RT for 4 h. After the completion of the reaction, the solution
was quenched using ice-cold water, the obtained solid was filtered, washed with excess
of distilled water, dried and purified by column chromatography using a mixture of pet
ether/ethyl acetate (7:3, v/v) as eluent to obtain intermediate 31 as white solid (0.92 g,
yield: 92%). '"H NMR (400 MHz, CDCls) 6 (ppm): 7.75 (s, 1H, Ar-H), 7.67-7.58 (m,
5H, Ar-H), 7.52 (d, J = 4.0 Hz, 1H, Ar-H), 7.39 (d, J = 4.0 Hz, 1H, Ar-H), 7.12-7.10
(m, 1H, Ar-H), 7.01-6.99 (m, 2H, Ar-H), 4.84 (s, 2H, -CH>0H), 3.99 (t, J = 6.8 Hz,
2H, —OCHy), 1.99 (s, 1H, -CH,0H), 1.82-1.79 (m, 2H, -CH»>-), 1.47-1.45 (m, 2H, —
CHy-), 1.28 (m, 12H, —CH2-), 0.87 (t, J = 6.4 Hz, 3H, —CHz3); **C NMR (100 MHz,
CDClIs) 6 (ppm): 160.3, 152.5, 152.2, 149.4, 144.8, 144.5, 130.3, 127.7, 127.5, 126.2,
124.7,124.4, 115.1, 114.3, 114.2, 68.2, 60.3, 31.8, 29.5, 29.3, 26.0, 22.5, 14.0; Anal.
calcd. for C3oH3sNO2S: C, 71.25; H, 6.98; N, 2.77; S, 12.68; found: C, 71.98; H, 6.32;
N, 2.89; S, 12.41.
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Synthesis of ((4-(4-(decyloxy)phenyl)pyridine-2,6-diyl)bis(thiophene-5,2-
diyl))dimethanol (32)

The intermediate 32 was synthesized following the procedure for intermediate
31, using intermediate 29 (2.00 g, 3.76 mmol) and NaBH4 (0.56 g, 15.04 mmol) (white
solid, 1.82 g, yield: 90%). ESI-MS (m/z) calcd. for C31H37NO3S,: 535.22 found: 536.44
[M+H]"; *H NMR (400 MHz, CDCls) 6 (ppm): 7.58 (d, J = 8.8 Hz, 2H, Ar—H), 7.54 (s,
2H, Ar-H), 7.50 (d, J = 4.0 Hz, 2H, Ar-H), 7.00-6.97 (m, 4H, Ar-H), 4.83 (s, 4H, —
CH20H), 4.01 (t, J = 6.8 Hz, 2H, -OCH3), 2.50 (s, 2H, -CH20H), 1.86-1.79 (m, 2H, —
CH.-), 1.51-1.46 (m, 2H, -CH>-), 1.36-1.31 (m, 12H, -CH>-), 0.91 (t, J = 7.2 Hz, 3H,
~CHz); C NMR (100 MHz, CDCls) § (ppm): 160.1, 152.2, 149.3, 146.3, 144.7, 130.2,
128.0, 126.0, 124.4, 115.0, 114.1, 68.2, 60.3, 31.8, 29.5, 29.4, 29.3, 29.2, 26.0, 22.6,
14.1; Anal. calcd. for C3H37NO3S.: C, 69.50; H, 6.96; N, 2.61; S, 11.97; found: C,
69.08; H, 6.50; N, 2.93; S, 12.08.

Synthesis  of  2-(5-((bromotriphenyl-A°-phosphanyl)methyl)thiophen-2-yl)-4-(4-
(decyloxy)phenyl)-6-(thiophen-2-yl)pyridine (33)

A mixture of intermediate 31 (0.7 g, 1.38 mmol) and PPhs.HBr (0.57 g, 1.66
mmol) was taken in CHCIz (10 mL) and refluxed at 60°C for 3 h. Then, the solvent was
removed under reduced pressure and diethyl ether (5 mL) was added to solidify the
product. Thus, obtained intermediate 33 as yellow solid was used as such for the next
step (1.08 g, yield: 94%). *H NMR (400 MHz, CDCls) § (ppm): 7.86-7.79 (m, 10H,
Ar-H), 7.71-7.69 (m, 6H, Ar-H), 7.61-7.56 (m, 3H, Ar—H), 7.52-7.50 (m, 2H, Ar-H),
7.44-7.43 (m, 1H, Ar-H), 7.22 (s, 1H, Ar-H), 7.14-7.12 (m, 1H, Ar-H), 7.00 (d, J =
8.4 Hz, 2H, Ar-H), 5.82 (d, J = 12.0 Hz, 2H, Ar-CH-), 4.02 (t, J = 6.8 Hz, 2H, —
OCHy), 1.84-1.79 (m, 2H, -CH>-), 1.49-1.47 (m, 2H, -CH>-), 1.29 (m, 12H, —-CH>-),
0.89 (t, J = 6.8 Hz, 3H, —CHs3); *3C NMR (100 MHz, CDCls3) 6 (ppm): 160.6, 151.5,
151.3, 150.8, 136.6, 135.2, 134.5, 134.4, 133.5, 130.5, 130.4, 130.2, 129.1, 128.4,
128.3,126.4, 125.6, 118.1, 117.1, 116.8, 115.1, 68.3, 59.4, 31.8, 29.6, 29.3, 29.2, 28.3,
27.5, 25.9, 22.7, 14.0; Anal. calcd. for C4gHs9BrNOPS;: C, 69.38; H, 5.94; N, 1.69; S,
7.72; found: C, 69.14; H, 5.56; N, 1.91; S, 7.85.

Synthesis of 2,6-bis(5-((bromotriphenyl-2°-phosphanyl)methyl)thiophen-2-yl)-4-(4-
(decyloxy)phenyl)pyridine (34)
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The intermediate 34 was synthesized following the above-mentioned procedure
for intermediate 33 using intermediate 32 (1.0 g, 1.86 mmol) and PPhs.HBr (0.76 g,
2.23 mmol) (yellow solid, 2.05 g, yield: 93%). *H NMR (400 MHz, CDCls) 6 (ppm):
7.87-7.77 (m, 17H, Ar-H), 7.72-7.64 (m, 12H, Ar-H), 7.45-7.40 (m, 4H, Ar—H), 7.20—
7.18 (m, 2H, Ar—H), 7.07 (s, 2H, Ar-H), 6.88 (d, J = 8.0 Hz, 2H, Ar-H), 5.94 (d, J =
16.0 Hz, 4H, Ar-CHy), 3.96 (t, J = 6.8 Hz, 2H, —OCH>), 1.84-1.79 (m, 2H, —CH>-),
1.47-1.29 (m, 14H,—-CH>), 0.88 (t, J = 6.4 Hz, 3H, —CHs); 3C NMR (100 MHz, CDCls)
o (ppm): 160.6, 150.2, 149.9, 143.1, 135.0, 134.6, 134.5, 133.0, 131.0, 130.2, 130.1,
128.3, 126.9, 118.0, 114.9, 68.2, 59.3, 31.8, 29.5, 29.4, 29.2, 27.1, 26.7, 26.0, 22.6,
14.0; Anal. calcd. for Ce7HesBraNOP2S;: C, 67.85; H, 5.52; N, 1.18; S, 5.41; found: C,
67.67; H,5.32; N, 1.58; S, 5.97.
Synthesis of 9-ethyl-9H-carbazole (36)

To a solution of 9H-carbazole (35) (2.0 g, 11.96 mmol) in DMF (15 mL), NaH

(0.86 g, 35.88 mmol) was added portion wise under argon at 0°C and the reaction
mixture was stirred at RT for 30 min. Later, 1-bromoethane (1.07 mL, 14.35 mmol)
was added drop-wise and the reaction mixture was stirred at RT for 6 h. After the
completion of the reaction, the resulted solution was quenched using ice cold water,
then the solid product obtained was filtered and the crude product was purified using
column chromatography with pet ether as eluent to get intermediate 36 as white solid
(2.93 g, yield: 82%). *H NMR (400 MHz, CDCls) § (ppm): 8.17 (d, J = 8.0 Hz, 2H, Ar—
H), 7.54-7.51 (m, 2H, Ar-H), 7.46-7.44 (m, 2H, Ar-H), 7.31-7.28 (m, 2H, Ar-H),
4.38 (9, J = 7.2 Hz, 2H, -NCHy), 1.46 (t, J = 7.2 Hz, 3H, —CHs); **C NMR (100 MHz,
CDClIs) 6 (ppm): 139.9, 125.6, 122.9, 120.4, 118.7, 108.4, 37.4, 13.7; Anal. calcd. for
CuH13N: C, 86.12; H, 6.71; N, 7.17; found: C, 86.28; H, 6.36; N, 7.27.

Synthesis of 9-ethyl-9H-carbazole-3-carbaldehyde (37)

The intermediate 37 was synthesized following the procedure mentioned for
intermediate 5 using the precursors POCIz (3.81 mL, 40.96 mmol), DMF (3.15 mL,
40.96 mmol) and intermediate 36 (2.0 g, 10.24 mmol) (off-white solid, 1.12 g, yield:
49%). *H NMR (400 MHz, CDCls3) & (ppm): 10.05 (s, 1H, -CHO), 8.55 (s, 1H, Ar-H),
8.11 (d, J = 8.4 Hz, 1H, Ar-H), 7.97 (d, J = 8.8 Hz, 1H, Ar—H), 7.53-7.49 (m, 1H, Ar—
H), 7.42-7.39 (m, 2H, Ar-H), 7.32-7.28 (m, 1H, Ar-H), 4.32 (q, J = 7.2 Hz, 2H, —
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NCH>), 1.42 (t, J = 7.2 Hz, 3H, —CHa); 3C NMR (100 MHz, CDCls) § (ppm): 191.7,
143.5,140.6, 128.5, 127.1, 126.7, 123.9, 123.1, 123.0, 120.7, 120.2, 109.1, 108.6, 37.8,
13.7; Anal. calcd. for C1sH13NO: C, 80.69; H, 5.87; N, 6.27; found: C, 80.31; H, 5.76;
N, 6.38.

Synthesis of 9-ethyl-9H-carbazole-3,6-dicarbaldehyde (38)

The intermediate 38 was obtained in the synthesis of intermediate 37 and was
separated in the purification step by column chromatography using a mixture of pet
ether/ethyl acetate (7:3 v/v) as eluent (yellow solid, 0.98 g, yield: 38%). *H NMR (400
MHz, CDClz) ¢ (ppm): 10.16 (s, 2H, -CHO), 8.69 (s, 2H, Ar-H), 8.11 (d, J = 8.0 Hz,
2H, Ar-H), 7.58 (d, J = 8.0 Hz, 2H, Ar-H), 7.53-7.49 (m, 1H, Ar-H), 7.42-7.39 (m,
2H, Ar-H), 7.32-7.28 (m, 1H, Ar-H), 4.48 (q, J = 7.2 Hz, 2H, -NCH), 1.53 (t, J = 7.2
Hz, 3H, —CHs); 3C NMR (100 MHz, CDCls) 6 (ppm): 191.6, 144.2, 129.5, 127.8,
127.0,124.0, 123.1, 120.7, 109.4, 109.1, 108.6, 37.9, 13.8; Anal. calcd. for C16H13NO2:
C, 76.48; H, 5.21; N, 5.57; found: C, 76.62; H, 5.33; N, 5.21.

Synthesis of 4,4'-((1E,1'E)-((4-(4-(decyloxy)phenyl)pyridine-2,6-diyl)bis(thiophene-
5,2-diyl))bis(ethene-2,1-diyl))bis(N,N-diphenylaniline) (VK15)

The molecule VK15 was synthesized following the procedure for the oligomer
VK7 (Series—3), using the precursors 4-formyltriphenylamine (39) (0.14 g, 0.50 mmol)
and intermediate 29 (0.30 g, 0.25 mmol) (a yellow solid, 0.163 g, yield: 63%). MALDI-
TOF-MS (m/z) calcd. for CegHezN3OS,: 1013.44 found: 1013.849 [M+H]"; 'H NMR
(400 MHz, CDCI3) ¢ (ppm): 7.65 (d, J = 8.0 Hz, 2H, Ar-H), 7.61 (s, 2H, Ar-H), 7.58
(d,J=4.0Hz, 2H, Ar-H), 7.38 (d, J = 8.0 Hz, 4H, Ar-H), 7.29-7.25 (m, 10H, Ar-H),
7.15-7.11 (m, 9H, Ar—H), 7.06-7.02 (m, 13H, Ar-H), 4.02 (t, J = 6.8 Hz, 2H, ~OCH,),
1.86-1.81 (m, 2H, —-CH>-), 1.51-1.47 (m, 2H, -CH>-), 1.28-1.25 (m, 12H, —CH>-),
0.88 (t, J = 6.4 Hz, 3H, —CHs3); *3C NMR (100 MHz, CDCls3) ¢ (ppm): 160.2, 152.4,
149.3, 147.5, 145.4, 143.0, 131.0, 130.5, 129.3, 128.7, 128.1, 127.3, 126.6, 125.3,
124.6, 123.4, 123.1, 120.3, 115.1, 114.2, 68.2, 31.9, 29.7, 29.6, 29.6, 29.4, 29.3, 29.2,
26.0, 22.7, 14.1; Anal. calcd. for CeoHs3N3OS2: C, 81.70; H, 6.26; N, 4.14; S, 6.32;
found: C, 81.65; H, 6.17; N, 4.23; S, 6.44.

Synthesis of 3,3'-((1E,1'E)-((4-(4-(decyloxy)phenyl)pyridine-2,6-diyl)bis(thiophene-
5,2-diyl))bis(ethene-2,1-diyl))bis(9-ethyl-9H-carbazole) (VK16)

73



The molecule VK16 was synthesized following the procedure for VK15, using
the precursors intermediate 37 (0.113 g, 0.50 mmol) and intermediate 29 (0.30g,
0.25 mmol) (a yellow solid, 0.137 g, yield: 59%). MALDI-TOF-MS (m/z) calcd. for
Ce1Hs50N30S;: 913.41 found: 913.652 [M+H]*; *H NMR (400 MHz, CDCls) 6 (ppm):
8.26 (s, 2H, Ar-H), 8.15 (d, J = 8.0 Hz, 2H, Ar-H), 7.70-7.66 (m, 4H, Ar-H), 7.63—
7.62 (m, 4H, Ar-H), 7.51-7.47 (m, 2H, Ar—H), 7.43-7.39 (m, 4H, Ar-H), 7.37-7.31
(m, 4H, Ar—H), 7.28-7.25 (m, 2H, Ar—H), 7.10 (d, J = 4.0 Hz, 2H, Ar-H), 7.04 (d, J =
8.0 Hz, 2H, Ar-H), 4.38 (q, J = 7.2 Hz, 4H, -NCH,), 4.03 (t, J = 6.4 Hz, 2H, ~OCH,),
1.85-1.81 (m, 2H, -CH>-), 1.50-1.48 (m, 2H, -CH>-), 1.46 (t, J = 7.0 Hz, 3H, —-CH3),
1.29-1.25 (m, 12H, —CH-), 0.89 (t, J = 6.8 Hz, 3H, —CHa); **C NMR (100 MHz,
CDCl3) ¢ (ppm): 160.1, 152.5, 149.2, 145.9, 142.7, 140.4, 139.8, 130.6, 130.3, 128.2,
126.2, 125.8, 125.3, 124.4, 123.4, 123.0, 120.5, 119.4, 119.1, 118.8, 115.0, 114.1,
108.7,108.6, 68.2, 37.7, 31.9, 29.7, 29.6, 29.3, 29.2, 26.0, 22.7, 14.1, 13.9; Anal. calcd.
for Ce1HsoN3OS2: C, 80.14; H, 6.50; N, 4.60; S, 7.01; found: C, 80.31; H, 6.37; N, 4.77;
S, 7.22.

Synthesis of 4-((E)-2-(5-(4-(4-(decyloxy)phenyl)-6-(thiophen-2-yl)pyridin-2-
yDthiophen-2-yl)vinyl)-N-(4-((E)-2-(5-(4-(4-(decyloxy)phenyl)-6-(thiophen-2-
ylh)pyridin-2-yl)thiophen-2-yl)vinyl)phenyl)-N-phenylaniline (VK17)

The molecule VK17 was synthesized following the procedure for VK15, using
the precursors bis(4-formylphenyl)phenylamine (40) (0.054 g, 0.18 mmol) and
intermediate 30 (0.30 g, 0.36 mmol) (a yellow solid, 0.136 g, yield: 61%). MALDI-
TOF-MS (m/z) calcd. for CgoHgiN3O2S4: 1243.52 found: 1243.866 [M+H]*; *H NMR
(400 MHz, CDClI3) 6 (ppm): 7.71-7.69 (m, 3H, Ar—H), 7.67—7.64 (m, 7H, Ar-H), 7.60—
7.59 (m, 2H, Ar-H), 7.44-7.30 (m, 8H, Ar-H), 7.21-7.13 (m, 8H, Ar-H), 7.10-7.00
(m, 11H, Ar-H), 4.03 (t, J = 6.8 Hz, 4H, -OCHy), 1.86-1.89 (m, 4H, —-CH>-), 1.52—
1.45 (m, 4H, -CH>-), 1.29-1.25 (m, 24H, -CH>-), 0.88 (t, J = 6.4 Hz, 6H, —CH3); 3C
NMR (100 MHz, CDCls) ¢ (ppm): 160.2, 153.0, 152.5, 149.5, 147.0, 145.4, 145.0,
143.1, 131.5, 131.3, 130.5, 129.8, 128.2, 127.9, 127.6, 127.3, 125.3, 124.7, 123.9,
115.1,114.4, 68.2, 31.9, 29.7, 29.6, 29.4, 29.3, 29.2, 26.0, 22.7, 14.1; Anal. calcd. for
CsoHg1N302S4: C, 77.19; H, 6.56; N, 3.38; S, 10.30; found: C, 77.38; H, 6.67; N, 3.44;
S, 10.09.
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Synthesis of 3,6-bis((E)-2-(5-(4-(4-(decyloxy)phenyl)-6-(thiophen-2-yl)pyridin-2-
yhthiophen-2-yl)vinyl)-9-ethyl-9H-carbazole (VK18)

The molecule VK18 was synthesized following the procedure for VK15, using
the precursors intermediate 38 (0.046 g, 0.18 mmol) and intermediate 30 (0.30g,
0.36 mmol) (a yellow solid, 0.121 g, yield: 56%). MALDI-TOF-MS (m/z) calcd. for
C76H79N302S4: 1193.51 found: 1193.815 [M+H]*; 'H NMR (400 MHz, CDCls) ¢
(ppm): 7.73-7.62 (m, 12H, Ar-H), 7.57-7.41 (m, 8H, Ar-H), 7.30-7.29 (m, 3H, Ar—
H), 7.17-7.15 (m, 2H, Ar-H), 7.12-7.10 (m, 2H, Ar-H), 7.05-7.03 (m, 4H, Ar—H),
6.98-6.96 (m, 1H, Ar-H), 4.39 (g, J = 7.2 Hz, -NCHy), 4.03 (t, J = 6.8 Hz, —-OCH>),
1.85-1.80 (m, 4H, —CH2-), 1.50-1.48 (m, 4H, -CH>-), 1.45 (t, J = 7.0 Hz, 3H, —CH3),
1.28-1.25 (m, 24H, —-CH,-), 0.88 (t, J = 6.4 Hz, 6H, —CH3); *C NMR (100 MHz,
CDCl3) ¢ (ppm): 160.2, 152.4, 149.4, 145.8, 145.1, 142.6, 140.2, 130.5, 128.2, 128.1,
127.9,127.6,125.4,124.7,123.4,115.0, 114.3, 108.9, 68.2, 31.9, 29.6, 29.4, 29.3, 29.2,
26.0, 22.7, 14.1; Anal. calcd. for C76H79N302S4: C, 76.41; H, 6.67; N, 3.52; S, 10.73;
found: C, 76.62; H, 6.51; N, 3.32; S, 10.90.

2.2 CHARACTERIZATION DETAILS

The spectroscopic techniques such as nuclear magnetic resonance (NMR):
proton nuclear magnetic resonance (*H NMR) and carbon 13 nuclear magnetic
resonance (**C NMR); mass spectral analysis and elemental analysis were used to
elucidate the structures of synthesized intermediates and final compounds. The UV-Vis
and fluorescence spectroscopies were used to study the photophysical properties of the
final compounds, whereas the CV was used to study the electrochemical properties.
The DFT and time-dependent DFT (TD-DFT) were carried out for the theoretical
calculations and the thermogravimetric analysis (TGA) was used to analyse the thermal
properties of the compounds. The Z-scan technique was followed to study the third-
order NLO properties of the compounds. Brief details of the characterization techniques
are given below.
2.2.1 NMR spectroscopy

The NMR spectroscopy is one of the most powerful and widely used techniques
in chemical research which gives the information about the number of magnetically
distinct atoms of the type being used. The NMR spectroscopy was used in the present
study for investigating the content, the purity and the molecular structures of the
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synthesized intermediates and final compounds. From the *H NMR, the number of each
of the distinct type of hydrogen nuclei and the nature of the immediate environment of
each type of protons present in the synthesized intermediates and final compounds was
determined. Similar type of information was obtained from 3C NMR as well. The *H
NMR of the intermediates and final compounds were recorded using a Bruker 400 MHz
NMR spectrometer using tetramethyl silane (TMS) as the internal reference and
deuterated dimethyl sulfoxide (DMSO-ds)/CHClIs as the solvent. The *C NMR spectra
of the compounds were recorded using a Bruker 100 MHz NMR spectrometer.

2.2.2 Mass spectrometry

This analytical tool was used to quantify the compounds, and to further elucidate
the structure and the chemical properties of the synthesized compounds. The specific
mass-to-charge ratio (m/z) (with or without fragmentation) and relative abundance of
each ion type was obtained from the mass spectrometer which was used to calculate the
exact molecular weight of the synthesized intermediates and final compounds. The
electrospray ionization—mass (ESI-MS) of the intermediates and final compounds were
recorded using a Waters micro mass Q-Tofmicro mass spectrometer and the matrix-
assisted laser desorption/ionization-time of flight-mass (MALDI TOF-MS) of the final
compounds was recorded using an Autoflex speed MALDI TOF-MS mass
spectrometer.

2.2.3 Elemental analysis

This was used to determine the type of element present and the number of each
element present in the compound. In particular, the CHNS analysis was carried out to
determine the mass fractions of carbon (C), hydrogen (H), nitrogen (N) and sulfur (S)
of the synthesized intermediates and final compounds. The elemental analyses were

performed on a flash EA-112 CHNS analyser (Thermo electron corporation).

2.2.4 Photophysical studies

Most of the organic molecules/polymers containing © or non-bonding (n)
electrons are transparent in UV and visible region (180-800 nm) in the electromagnetic
spectrum. As a result, optical methods are found be one of the most widely used
methods to derive valuable information about the structures of such organic materials.

As the study of interaction of materials with light is very much useful for their optical
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characterization, the UV—Vis absorption and the fluorescence emission spectroscopic

techniques are found to be two well-known tools to study the material properties.

2.2.4.1 UV-Vis spectroscopy

The UV-Vis absorption spectroscopy basically deals with the electronic
transitions from the ground state or the HOMO to the excited state or the LUMO of the
material. The lower the gap between the HOMO and the LUMO, the longer the
wavelength of light it can absorb. Therefore, the UV—-Vis spectroscopy was used to
detect the extent of conjugation in the synthesized compounds and also, to investigate
the effect of double bonds on the absorption wavelength of the compounds VK1-
VK18. The UV-Vis spectral data of final compounds were collected from Analytik
jena SPECORD S600 spectrometer. All the spectra were recorded in solution state
using CHClIs as the solvent (1x107° M) at RT.

2.2.4.2 Fluorescence spectroscopy

The fluorescence emission spectroscopy involves the excitation of analyte by
irradiation at a certain wavelength and the emission of radiation of a different
wavelength from the excited state to the ground state. When the molecule absorbs a
light of suitable wavelength, it excites to one of the many vibrational levels in one of
the excited electronic states, for instance, the first excited singlet state, Si. The
relaxation of the molecule from Sz can occur via several processes. Fluorescence is one
of them. The intensity and the wavelength of emitted light determines the suitability of
the material for the application in optoelectronics. Therefore, the fluorescence
spectroscopy was used to study the emission properties of the synthesized compounds
VK1-VK18. The photoluminescence (PL) spectra were recorded using a Fluoromax
Horiba Jobin Yuan spectrometer and a Jasco FP 6200 spectrometer. All the spectra were
recorded in solution state using CHCIs as solvent (1x107° M) at RT. The emission
spectra of VK1-VK18 were obtained under excitation at their corresponding maximum
absorption wavelength (4 max).

From the results of optical studies, the important parameters such as absorption
and emission region in the electromagnetic spectrum and the optical band gap (Eg) of
VK1-VK18 were evaluated, which are key factors for selecting the materials as active

materials in photovoltaic/ optoelectronic/ photonic applications.
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2.2.5 Electrochemical studies

As the electrochemistry relates the flow of electrons to the chemical changes,
the electrochemical study involves the understanding of basic electronic structures of
organic materials. It describes their oxidation and reduction potentials, which are highly
useful in determining their HOMO-LUMO energy levels and charge carrying
properties. The CV is a popular and powerful electrochemical technique, generally
employed to investigate the oxidation and the reduction processes of molecular species
and is also utilized to estimate the HOMO and LUMO energy levels of the molecules
(Lietal. 1999). In the basic CV experiment, for the applied potential (E) to the working
electrode, resulting current (1) is measured. The oxidation potentials of the molecular
species are investigated by sweeping them anodically (positive bias) while the reduction
potentials are investigated by sweeping cathodically (negative bias). The data plotted

as a graph of E versus 1 is referred as a cyclic voltammogram.

In the present work, the CV studies were carried out to determine the oxidation
potentials and hence, to evaluate the HOMO/LUMO energy levels of the compounds
VK1-VK18, which are very much essential in molecular design and controlling the

band gap; and also, for the proper selection of electrodes in optoelectronic devices.

2.2.5.1 Materials, methods and instrumentation

All the solvents were degassed before the usage. The solvents and the chemicals
used were: anhydrous CHCIs (Loba Chemie, 99.8%), CH3CN (Merck, 99.8%),
ferrocene (Sigma Aldrich, 98%) and tetrabutylammonium perchlorate (TBAPC)
(Sigma Aldrich, 98%). The CV measurements of the compounds were carried out using
an IVIUM (Vertex-V55610) electrochemical workstation with three-electrode system
wherein, the compounds were dissolved in CHCIs and drop casted on a glassy carbon
electrode, which was used as a working electrode; moreover, a platinum (Pt) wire was
used as a counter electrode, a saturated calomel electrode (SCE) was used as a reference
electrode, and the electrolyte used was a 0.1 M solution of TBAPC in CH3CN. The
experiment was performed at a scan rate of 100 mV s *and all the measurements were
calibrated using ferrocene/ferrocenium (Fc/Fc*) system, which was used as an internal

standard.
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2.2.5.2 Equations used for calculating the HOMO/LUMO energies
Considering the onset of oxidation potential, the energy of HOMO level

(Enomo) was calculated using the Equation 2.1 (Leeuw et al. 1997),
Eviono = —| Bt +4.88V = Epgg |oovvmvvvnsvmsnsonssssssssnsns (2.2)

where, E”use: and Eroc are the onset oxidation potentials of the samples and ferrocene
(Eroc=0.27 V vs SCE (Figure 2.6)), respectively, and —4.8 eV is the HOMO energy
level of ferrocene against vacuum.

The energy of LUMO level was obtained from electrochemically measured
HOMO energy and spectroscopically determined band gap, using the Equation 2.2
(Wang et al. 2014):

ELuno = Enono & Eqgrrreresssreeseessssssmesssnssssssmssssssssssmssssssssssssessessss

where, E, = 1240/A, A = point of intersection between the absorption and emission

spectra.
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Figure 2.6 Cyclic voltammogram of ferrocene recorded in CH3CN solution.

2.2.6 Theoretical calculations

In order to predict the ground and the excited state properties as well as to
understand the spatial arrangement and the distribution of electrons in the molecules,
DFT and TD-DFT are two widely used theoretical methods. These computational
studies help to rationalize the relationship between the molecular structure and device
performance (Martsinovich and Troisi 2011). They are also useful in designing new

organic materials for achieving enhanced device performances.
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2.2.6.1 Simulations

All the calculations were performed using a Gaussian 09 software. The ground
state calculations were performed using the DFT, wherein, the molecular geometry was
first optimized at vacuum using Becke’s three-parameter hybrid functional with Lee-
Yang-Parr’s gradient-corrected correlation functional (B3LYP) (Becke 1993; Lee et al.
1988) with the 6-311+G(d, p) basis set (Hariharan and Pople 1973; Hehre et al. 2003).
The frontier molecular orbitals (HOMO and LUMO) were obtained using the Avogadro
software (Version 1.2.0) (Hanwell et al. 2012). The self-consistent field (SCF)
convergence thresholds for minimizing energies of both ground and first excited state
optimization was set at 107, The ground state geometry, obtained at gas phase, was further
optimized in the solvent medium, for which the excited state calculations were carried out
by TD-DFT using same basis set at the same level of calculation as that used for
optimizing ground state. The self-consistent reaction field based on the polarizable
continuum model (PCM) using the integral equation formalism variant (IEFPCM) was used
to study the solvent effect on the energy parameters (Mohan et al. 2019). The TD-DFT
calculations were done for vertical excitations up to first 10 excited states in CHCI3 as

the solvent to generate simulated absorption spectra.

2.2.7 Thermal analysis

For the material to use as a potent candidate in optoelectronic devices, it should
be thermally stable. The TGA is used to determine the thermal stability of the material
which measures the amount of weight change of the material as a function of
temperature. It mainly provides the information about the phase transitions and the
thermal decompositions of the materials. The TGA of the final compounds VK1-VK18
were carried out using the Seiko Instruments (TGA/DTA Exstar 6300), Japan, at the
heating rate of 10°C min~t under argon atmosphere to study the thermal stabilities of
VK1-VK18.

2.2.8 Z-scan analysis

To investigate the application of VK1-VK18 in optoelectronics, NLO studies
were performed by Z—scan technique under nano second excitation (Sheik-Bahae et al.
1990). Using this technique both NLA and NLR parameters were measured, which
finally provided the »® value. The NLA and optical limiting parameters were obtained

via the open aperture (OA) Z-scan analysis whereas the NLR parameters were obtained

80


https://www.sciencedirect.com/topics/physics-and-astronomy/hybrid-functionals

via the closed aperture (CA) Z-scan analysis. In the OA Z-scan analysis the optical
transmittance of the sample was recorded as a function of input intensity. The schematic
representation of the Z—scan set up is shown in Figure 2.7. The sample solutions were
made to translate across the focus of a convex lens (focal length: 150 mm) in the
direction of laser beam (z axis: from -z to +z) in predetermined steps using a

translational stage that was controlled by a computer program.

The maximum intensity of the samples was observed at the focus which
decreased equally on either side of the focus. The output transmittance from the sample
at each position was collected by a detector and then plotted against the position of the
samples. The NLA properties of the samples were measured by numerically fitting the
obtained data to the theoretical model. To obtain the NLR parameters using the CA Z—
scan, a small aperture was placed in front of the signal detector. Thus, the obtained
transmittance was affected by both the NLA as well as the NLR and susceptible to
phase distortion. The division of the CA output from the OA output resulted in the pure
NLR part. All the experiments were carried out in the “single shot” mode. Sufficient
time intervals were provided between successive pulses to avoid accumulative thermal
effects in the sample. The NLO studies were performed using a Q—switched Nd-YAG
laser Quanta Ray INDI-40 (Austin, USA) (7 ns pulse width) working at the wavelength
of 532 nm with the frequency of 10 Hz. The linear transmittance of all the molecules

was fixed between 50-85% at the excitation wavelength when taken in a 1 mm cuvette.

2.2.8.1 Z-scan experimental set up

A frequency doubled Q switched Nd:YAG laser (Quanta—Ray INDI-40)
operating at 532 nm wavelength, 7 ns pulse width and 10 Hz repeating rate excitation
source was used for the Z—scan experiment. Using a beam splitter, the laser beam was
split into reference beam and the sample beam, which was passed through the sample
taken in a 1 mm thick quartz cuvette through a convex lens of focal length 150 mm.
The sample cuvette was placed on a computer controlled translational stage and was
moved along the direction of laser beam in z—direction from +z to —z about 20 mm on
the either side of the focus of the lens in predetermined steps (1000 microns). The
convex lens was adjusted in such a way that the laser beam provides maximum energy
to the sample at the focus which then equally decreases on the either side of the focus.

The beam waist at the focus and Rayleigh range of the beam were estimated to be 17.56
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um and 1.82 mm, respectively. During CA scan, an aperture of 3 mm diameter was
placed in the front of detector. Both the reference beam and the transmitted beam from
the sample were detected using two identical pyroelectric detectors (RjP—735, laser
Probe Inc, USA) and were collected in the energy meter (Rj—7620, Laser Probe, Inc,
USA). Since the sample thickness was much smaller than Rayleigh range, the
experiment was carried out by adopting thin sample approximation method (Sheik-
Bahae et al. 1990).
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Signal Detector e
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Signal Detector

Platform driver setup

Figure 2.7 Schematic representation of Z—scan experimental setup.
2.2.8.2 Equations used for the theoretical fitting of the experimental results
Following the intensity dependent absorption coefficient (a(7)) for the ESA
assisted TPA (associated with SA), OA Z-scan recordings were theoretically fitted
using Equation 2.3 to determine the nonlinear absorption coefficient (Ber) and is

written as follows:(Couris et al. 1995)

a(l)=

|/| P

where, oy is the linear absorption coefficient, / is the incident laser intensity, /s is the
saturation intensity, Sy is the effective TPA coefficient associated to the RSA response
(Divyasree et al. 2018).

The rate of change in the intensity of a beam as it passes through a medium i.e.,

pulse propagation equation to calculate St is provided as follows:
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where, z is the propagation distance within the sample. The first term in Equation 2.4
expresses the SA and the next term indicates the effective TPA part.
The normalized transmittance derived from Equations 2.3 and 2.4 is presented

by the following equation:

T(2)= \/—qo jln[1+qo() R (2.5)

2 _ —a,l
where, qo(z)=ﬂeﬁloLeﬁ/[1+§2]and L« =(1 e )

0

Ley 1s the effective sample length, L is the sample length, ay is the unsaturated linear

absorption coefficient, z is the position of the sample, z, = z«w? /4 is the Raleigh range,

o 1s the beam waist radius at the focal point and 4 is the wavelength of laser beam.
The imaginary part of third order nonlinear susceptibility (y) is presented by

the following equation:

Im ,® = “gc’wﬁ/ .......................................................................................... (2.6)

where, ny is the linear refractive index, c is the speed of light and ¢y is the permittivity
of free space.
The normalized transmittance (7)) under the CA condition is presented by the

equation (Sheik-Bahae et al. 1990):

EREER

where, 7T is the normalized transmittance, A®, is the on—axis nonlinear phase shift at

T(z,AD,)=1+

(o]

the focus, z=0.
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Therefore, the nonlinear refractive index () is calculated presented by the

following equation:

The real y@ is related to 72 by the relation (in electrostatic unit):
REAIZ = 226 0N (2.9)

where n¢” is the linear refractive index, c velocity of light, ey is the permittivity of free

space.
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CHAPTER 3

RESULTS AND DISCUSSION



3.1 EFFECTS OF SUBSTITUENTS ON THE ENRICHMENT OF THE
OPTICAL LIMITING ACTION OF NOVEL IMIDAZO[2,1-
b][1,3,4]THIADIAZOLE FUSED THIOPHENE BASED SMALL MOLECULES
(VK1-VK3)

The structure-property relationship signifies that the optoelectronic property of
the molecule can be improved on increasing the D and A strengths and also, by
increasing the conjugation length. In addition to the molecular engineering of the core
moiety, the recent focus is on the development of different types of substituents, as they
are essential for the proper electron transfer and to fine-tune the HOMO and LUMO
energy levels, which exert immense impact on the ICT from the D to A fragments. The
introduction of substituted acrylonitrile groups as side groups/ substituents lowers the
LUMO level and also increases the electrochemical stability of the conjugated material,
which is desirable to achieve high—performance optoelectronic devices (Mikroyannidis
et al. 2009). Also, the molecules with substituted acrylonitrile groups exhibited
promising performances on their usage in various organic electronics such as organic
filed effect transistors (OFETSs), OLEDs and OPVs (Hindson et al. 2010; Iwan et al.
2012; Petrus et al. 2013) (Moussalem et al. 2014; Petrus et al. 2014). Similarly,
rhodanine-3-acetic acid, is a well-known common electron acceptor among the
numerous electron acceptors used in various optoelectronic fields such as dye sensitized
solar cells (Modelli et al. 2010; Wan et al. 2017) and NLO (Fernandes et al. 2018). The
presence of rhodanine-3-acetic acid induces better electrochemical and optical

properties and it also impacts on the ICT of the n—system.

The introduction of olefinic bond as n—linker between the aromatic rings leads
to the reduction in steric hindrance, improvement in planarity, extends the 7m—
conjugation (Jebnouni et al. 2018) and modulates the electrochemical properties such
as light emitting property, charge transfer ability, etc., (Hwang and Chen 2002; Qing et
al. 2015; Roncali 1997; Song et al. 1999). Hence, in the present work, three different
groups viz., thiophene—2—-acetonitrile (VK1), phenylacetonitrile (VK2) and rhodanine—
3-acetic acid (VK3) were chosen as substituents which were connected to the Th-ITD
core through olefinic bond via Knoevenagel condensation reaction. Herein, the effect
of structural modifications of the substituents on the optical and electrochemical
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properties is discussed with the expectation that it would produce good performance

when used in optoelectronic devices.

3.1.1 Structural elucidation of intermediates and final compounds

In the first step, three aromatic protons at & 7.61-7.09 ppm of thiophene and two
protons at § 7.42 ppm of amine group attached to thiadiazole unit present in the *H
NMR spectrum of intermediate 3 confirm its structure. Also, in the *C NMR spectrum
of intermediate 3, all the signals at higher frequency region (& 168.5-120 ppm) confirm
its structure. Further, the mass spectrum shows a molecular ion peak at m/z 184.00,
corresponding to [M+H] of intermediate 3, which clearly confirms the structure. The
disappearance of two -NH> protons and formation of six aromatic protons
corresponding to thiophene, phenyl and ITD at & 8.00-7.14 ppm in the 'H NMR
spectrum of intermediate 4 clearly confirm its formation. The structure of the compound
is also supported by its **C NMR spectrum, which is further confirmed by its mass
spectrum, which shows a molecular ion peak at m/z 284.00 corresponding to [M+H] of
intermediate 4. The singlet signal of -CHO at & 10 ppm and at  177.4 ppm in the H
and *C NMR spectrum of 5, respectively, confirm the formylation of 4. The molecular
ion peak at m/z 312.00 corresponding to [M+H] of 5 in its mass spectrum further
supports the structure. In the final step, the disappearance of singlet signal of —-CHO at
d 10 ppm and appearance of peak due to olefinic and other aromatic protons at the
downfield region in the *H NMR spectra of VK1-VK3 confirm the formation of final
compounds and also, the broad singlet signal at & 13.00 ppm of -COOH group and sharp
singlet signal at & 4.70 ppm accounting for the two methylene protons (-N-CH>) of
rhodanine-3-acetic acid in the 'H NMR spectrum of VK3 further validates the
formation of VK3. The disappearance of peak corresponding to aldehydic carbon at 6
177.4 ppm and appearance of new signals due to aromatic and vinylic carbons at
downfield region in the '*C NMR spectra of VK1-VK3 further supports the structural
confirmation of VK1-VK3. Moreover, the signals at & 194.7, 6 167.9 and & 45.7 ppm
corresponding to -C=S, -COOH and -N-CH: carbons, respectively, in the 3*C NMR
spectrum of VK3 clearly illustrate the structure of VK3. The mass spectrum of VK1
and VK2 shows a molecular ion peaks at m/z 417.10 and m/z 411.10 corresponding to
[M+H] of VK1 and VK2, respectively, confirm the structure. In addition to the spectral

characterizations, the elemental analysis further evidences the structures of all the
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intermediates and final compounds. The 'H NMR, *C NMR and mass spectra of

intermediates and final compounds are presented in the following Figures 3.1-3.17.
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3.1.2 Photophysical studies

Figure 3.18 shows the normalized UV—Vis absorption and PL emission spectra
of VK1-VK3 and the corresponding spectral data are listed in Table 3.1. The
absorption spectra exhibit two separate bands: one at around 250-270 nm, which is
ascribed to the m—n* electronic excitations and the other, in the range of 300440 nm,
is attributed to ICT from the donor (thiophene, phenyl) to the acceptor (ITD) unit
(Roquet et al. 2006). The large bathochromic shift in VK3 as compared to that in VK1
and VK2 is due to the strong electron-withdrawing nature of rhodanine—3—acetic acid,
which further leads to the extension of conjugation (Park et al. 2009; Tian et al. 2008).
The Eg determined from the intersection point of absorption and emission spectra are

2.83,2.95 and 2.72 eV for VK1, VK2 and VK3, respectively. The emission spectra
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exhibit maximum emission for VK1, VK2 and VK3 at 483, 480 and 509 nm,
respectively, under excitation at their corresponding Amax; this establishes their
luminescence properties.
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Figure 3.18 Normalized UV—vis absorption and PL spectra of VK1-VK3 in CHCl3
(1x107° M).

3.1.3 Electrochemical studies

Figures 3.19a—c show the cyclic voltammograms of VK1, VK2 and VK3,
respectively. Considering the onset oxidation potential, Enomo was calculated using the
Equation 2.1. Furthermore, the LUMO levels were obtained from the
electrochemically measured HOMO energy and spectroscopically determined band
gap, using the Equation 2.2. The HOMO energy levels are —5.66, —5.77 and —5.83 eV
vs SCE, whereas the LUMO energy levels are —2.83, —2.82 and —3.11 eV vs SCE for
VK1, VK2 and VK3, respectively. The significant reduction in the LUMO level is
mainly attributed to the presence of strong electron withdrawing rhodanine-3-acetic
acid group in VK3, reducing the band gap as compared to the cyano groups present in
VK1 and VK2. The experimentally obtained HOMO and LUMO values from CV are
in agreement with the theoretically determined HOMO and LUMO values (Table 3.1).
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Figure 3.19 Cyclic voltammograms of (a) VK1, (b) VK2 and (c¢) VK3.
Table 3.1 Summary of optical, electrochemical and theoretical data of VK1-VKa3.

Molecules )\.maxabs A maxpl Eg()pt E*onset HOMO LUMO
(nm) (nm) (eV) (V vs SCE) (eV) (eV)

VK1 385 483 2.89 1.18 —5.66% —2.83°
—5.96°¢ -2.61°¢

VK2 338 480 2.95 1.29 =5.77% —2.82°
—6.03°¢ —2.54°¢

VK3 434 509 2.64 1.35 —5.83¢% -3.11°
-6.21°¢ -3.19¢

Ego Optical band gap calculated from the intersection of normalized absorption

and emission spectra.
Emnset  Experimental onset oxidation potential vs SCE.

a Experimental values from CV using Equation 2.1 with Fc/Fc* as internal

standard.

b Experimental values using Equation 2.2.

¢ Theoretical results.
3.1.4 Theoretical studies
Figure 3.20 depicts the optimized geometry and frontier orbital distribution of

the molecules VK1-VKa3. The effect of thiophene functioning as an electron donor
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appended with ITD and the cyano/rhodanine-3-acetic acid group as an acceptor species
governs the effective HOMO orbital distribution. This distribution is commonly
observed in the three molecules VK1-VK3. The nature of the electronic distribution in
the molecules VK1 and VK2 pertaining to the LUMO portrays a n—m*-type transition,
whereas in VK3, the electron density is mostly localized on ITD and rhodanine units.
This type of distribution observed in the system effectively facilitates the charge
transfer transition between the acceptor group and the entire molecular network. The
effect of the rhodanine-3-acetic acid moiety, which imparts a stronger electron
withdrawing nature in the orbital distribution of the LUMO level of VK3, is not
observed in the case of VK1 and VK2, possessing a cyano group as the electron
acceptor.

Furthermore, the optimized structures of the compounds shown in Figure 3.20
reveal that after the introduction of double bonds, the dihedral angle between ITD and
thiophene-2-acetonitrile plane is 36.51°, and that between ITD and benzene plane is
29.31° in VK1; on the other hand, the dihedral angle between ITD and the phenyl
acetonitrile plane is 39.51°, and that between ITD and the benzene plane is 30.21° in
VK2; moreover, the dihedral angle between ITD and rhodanine-3-acetic acid plane is
23.01°, and that between ITD and benzene plane is 42.41° in VK3. The steric hindrance
caused by the rhodanine moiety due to the lesser dihedral angle of 23.01° between ITD
and the rhodanine-3-acetic acid plane increases the dihedral angle between ITD and the
benzene plane in VK3 to maintain the most stable conformation. The dihedral angles
between the ITD plane and the substituted groups and the ITD plane and the phenyl
group are listed in Table 3.2, and the structures are represented in Figure 3.21.

TD-DFT calculations of VK1-VK3 were carried out to estimate the electronic
excited state transitions and corroborate the experimental absorption transitions. The
simulated absorption spectra of VK1-VK3 are shown in Figure 3.22. The spectra
exhibit two bands, wherein the higher energy band corresponds to the n—=* transition
and the lower energy band corresponds to the charge transfer transition. The results
obtained by theoretical simulations are in agreement with the experimental results.
Overall, the trend remains the same for both the theoretical and experimental

calculations; however, small inconsistencies observed in energy transition are due to
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theoretical overestimation (Mohan et al. 2018). The estimated HOMO and LUMO

energy levels are listed in Table 3.1 along with the experimental results.

B
i

Figure 3.20 Ground-state optimized geometry and molecular orbitals (HOMO and
LUMO) of VK1-VKa3.

Molecules Optimized geometry

VK1

Figure 3.21 Optimized geometries of VK1-VKa3.
Table 3.2 Selected dihedral angles of VK1-VKa3.

Dihedral angles VK1 VK2 VK3
Al-A2 36.5° 39.5° 23.0°
Al-A3 29.3° 30.2° 42.4°

Al- ITD plane, A2- thiophene -2-acetonitrile plane of VK1, phenyl acetonitrile plane
of VK2 and rhodanine—3-acetic acid plane of VK3, A3- benzene plane.
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Figure 3.22 Simulated absorption spectra of VK1-VKaS.
3.1.5 Thermal properties
As shown in Figure 3.23, VK1-VK3 show satisfactory thermal stability. The
decomposition temperatures (Tq) for VK1, VK2 and VK3 are 330, 357 and 346°C,
respectively. The lower Tq of the molecules VK1 and VK3 than that of VK2 is due to
the presence of heterocyclic rings attached to the Th-ITD core moiety in VK1 and
VK3. The results show that the molecules could be relevant materials for electronic /

photonic applications.
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Figure 3.23 TGA plots of VK1-VKa3.
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3.1.6 Third—order NLO properties
3.1.6.1 Nonlinear absorption studies

Figures 3.24a—c show the OA Z-scan curves of the molecules VK1-VK3,
respectively, in DMF solutions with the transmittance maintained at 75%. The
molecules VK1-VK3 were excited using the intensity of 1.386 GWcm 2 (50 pJ). From
the plots it is observed that the transmittance is minimum at the focus (z=0) and all the
transmission curves are symmetric about the focus. Thus, the absorption is dependent
on the excitation intensity. The molecules VK1-VK3 show TPA along with RSA, thus,
the net effect becomes the “effective TPA” process (Vishnumurthy et al. 2011). In all
the cases, the data are found to match well with the theoretical model for the ESA. Thus,
the effective nonlinear absorption coefficient (a(1)), the nonlinear propagation equation
(d1/dz), the normalized transmittance (T(z)) and finally, the imaginary part of third order
nonlinear susceptibility (im y®) for OA configuration were determined using the
Equations 2.3-2.6, respectively. The NLA parameters were obtained by fitting the
experimental data to the theoretical model using Equation 2.3 and 2.5.

As shown in Figure 3.24a—c, the experimental data are in a good agreement
with the theoretical simulation and thus, the estimated fer values are 0.49x107%,
1.05x1071%and 1.55x1072° m W for the molecules VK1, VK2 and VK3, respectively.
Under similar excitation conditions many NLO materials have shown effective NLA
coefficient in the order of 107°m WL, The fer values obtained in the present study are
comparable and better than that of many other organic NLO materials reported in the
literature (Table 3.3). Therefore, these materials could act as better optical limiters for
high energy devices.
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Figure 3.24 OA Z-scan curves of (a) VK1, (b) VK2 and (c) VK3 at 50 uJ.
3.1.6.2 Optical limiting studies

The graphs of the transmittance versus input fluence are shown in Figure

3.25a—c which reveal the results of optical limiting studies of the molecules VK1-VKa3.
The onset values are at 1.60, 0.78 and 0.66 J cm™2 for VK1, VK2 and VK3,
respectively. Thus, the molecules can act as protective layers in devices with intense

laser beam.
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Figure 3.25 Optical limiting studies of (a) VK1, (b) VK2 and (c) VK3 at 50 pJ.
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3.1.6.3 Nonlinear refraction studies

The Figures 3.26a—c represent normalized closed by open Z—scan curves of the
molecules VK1-VK3. The graphs show a change in the transmission with a
characteristic peak, followed by a null and a valley as the sample is moved from the
input lens towards the output lens through the focus. This is the signature of negative
nonlinearity. Due to this effect the molecules VK1-VK3 behave like diverging lenses
when in contact with the incoming beam; this results in the defocusing of the beam.

The normalized transmittance (T) at CA condition, the nonlinear refractive
index (52) and the real part of third order nonlinear susceptibility (real »¥) were fitted
using Equations 2.7-2.9, respectively. A comparison of the obtained NLO parameters

for VK1-VK3 with those reported in a few similar studies is presented in Table 3.3.
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Figure 3.26 CA Z-scan curves of (a) VK1, (b) VK2 and (c) VK3 at 50 pJ.

In the present study, the introduction of ITD as an acceptor unit in between the
high electron-donating thiophene and the phenyl moieties improves the rigidity and
planarity of the molecules; thus, the strength of the D—A-D backbone is increased; this
in turn enhances the extent of delocalization in the entire molecule. Thus, the
synthesized molecules VK1-VK3 exhibit substantially improved optical nonlinearity
when subject to the Z-scan analysis; this is due to the presence of D-A arrangement
and m—delocalization in them (Roncali 1999; Vishnumurthy et al. 2013).

Furthermore, the stronger electron accepting nature and polarity of rhodanine—

3—acetic acid moiety in VK3 than those of the cyano groups in VK1 and VK2 increases
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the rigidity, hyperpolarizability and conjugation length in VK3; this results in larger
NLO properties and improved Beyand y° values of VK3 as compared to those of VK1
and VK2. The studied molecules would be potential candidates for application in
optical limiters in photonic devices.

Table 3.3 NLO parameters of VK1-VK3 and few comparisons

Sample Pt "2 P References
10710 10 10712
(mW1) (esu) (esu)
VK1 0.49 2.09 1.63 This work
VK2 1.05 5.40 3.29 This work
VK3 1.55 6.57 4.90 This work
Phenothiazine—Gold 1.74 8.0 - (Edappadikkunnummal
(Au) nanocomposite etal. 2017)
\ 1.41 - 4.65 (Gu et al. 2014)
phthalocyanine— 1.60 - - (Gowda et al. 2016)
0.5% Au

nanoparticles matrix

hal 0.56 - - (Gowda et al. 2018)

3.1.7 The important findings from the experimental data

The high absorption maxima and low LUMO level of VK3 as compared to those
of VK1 and VK2 are due to the strong electron withdrawing ability of rhodanine—3—
acetic acid present in VK3. The third—order NLO studies confirm the effective TPA of
the molecules, exhibiting large third—order nonlinearity with a high Ses in the order of
107 m W tand optical limiting property. The higher Bes value of VK3 as compared to
that of VK1 and VK2 is due to the strong electron accepting nature of rhodanine— 3—
acetic acid moiety, which also results in rigidity and enhanced n—delocalization in VK3.
The results unveil that the molecule VK3 could be a good choice for an optical limiter
in laser photonics and also advance the development of other optoelectronic /

photovoltaic devices.
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3.2 AN INVESTIGATION ON PHOTOPHYSICAL AND THIRD-ORDER
NONLINEAR OPTICAL PROPERTIES OF NOVEL THERMALLY-STABLE
THIOPHENE-IMIDAZO [2,1-b][1,3,4] THIADIAZOLE BASED
AZOMETHINES (VK4-VKG6)

Among a wide variety of n—linkers used, the use of azomethine (also known as
Schiff bases or imines, -N=CH-) as conjugated =n—linkage in organic optoelectronic
molecules is at its prime level of exploration as it provides more economic and less
complicated path towards photovoltaic, optoelectronic and NLO materials (Iwan and
Sek 2008; Mulholland et al. 2014; Petrus et al. 2015; Sicard et al. 2013; Yang and
Jenekhe 1991). The facile one-step synthesis of azomethines via Schiff base
condensation between an amine and an aldehyde gives a desired product with relatively
good yield and producing water as the by—product of the reaction (Petrus et al. 2014;
Schiff 1864). Besides that, the reaction can be performed in mild conditions without
the usage of catalyst and the product obtained needs minimal purification (Isik et al.
2012). The materials possessing imine bond in them are emerging as fascinating
materials due to their chemical stability (Barik et al. 2011; Bolduc et al. 2010; Dufresne
et al. 2010), interesting photo physical properties and electrochemical properties (Barik
et al. 2011; Bourgeaux and Skene 2007; Dufresne et al. 2009).

In this context, anticipating promising results from small molecular NLO
materials, three new class of azomethines with thiophene and ITD as the invariable
donor and acceptor moieties were designed and synthesized in which three different n—
conjugated systems viz., pyrene (VK4), anthracene (VKS5) and triphenylamine (VKG6)
were bonded to the Th—ITD core unit via azomethine linkage as n—spacer. The pyrene,
anthracene and triphenylamine units were selected to study the influence of fused, rigid
and conjugated n—extenders on optoelectronic properties, which is discussed herein.
3.2.1 Structural elucidation of the intermediates and final compounds

The molecular ion peak at m/z 329 corresponding to [M+H] of intermediate 6
confirms the structure. The reduction of 6 to form intermediate 7 is clearly specified by
the 'TH NMR spectrum wherein, the two -NH; protons at § 3.76 ppm along with eight
aromatic protons at 8 7.87-6.74 ppm prove the formation of 7. The peaks resonating at
§ 154.7-107.9 ppm, corresponding to the aromatic carbon atoms in 3C NMR spectrum

of 7 further confirm the structure. Also, a molecular ion peak at m/z 299 in mass
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spectrum, corresponding to [M+H] of intermediate 7 further confirms the structure. The
confirmation of structures of final compounds VK4-VKG6 is done by 'H NMR, *C
NMR, mass and elemental analyses. The NMR spectral characterizations of one of the
representative molecules VK4 is discussed herewith. The '"H NMR spectrum of VK4
shows a prominent singlet signal at & 9.55 ppm, corresponding to imine (—CH=N-)
protons, seventeen multiplets at & 9.06-7.16 ppm, corresponding to the aromatic
protons of thiophene, ITD, phenyl ring and pyrene units and the absence of -NH>
protons at & 3.76 ppm clarify the structure. The structure is further confirmed by *C
NMR spectrum wherein, the aromatic carbons resonate at & 157.38—108.28 ppm.
Similar patterns of signals were observed in the 'H and *C NMR spectrum of VK5 and
VK6 as well. Furthermore, molecular ion peaks at m/z 511.50, 487.10 and 554.20 in
the mass spectrum, corresponding to [M+H] of VK4, VK5 and VK6, respectively,
confirm the structure of VK4-VK6. In addition to the spectral characterizations, the
elemental analysis further evidences the structures of all the intermediates and final
compounds. The 'H NMR, *C NMR and mass spectra of intermediates and final
compounds VK4-VKG6 are presented in the following Figures 3.27-3.39.
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Figure 3.27 Mass spectrum of 6
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Figure 3.35 *C NMR spectrum of VK5
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Figure 3.39 Mass spectrum of VK6

3.2.2 Photophysical studies

The UV-Vis absorption and fluorescence emission spectra of VK4-VKG6 are
shown in Figure 3.40. As shown in Figure 3.40, the Amax Of VK4, VK5 and VKG6 is
located at 403, 380 and 390 nm, respectively. The molecules VK4 and VK6 exhibited
three distinct absorption peaks in the range of 250-310, 315-470 and 480-560 nm
region, wherein two higher energy peaks observed at 294 and 403 nm for VK4, 297
and 390 nm for VK6 correspond to the m—m* electronic transitions in the molecules,
while a weak and broad band at lower energy region (480-560 nm) corresponds to the
ICT from electron donor to the acceptor unit which is due to the additional pyrene and
triphenylamine groups in VK4 and VKG®, respectively, leading to the extension of n—
conjugation. In the case of molecule VKS5 the observed peaks at 264 and 320-360 nm
region is attributed to n—7* electronic excitations and the absence of ICT band in VK5
compared to that of VK4 and VKG6 is due to the steric hindrance by anthracene group
which distorts the 7—conjugation in VK5. The absorption bands of the molecules are in
the order of VK4>VK6>VKS5, since the conjugation of substituents are in the order
pyrene> triphenylamine> anthracene. The normalized fluorescence spectra showed
single emission peak at 572, 526 and 552 nm for VK4, VK5 and VKG6, respectively.
The Eq4 calculated from the intersection of normalized absorption and emission spectra
are 2.23, 2.68 and 2.28 eV for VK4, VK5 and VKG®, respectively. The decrease in the
band gap for VK4 and VKG6 is due to the higher extent of conjugation in VK4 and VK6
compared to that of VKS5. The results of the optical studies are given in Table 3.4.
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Figure 3.40 Normalized UV—Vis absorption and PL spectra of VK4-VKG6 recorded
in CHCI3 (107 M).

3.2.3 Electrochemical studies

The cyclic voltammograms of the molecules VK4, VK5 and VK6 are shown in
Figure 3.41a-c, respectively. The molecules exhibit one oxidation peak in the anodic
region and the onset of oxidation is at 0.73, 1.01 and 0.88 V vs SCE for VK4, VK5 and
VK®6, respectively. The HOMO energy levels of VK4-VKG6 determined using onset
potentials of oxidation process, calculated using the Equation 2.1, are —5.26, —5.54 and
—5.41 eV, respectively. Similarly, the LUMO energy levels determined using the
Equation 2.2, are —3.03, —2.86 and —3.13 eV for VK4-VKG6, respectively.

The observed higher HOMO of VK4 than that of VK5 and VKG& is due to the
increased m—conjugation of pyrene group present in VK4 (Zhou et al. 2010). The
experimental data are listed in Table 3.4.
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Figure 3.41 Cyclic voltammograms of (a) VK4, (b) VKS and (c¢) VKa&.
Table 3.4 Summary of optical, electrochemical and theoretical data of VK4-VKG6.

Molecules  Amax®®® A max” Eg°Pt Eonset HOMO LUMO
(nm) (nm) (eV) (V vs SCE) (eV) (eV)

VK4 403 572 2.70 0.73 —5.26% -3.03°
=5.57¢ -2.51°¢
VK5 380 526 2.81 1.01 —5.54% —2.86°
—5.54¢ —2.56°
VK6 390 552 2.75 0.88 —5.412 -3.13°
—5.37° —2.28°

Eqo Optical band gap calculated from the intersection of normalized absorption

and emission spectra.

Emnset  Experimental onset oxidation potential vs SCE.
a Experimental values from CV using Equation 2.1 with Fc/Fc* as internal
standard.

b

¢ Theoretical results.

Experimental values using Equation 2.2.
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3.2.4 Theoretical studies

The optimized ground spatial arrangement, the HOMO and the LUMO energy
levels of the molecules VK4—VK6 are shown in Figure 3.42. The uniform distribution
of electrons in the HOMO of VK4 is due to the structural planarity of the molecule,
whereas in VK3 the anthracene moiety is twisted by 90° to the plane of Th—ITD core,
as a result of which the electrons are localized mostly on anthracene, resulting in the
non-uniform electronic distribution in the HOMO. Further, in molecule VK6, the
electrons in the HOMO are majorly localized on high electron donating triphenylamine
and phenyl moiety. There is a similar kind of distribution of electrons in LUMO as that
of HOMO in VK4 and VK5, which indicates n—n" type transition, whereas in VK6
LUMO celectron density is mainly localized on thiophene unit, indicating the charge
transfer between the donor and acceptor groups within the molecule.

The excited state electronic transitions were analyzed using TD-DFT
calculations. The simulated absorption spectra of VK4-VKé6 are depicted in Figure
3.43. There are distinct bands located at lower and higher wavelength regions. Except
for VKS, the band at lower wavelength corresponds to m—* transition whereas the band
at higher wavelength region corresponds to charge transfer transition in VK4 and VKG6.
As anthracene moiety is twisted by 90° to the plane of Th—ITD core, the band at higher
wavelength region in VKS may correspond to the extended m—m* transition. The
theoretical results are in consistence with the experimental results (Table 3.4).

Molecules Optimized geometry HOMO LUMO

VK6 2 2

Figure 3.42 Ground state optimized geometry and representations of HOMO and
LUMO of VK4-VKa&6.
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Figure 3.43 Simulated absorption spectra of VK4-VKaeé.

3.2.5 Thermal properties

The TGA plots of VK4-VK6 are shown in Figure 3.44. The measurements
disclose good thermal stability of molecules with the Tq of 380, 373 and 331°C for
VK4, VK35 and VKG6, respectively. The presence of fused pyrene unit in VK4 makes
the molecule more rigid and stable compared to anthracene and triphenylamine unit in
VKS and VK6, which results in higher T4 of VK4 compared to that of VKS and VK.
From the analysis it is observed that the molecules VK4-VK6 show sufficient stability

towards photonic applications.
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Figure 3.44 TGA plots of VK4-VKG6.
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3.2.6 Third—order NLO properties
3.2.6.1 Nonlinear absorption studies

The NLO properties of the molecules VK4 and VK5 were examined using 50
uJ laser pulse, corresponding to the peak on—axis intensity of 1.386 GWcm™2. The
experiment was carried out in DMF solution with the transmittance maintained at 71%.
Unfortunately, the molecule VK6 did not show any NLO property under nanosecond
excitation rather, exhibited scattering due to the limited solubility in DMF. The Figure
3.45a and b represent the characteristic OA Z-scans obtained for VK4 and VK5,
respectively. It is observed that all the curves are symmetric about z=0, at the focus.
The decrease in transmittance around the focal point is corresponding to RSA of the
molecules. The RSA is mostly related with TPA process and also since solutions exhibit
considerable absorption at laser excitation wavelength, ESA is also contributing to the
RSA (Kulyk et al. 2016; Vishnumurthy et al. 2011). The intensity dependent «(1) for a
system where the net NLA is due to both TPA and ESA (RSA) (associated with SA),
the nonlinear propagation and the normalized transmittance were obtained using
Equations 2.3-2.5. The experimental data were numerically fitted to the theoretical
model using Equation 2.3 and 2.5 to obtain the values of NLA parameters. The
imaginary part of »®® was determined using Equation 2.6. All the calculated NLA
coefficients are listed in Table 3.5. The values of fer are 0.81x10°1°m W and
0.55x1071° m W for VK4 and VK5, respectively.
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Figure 3.45 OA Z-Scan curves of (a) VK4 and (b) VK5 at 50 pJ.
3.2.6.2 Optical limiting studies
The optical limiting behavior of VK4 and VK5 was studied from the graphs of
normalized transmittance versus input fluence (Figure 3.46a and b, respectively), that
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show the decrease in transmittance with the increase in the input laser fluence. The
optical limiting onset values are at 0.79 and 0.90 J cm 2 for VK4 and VK35, respectively,
which are relatively low compared to other organic conjugated small molecular NLO
materials. Thus, both the molecules exhibit considerably efficient optical power
limiting. The obtained ferr for VK4 and VK5 in the present study are comparable and
reasonably higher than that of a few of the organic small molecular NLO materials
reported (Table 3.5). For example, Zheng et al. (Zheng et al. 2019) reported
TPA—quinazolinone derivatives with the excellent third—order NLO responses with Sest
of 0.36x107' m W! while, Jia et al. (Jia et al. 2017, 2018) studied NLO properties of
quinacridone and quinazolinone derivatives which showed remarkable NLO responses
with Berr of 0.76x107!° and 0.47x10°'' m W™, respectively, whereas, Gowda et al.
(Gowda et al. 2018) synthesized EDOT based bent-core and hockey stick like liquid
crystals which exhibited large optical nonlinear properties with fest of 0.56x1071° m
wL

The improved and remarkable NLO responses of VK4 and VK5 compared to
the reported values (Table 3.5) indicate that these materials could have immense

potential as optical limiters to be used in photonic devices.
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Figure 3.46 Optical limiting studies of (a) VK4 and (b) VKS5 at 50 uJ.
3.2.6.3 Nonlinear refraction studies

The pure NLR curves were obtained by dividing CA transmittance data by the
corresponding OA data. Figure 3.47a and b represent the closed by open aperture
curves for VK4 and VKS5, respectively and it is seen that there is a peak—valley
configuration in the obtained plot, which is a signature of negative nonlinearity of the
materials. As a result of this, there is a gradient in refractive index with the lowest value

at the beam axis and gradual increase towards the periphery which is produced by the
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Gaussian laser beam. Thus, the materials behave like diverging lens when the laser
beam falls on the detector and hence, diverge (defocus) the beam
(Edappadikkunnummal et al. 2017). The normalized transmittance (T) at CA condition,
the 52 and real »® were fitted using Equations 2.7-2.9, respectively. The NLR
parameters of VK4 and VKG5 are tabulated in Table 3.5.

8 1.4 @ Experimental value of VK4 Experimental value of VK5
c (a) _ = Theoretical fit 1.4 (b) Theoretical fit
£
‘= 1.21
g 1.24
c
©
]
< 1.01 1.0
()
N
© 0.8
£ 0.8
S
(@]
pd 0.61
0.6 r r r r r r T T T T
-20 -10 0 10 20 -20 -10 0 10 20

Position (um)

Figure 3.47 CA Z-Scan curves of (a) VK4 and (b) VK5 at 50 uJ.

The superposition of p, atomic orbitals of carbon in conjuagated system
facilitate the movement of m—electrons in large molecular orbitals. The planarity and
rigidity of conjugated backbone optimizes the overlapping of n—orbitals which results
in enhanced electron delocalization, leading to the enhancement in optical nonlinearity
which increases with the extension of conjugation (Rustagi and Ducuing 1974;
Vishnumurthy et al. 2013; Yu and Dalton 1989). In the present work, both the
molecules VK4 and VK5 possess thiophene as strong electron donor and ITD as an
electron acceptor moiety, which provide a D-A type arrangement. Thus, both the
molecules exhibit considerably enhanced third—order NLO properties. Amongst the
studied molecules, molecule VK4 has a highly conjugated pyrene group whose four
fused benzene rings provide planarity and rigidity to the system, exhibiting extensive
electron delocalization than that of anthracene present in VKS5. As a result of which the
molecule VK4 shows improved NLO behavior compared to that of VKS5. In summary,
the presence of pyrene and anthracene groups in VK4 and VK5 as m—extending
systems, respectively, provides a better nonlinearity to the molecules. The results
indicate the suitability of VK4 and VKS5 for their use in power limiting and optical

switching applications.
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Table 3.5 Comparison of third order NLO parameters of VK4-VKG6 with similar work

reported.

Sample Bert (MWL) n? (esu) 1> (esu) References
(1071%)

VK4 0.81x1071% 4,7874x10™1 2.45 This work

VK5 0.55x10710  3.2542x1071 1.82 This work

0.36x1071  1.651x107'®  0.9295  (Zheng et al.
2019)

0.76x1071°  6.27x107"°  4.423 (Jia et al.
2017)

0.47x107"  0.220x10°'8  0.1184 (Jiaetal.
2018)

0.56x1071° - - (Gowda et al.
T Ccen 2018)

3.2.7 The important findings from the experimental data

The introduction of different —extenders to Th—ITD backbone plays significant
role in tuning the extent of m—conjugation and bettermenting the photoelectronic
properties of VK4-VKG6. With the pyrene as highly conjugated n—system, VK4 exhibits
broader absorption band, high HOMO energy level and high thermal stability compared
to that of VK5 and VKG6. The presence of azomethine bond further extends the
conjugation length and hyperpolarizibilty in molecules VK4-VK6. The Z-scan
analysis reveals that the extent of =—conjugation in these systems influences their NLO
performance and optical limiting action. The molecule VK4 with highly conjugated
pyrene group exhibits enhanced NLO response with higher ferr compared to that of
VKS5. The results of the present study prove that the molecule VK4 could be a potential
candidate to be utilized as optical limiter in laser photonics and in integrated NLO

devices.
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3.3 IMPACT OF DONOR-ACCEPTOR ALTERNATION ON OPTICAL
POWER LIMITING BEHAVIOR OF H-SHAPED THIOPHENE-
IMIDAZO[2,1-b][1,3,4]THIADIAZOLE FLANKED CONJUGATED
OLIGOMERS (VK7-VK10)

Functionalization of conjugated materials via the D—A approach is one of the
most successful methods to tailor the optoelectronic properties. The extended n—
conjugation and small local changes in the molecular backbone lead to the copious
changes in the entire molecule. Thus, a detailed discussion on the structure-property
relationship of a new series of four D—A-D configured conjugated oligomers with H-
type structure, possessing two Th—-ITD branches and thiophene (VK7), thiophene—
1,3,4-oxadiazole—thiophene (VK8), tztz (VK?9), phenyl-tztz—phenyl (VK10) units as
central core moieties is presented herein. These core moieties were specifically selected
to increase the planarity, rigidity, stability, extend the n—conjugation and to understand

the influence of central core on the optoelectronic properties.

3.3.1 Structural elucidation of the intermediates and final compounds

The presence of nine aromatic protons in the region of 6 7.91-6.78 ppm along
with the broad ~OH signal at § 9.5 ppm in the '"H NMR spectrum of 8 confirm the
cyclization of intermediate 3 to 8 which is further confirmed by the *C NMR spectrum
wherein, the aromatic carbons resonate at 6 157.5-109.4 ppm. The disappearance of —
OH signal and appearance of a triplet at  3.98 ppm, multiplet at d 1.81-1.27 ppm and
a triplet 6 0.87 ppm corresponding to —OCH,, -CH> and —CHs alkyl protons,
respectively, in the '"H NMR spectrum of 9 confirm the alkylation of 8 to form
intermediate 9. Similarly, the signals at 6 68.0, 31.8-22.6 and 14.1 ppm corresponding
to ~OCH», -CH> and —CH3 alkyl carbons, respectively, in the *C NMR spectrum
further confirm the structure. The formylation of 9 is clearly confirmed by the sharp
singlet signal of -CHO at § 10.09 ppm and 177.3 ppm in the '"H NMR and '*C NMR
spectrum, respectively, of 10. Also, a molecular ion peak at m/z 300.00, 440.10 and
468.10 in the mass spectrum, corresponding to [M+H] of intermediate 8, 9 and 10,
respectively, further confirms the structure. The presence of thirty aromatic protons at
0 7.76-7.59 ppm corresponding to phenyl aromatic protons, singlet at 6 6.70 ppm
corresponding to thiophene protons, along with a doublet at & 5.53 ppm corresponding

to —~CH>— signals in the 'H spectrum of intermediate 13 confirm its structure. And
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aromatic carbon signals at & 135.3—116.7 ppm, —CH»>— carbon signals at 6 27.1 and 26.6
ppm in the 3C NMR spectrum also confirm the structure of 13. A clear singlet at §
10.34 ppm of -NHC=0 in the 'H NMR spectrum of 16 confirms the structure.
Similarly, missing of -NHC=O0 protons and formation of new aromatic protons in the
"H NMR spectrum of 17 confirms the structure of 17. The bromination of methyl groups
is confirmed by the signal at & 5.13 ppm and & 27.4 ppm in the 'H and *C NMR
spectrum, respectively, which is corresponding to -CH»Br of 18. Further, thirty
aromatic protons at & 7.93—7.71 ppm corresponding to phenyl aromatic protons, singlet
at 8 6.90 ppm corresponding to thiophene protons, along with a doublet at 6 5.68 ppm
corresponding to —~CH>—P signals observed in the "TH NMR spectrum of 19, confirm its
structure, which are evidenced by the aromatic carbons and—CH>—P signals at 6 162.7—
117.3 ppm, and § 36.2 and 31.2 ppm, respectively in its ?*C NMR spectrum. The 'H
NMR spectrum of intermediate 22 display doublets at 6 7.91 ppm and 7.36 ppm
corresponding to eight aromatic protons and singlet at 6 2.37 ppm corresponding to six
methyl protons, which evidence the structural confirmation. Similar signals as those of
intermediates 18 and 19 were found in the 'H and '*C NMR spectrum of intermediate
23 and 24, which confirm the structure. The NMR spectral characterizations of one of
the representative molecules, VK8 is discussed herewith. The 'TH NMR spectrum shows
twenty-two aromatic protons in the region of 6 7.89—6.72 ppm corresponding to
thiophene and phenyl protons. The disappearance of sharp signal of aldehydic proton
at 6 10 ppm and thirty aromatic protons due to phenyl group of triphenylphosphine and
appearance of peak due to -CH=CH- in the aromatic region (6 7.89-6.72 ppm) along
with a triplet at 6 3.95 ppm, multiplet at & 1.86—1.27 ppm and a triplet & 0.88 ppm
corresponding to —OCH», —CH> and —CHj3 of alkoxy protons, respectively, clearly
confirm the formation of VK8 which is supported by the *C NMR spectrum wherein,
the aromatic carbons resonate at & 160.0-114.5 ppm and alkyl carbons resonate at 6
68.1, 68.0, 31.8 — 226.6 and 14.1 ppm, validating the structure. Similar type of signal
pattern was observed in the 'H and '*C NMR spectrum of VK7, VK9 and VK10, which
confirm the structure of final compounds. A molecular ion peak at m/z 1012.346
(M+H), 1159.100 (M"), 1016.989 (M+H) and 1222.723 (M+H) in MALDI-TOF-MS
spectrum of oligomers VK7, VK8, VK9 and VK10, respectively, further confirms the

structure. In addition to the spectral characterizations, the elemental analysis further
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evidences the structures of all the intermediates and final compounds. The 'H NMR,

13C NMR and mass spectra of some important intermediates and final compounds

VK7-VK10 are presented in Figure 3.48-3.74.
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Figure 3.48 *H NMR spectrum of 8
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Figure 3.51 *H NMR spectrum of 9
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3.3.2 Photophysical studies

The normalized UV-Vis and PL spectra of VK7-VK10 are shown in Figure
3.75 and the corresponding spectral data are listed in Table 3.6. As it is seen in Figure
3.75, there are three absorption bands situated between 260-500 nm region for each of
the four oligomers. The absorption bands observed at higher energy regions (260-340
nm) attribute to the n—n* transitions of the aromatic conjugated skeleton, whereas, those
at lower energy (400-460 nm) region ascribe to the ICT from the electron donor to the
acceptor moieties. The Amax of VK7, VK8, VK9 and VK10 are 429, 451, 408 and 438
nm, respectively. Moreover, the introduction of 1,3,4-oxadiazole, a strong electron
acceptor moiety, to the central core is considerably shifting the Amax 0of VK8 to higher
wavelength region due to stronger D—A interaction (Roncali 2007) when compared to
that of VK7, where, only thiophene moiety is present in the central core. Similarly,
there is a considerable red shift in the Amax of VK10 compared to that of VK9 due to
the introduction of phenyl group (z—linker) to the central part, which increases the D—
A interaction in VK10, causing the extension of conjugation. Further, the fluorescence
emission spectra were recorded by exciting the oligomers at their excitation
wavelengths. All the four oligomers exhibit single emission peak in the 500-540 nm
region, with the green light emission in solution state. The E4 calculated from the
intersection of normalized absorption and emission spectra are 2.63, 2.46, 2.66 and 2.55
eV for VK7, VK8, VK9 and VK10, respectively. The extended n—conjugation in VK8
and VK10 considerably reduce the Eq of VK8 and VK10 compared to that of VK7 and
VKO.
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Figure 3.75 Normalized UV—Vis absorption and PL spectra of VK7-VK10 recorded
in CHCI; (107> M).
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3.3.3 Electrochemical studies

Figures 3.76a—d represent the cyclic voltammograms of VK7-VKI10,
respectively. The onset oxidation potentials of the oligomers are at 0.54, 0.66, 0.60 and
0.55 V vs SCE for VK7, VK8, VK9 and VK10, respectively. The HOMO energy levels
determined using the Equation 2.1 are —5.08, —5.20, —5.14 and —5.09 eV for VK7,
VK8, VK9 and VK10, respectively. Similarly, the LUMO energy levels of the
oligomers calculated using the Equation 2.2 are —2.45, —2.74, —2.48 and —2.54 eV for
VK7, VK8, VK9 and VK10, respectively.

There is a slight increase in the HOMO energy levels of VK7 and VK10 when
compared to that of VK8 and VK. This increment is attributed to the presence of
thiophene in VK7 and phenyl group in VK10 in the central core as electron donor and
n—linker, respectively (Zhou et al. 2010), while, the decrease in the LUMO level of
VK8 compared to that of VK7, VK9 and VK10 is due to the presence of strong electron
withdrawing 1,3,4—oxadiazole moiety in VK8 (Randell et al. 2018). The results of CV
studies and the values of energy levels are summarized in Table 3.6.
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Figure 3.76 Cyclic voltammograms of (a) VK7, (b) VK8, (c) VK9 and (d) VK10.

Insets show the enlarged image of oxidation peaks in the anodic region.
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Table 3.6 Summary of optical, electrochemical and theoretical data of VK7-VK10.

Molecules  Amax®® A maxP! E°Pt E ®onset HOMO LUMO
(nm) (nm) (eV) (V vs SCE) (eV) (eV)

VK7 429 512 2.63 0.54 —5.08% —2.45b
—4.52°¢ —2.06°

VK8 451 540 2.46 0.66 -5.20° —2.74°
—4.84°¢ —2.20¢

VK9 408 503 2.66 0.60 —5.14% —2.48°
—5.08? —2.02°

VK10 438 537 2.55 0.55 ~5.09* —2.54°
—4.83°¢ -2.19¢

Eg" Optical band gap calculated from the intersection of normalized absorption

and emission spectra.
E”mnset  Experimental onset oxidation potential vs SCE.

a Experimental values from CV using Equation 2.1 with Fc/Fc* as internal

standard.

b Experimental values using Equation 2.2.

¢ Theoretical results.
3.3.4 Theoretical studies

The long alkoxy chain was considered as methoxy group in order to reduce the
calculation time. As shown in Figure 3.77, both the HOMO and LUMO electrons are
mainly populated on vinylic linkage and central part of the system in VK7, VK8, VK9
and VK10. The HOMO distribution is further extended on the imidazole and decyloxy
substituted phenyl ring of the terminal groups, whereas, the LUMO is mostly
distributed on thiophene and ITD ring of the peripheral group and also, distribution in
the central core of all the four oligomers is seen. This type of separated spatial
distribution suggests the balanced charge transfer process within the system (Kothavale

and Sekar 2017). The theoretical HOMO/LUMO values are given in Table 3.6.

The presence of long decyloxy chain causes the twisting of the decyloxy
substituted phenyl group by an angle of ~32° from thiophene—imidazo[2,1-
b][1,3,4]thiadiazole plane of peripheral Th—ITD moiety in all the four oligomers. In the
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case of VKO the two peripheral Th—ITD moieties are present orthogonal to each other
(Figure 3.78). This is due to the steric hindrance between ITD and tztz moieties,
resulting from the direct bond present between them. In all the four oligomers, the Th-
ITD plane is present 90° to the plane of central unit, giving a H-shaped structure. As it
is seen from the optimized geometry of VK8 and VK10, the higher degree of
conjugation in central core decreases the twisting due to steric effects between the side
groups and the central unit, providing a perfect H-shaped structure. The dihedral angles
and the optimized geometries are shown in Figure 3.79.

Further, the simulated absorption spectra of VK7-VK10 are shown in Figure
3.80. There exist two absorption bands, the one at lower energy region corresponds to
charge transfer transition and the other at higher energy region is due to n—n* transition.
In general, the tiny discrepancy is attributed to the theoretical overestimation.
Nevertheless, the trend remains the same and the theoretical results are in good

agreement with the experimental results.

Oligomers  Optimized geometry

VK7

VK9

Figure 3.77 Optimized geometry and HOMO/LUMO electronic distributions of
VK7-VK10.
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¥

Figure 3.78 The side view of VK9 wherein the side groups are arranged orthogonal

to each other.

Figure 3.79 Dihedral angles between decyloxy substituted phenyl ring and Th-ITD

plane.
— VK7

1.01 — VK8
E —_—\/K9
CC» 0.8 — VK10
o
» 0.6-
S
T 0.44
2
O 0.2 \

0.0

300 400 500 600
Wavelength (nm)

Figure 3.80 Simulated absorption spectra of VK7-VK10.
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3.3.5 Thermal properties

Figure 3.81 represents the graph of weight loss as a function of temperature of
VK7-VK10. As it is seen from the plot, the onset of T4 corresponding to a 5% weight
loss for VK7 and VK8 are 370 and 384°C, respectively and that corresponding to a
20% weight loss for VK9 and VK10 are 378 and 348°C, respectively. Further, there is
a minor decomposition at 183 and 115°C observed for VK9 and VK10, which is
attributed to the decomposition of central units of VK9 and VK10, respectively.
Between VK7 and VK8, VK8 exhibits higher Tq, which is ascribed to the extended D—
A-D structure with the presence of thermally stable 2,5-disubstituted-1,3,4—
oxadiazole in the central unit. However, the higher Tq of VK9 compared to that of
VK10 is due to the direct attachment of central tztz unit to the partially rigid ITD moiety
of the terminal group in VK9, making the oligomer structurally more rigid compared
to VK10. All the four oligomers exhibited good thermal stability, which reveal the

suitability of these materials for practical application in optoelectronics.
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Figure 3.81 TGA plots of VK7-VK10.

3.3.6 Third—order NLO properties
3.3.6.1 Nonlinear absorption studies

The oligomers were excited at an energy of 50 uJ (on—axis intensity of 1.386
GW cm2) with a linear transmittance maintained at 70-72%. The OA Z—scan traces of
VK7-VK10 are shown in Figure 3.82a—d, respectively. As shown in the Figure
3.82a—d, there is a decrease in the transmittance as the samples are moved near to the
focus and reaches a minimum value at the focus, displaying a deep transmittance trough

near the focal plane which is the signature of RSA. Further, on the nanosecond time
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scale this RSA is combined with TPA and ESA, collectively called as “effective TPA”
process (Poornesh et al. 2009; Vishnumurthy et al. 2011). The experimental results are
matching well with the theoretical model for effective TPA process in all the samples.
Thus, the effective nonlinear absorption coefficient (a(1)), the nonlinear propagation
equation (dl/dz), the normalized transmittance (7(z)) and finally, the im y® for OA
configuration were determined using the Equations 2.3-2.6, respectively. The NLA
parameters were obtained by fitting the experimental data to the theoretical model using
Equation 2.3 and 2.5. All the calculated NLA coefficients are listed in Table 3.7.

The numerically estimated S values are 0.52x1071%, 1.62x1071%, 1.55x1071°
and 2.71x1071 m W! for VK7, VK8, VK9 and VK10, respectively. These obtained
Peir values are very much closer and predominantly higher than that reported in the
literature (Table 3.7). For example, the NLO properties of quinacridone derivatives
were studied by Jia ef al. (Jia et al. 2017), which showed notable NLO responses with
Be of 0.76x1071° m W1, Gowda et al. (Gowda et al. 2018, 2016) synthesized EDOT
based bent-core and hockey stick like liquid crystals and studied the effect of metal
nanoparticles (gold/silver), dispersed in phthalocyanine discotic liquid crystal matrix,
which exhibited large optical nonlinear properties with Bey of 0.56 and 2.5x107'° m
WL, respectively. Edappadikkunnummal et al. (Edappadikkunnummal et al. 2017)
synthesized phenothiazine—gold nanoparticles by laser ablation method and studied the
third—order NLO properties, which exhibited significant enhancement in NLA with fef
of 1.7x1071 m W', Gopi et al. (Gopi et al. 2020) synthesized new quinoxaline based
push—pull molecules with 1,3-indandione as acceptor and investigated the NLO
properties of the molecule, which showed an effective TPA with very high S of
2.0x107'"m W1, Zhang et al. (Zhang et al. 2011) studied the NLO and optical limiting
properties of graphene oxide—Fe3O4 hybrid material, which showed an enhanced .5 of
2.6x107' m W', Therefore, all the aforementioned studies involve uses of one or the
other dopant for the enhancement of nonlinear response but the observed phenomenal
increment in the nonlinear responses in the present study without any dopants, of the
synthesized oligomers suggests that these oligomers would serve as effective optical

limiters for sensors and eye protection.
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Figure 3.82 OA Z—scan curves of (a) VK7, (b) VK8, (¢) VK9 and (d) VK10 at 50 pJ.
3.3.6.2 Optical limiting studies

In order to explain the optical limiting properties of the present oligomers,

graphs of input fluence versus the normalized transmission of pulse intensity of VK7—

VK10 were plotted and are shown Figure 3.83a-d, respectively. The onset values of
limiting action are 0.349, 0.231, 0.270 and 0.151 J cm2 for VK7, VK8, VK9 and
VK10, respectively and the LT values are 6.02, 4.51 and 3.14 J cm2 for VK8, VK9

and VK10, respectively. Such a low onset and LT values of the synthesized oligomers

infer that these materials would be powerful candidates in optical power limiting

devices. The oligomer VK7 did not show LT, as the output transmittance did not reach

50 % of its initial value at the input fluence used.
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Figure 3.83 Optical power limiting studies of (a) VK7, (b) VKS, (c) VK9 and (d)
VK10 at 50 pJ.

3.3.6.3 Nonlinear refraction studies

The CA Z—scan was performed to determine both the magnitude and sign of the
NLR. The pure NLR trace was obtained by dividing CA data by OA data to avoid the
contribution of NLA and the corresponding plots of VK7-VK10 are shown in Figure
3.84a-d, respectively. All the four oligomers show negative nonlinearity and exhibit
peak-valley pattern which are associated with self-defocusing nature of the oligomers.
The normalized transmittance (T) at CA condition, the real ® and the 7. were fitted
using Equations 2.7-2.9, respectively. The data of NLR coefficients are summarized

in Table 3.7.
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Figure 3.84 CA Z—scan curves of (a) VK7, (b) VK8, (c) VK9 and (d) VK10 at 50 pJ.

In the present study, introduction of strong electron acceptor groups such as
1,3,4—oxadiazole (VK8) and tztz (VK10), between the electron rich groups (thiophene
in VK8 and phenyl in VK10) at the central position of conjugated backbone ameliorate
the planarity of the oligomers which extends the m—electron delocalization over the
entire conjugated system and improves the effective charge transfer between the donor
and acceptor groups which in turn increases the polarizability of the oligomers. And the
cyclic groups (ITD) present at the peripheral position of the oligomers improve the
rigidity and strengthen the molecular backbone (Yu and Dalton 1989). As a result, the
oligomers VK8 and VK10 exhibit predominant increment in the NLO properties
(enhanced pest of the order 1072, considerably low onset of limiting action and LT)
compared to that of VK7 and VKO9. The enhanced conjugation facilitated by D-A-D
framework of all the four oligomers substantially improve their NLO characteristics, as

confirmed by Z-scan analysis.
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Table 3.7 Comparison of NLA and NLR parameters of VK7, VK8, VK9 and VK10

with similar work reported.

Sample Best LT n? (esu) v} (esu)  References
(x1071"  (J em™?) 10712
m W)
VK7 0.52 - 4.1637x107""  1.69375 This work
VK8 1.62 6.02 6.4593x107!"'  5.16077 This work
VK9 1.55 4.51 5.8669x107!!  4.95886 This work
VK10 2.71 3.14 8.4294x107!'  8.55506 This work
0.76 6.27x107" 4.423 (Jia et al.
2017)
o ' A 0.56 - - (Gowda et
e o At al. 2018)
Phenothiazine— 1.74 8.0 - (Edappadikk
Gold (Au) unnummal et
nanocomposite al. 2017)
phthalocyanine— 2.5 - - (Gowda et
0.5% gold al. 2016)
nanoparticles
matrix
O. oS 'Q 2.0 - - (Gopi et al.
° % 2020)
1Y 41
Graphene oxide— 2.6 - - (Zhang et al.
Fes304 2011)
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3.3.7 The important findings from the experimental data

Extensive tuning of the optoelectronic properties and the energy levels of the
molecules is observed by the incorporation of different D—A groups in the central unit.
The presence of 1,3,4—oxadiazole and tztz units in VK8 and VK10 results in the red
shift of the absorption and emission maxima of VK8 and VK10, respectively. Similarly,
the electron rich thiophene and phenyl groups (n—spacer) present in the central position
of the VK7 and VK10 increase the HOMO level of VK7 and VK10, respectively. The
high thermal stability of >350°C is due to the extended conjugation and the rigidity of
the oligomers. The improved ICT and high polarization of VK8 and VK10 give rise to
high Berr of 1.62 and 2.71x1071® m WL, very low onset of limiting of 0.231 and 0.151 J
cm 2 and limiting thresholds of 6.02 and 3.14 J cm™2, respectively. The attractive NLO
responses of the VK8 and VK10 prove that these oligomers could be excellent

candidates for all-optical limiting and opto-electronic device applications.
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3.4 EXPLORATION OF EXCITED STATE ASSISTED TWO-PHOTON
ABSORPTION PROPERTY OF D-A-D TYPE THIOPHENE-PYRIDINE
DERIVATIVES (VK11-VK14)

The increase in the conjugation enhances the ICT and polarizability of the
conjugated system. Keeping this in mind, trigonal-shaped molecules (VK11 and VK12)
and polymers (VK13 and VK14) with D-A-D structural arrangement possessing
thiophene acetonitrile (VK11), phenyl acetonitrile groups (VK12, VK14) and
thiophene units (VK13) as side groups in order to expand the m—conjugation were
synthesized to study the effect of conjugation on the fundamental photophysical,
electrochemical and third-order NLO properties. The polymers VK13 and VK14 were
synthesized with the expectation that this would bring a drastic improvement in the
optical nonlinearity compared to small molecules (VK11 and VK12).

3.4.1 Structural elucidation of the intermediates and final compounds

In the 'TH NMR spectrum of intermediate 27, hydroxy proton resonates as broad
singlet at 8 5.31 ppm, aromatic protons of pyridine ring resonate as singlet at ¢ 7.72
ppm and all the new aromatic protons corresponding to thiophene and phenyl units
resonate at 6 7.65—6.97 ppm, confirming its structure. The aromatic carbons resonating
in the downfield region in *C NMR spectrum further supports the structure of 27. The
disappearance of hydroxy proton and formation of new triplet at & 4.03 ppm, multiplet
at 6 1.88—1.29 ppm and triplet at 6 0.92 ppm corresponding to -OCHz, -CH> and —CH3
protons, respectively, of decyloxy group in the "H NMR spectrum and signals at &
68.18, 31.91-22.70 and 14.15 ppm corresponding to —-OCH», -CH; and —CH3 carbons,
respectively, of decyloxy group in the *C NMR spectrum of intermediate 28 clearly
confirm its structure. The '"H NMR spectrum of intermediate 29 clearly displays a sharp
singlet at  9.88 ppm which is a characteristic peak of aldehyde proton, confirming the
structure. Similarly, in the '>C NMR spectrum the aldehyde peak resonates at & 183
ppm, which further validates the structure. The mass spectrum shows molecular ion
(M+1) peak at m/z 336.21, 476.34 and 532.43 for intermediates 27, 28 and 29,
respectively, which corresponds to their molecular formula, confirms the structure. The
structural elucidation of one of the final compounds VK11 is discussed herewith. The
successful formation of VK11 is evident by the disappearance of aldehydic proton and

appearance of new additional eight aromatic protons at 6 7.77—7.04 ppm corresponding

141



to thiophene and vinyl protons in its '"H NMR spectrum, whereas in its ?*C NMR
spectrum, missing of aldehydic carbon signal and appearance of new aromatic carbons
0 160.4-103.3 ppm further confirm the structure. Also, MALDI-TOF mass spectrum
showing a molecular ion peak at 742.194 corresponding to its (M+1) peak further
validates the structure. Similar type of NMR patterns is observed for VK12, VK13 and
VK14, which confirms their structure. A molecular ion peak at 730.221 corresponding
to (M+1) peak of VK12 also confirms its structure. The molecular weight distribution
of Mw= 4,241 and 10,426 obtained from GPC of VK13 and VK14, respectively, prove
the formation of polymers. In addition to the spectral characterizations, the elemental
analysis further evidences the structures of all the intermediates and final compounds.
The 'H NMR, 3C NMR and mass spectra of the intermediates and final compounds
VK11-VK14 are presented in Figure 3.85-3.105.
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Figure 3.85 'H NMR spectrum of 27
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Figure 3.105 Gel permeation chromatogram of VK14
3.4.2 Photophysical studies
Figure 3.106 depicts the combined normalized UV-Vis absorption and PL
emission spectra of compounds VK11-VK14. The corresponding numeral data are

summarized in Table 3.8. As shown in Figure 3.106, there exist strong peaks of
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maximum absorption at wavelengths 395, 377, 312 and 419 nm for VK11, VK12,
VK13 and VK14, respectively. These observed Amax are the results of 7—=* transition
within the conjugated backbone. The molecules VK11 and VK12 exhibit similar
absorption profiles from 300 to near 500 nm region. The effective D—A interaction
between the thiophene and the cyanovinylene groups in VK11 compared to that
between phenyl and cyanovinylene groups in VK12 shift the absorption of VK11 to
higher wavelength region compared to that of VK12. Similarly, the Amax of VK14 is
bathochromically shifted compared to that of VK13 due to the presence of
cyanovinylene group in VK14. On the other hand, the absence of strong electron
withdrawing, cyano group weakens the effective intramolecular interaction between the
D and A units, resulting a large hypsochromic shift in the Amax 0f VK13 compared to
that of VK14. As the molecular weights of VK13 and VK14 are widely different, the
blue shift in the absorption spectrum of VK13 could also arise from the short chains of
the polymer compared to that of VK14. Further, by exciting all the four compounds at
their respective Amax, the emission profiles were recorded, which exhibit similar trend
as those of absorption profiles with the emission wavelengths at 537, 500, 494 and 562
nm for VK11, VK12, VK13 and VK14, respectively. The Eg calculated from the
intersection point of absorption and emission spectra are 2.66, 2.74, 2.78 and 2.55 eV
for VK11, VK12, VK13 and VK14, respectively. The presence of strong electron
accepting cyanovinylene group results in a considerable reduction of Eg in VK11,
VK12 and VK14 when compared to that of VK13.
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Figure 3.106 Normalized UV—Vis absorption and PL spectra of VK11-VK14
recorded in CHCI; (107> M).
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3.4.3 Electrochemical studies

The cyclic voltammograms of VK11-VK14 are shown in Figure 3.107a—d,
respectively. The HOMO energies were determined using Equation 2.1 from first
oxidation potential whereas LUMO energies were calculated using Equation 2.2.

The onsets of oxidation potentials are at 0.82, 0.99, 0.55 and 0.91 V for VK11,
VK12, VK13 and VK14, respectively. And the HOMO levels are determined to be
—5.35, —5.52, —5.08 and —5.44 eV for VK11, VK12, VK13 and VK14, respectively.
Similarly, the LUMO levels are at —2.69, —2.78, —2.30 and —2.89 eV for VK11, VK12,
VK13 and VK14, respectively. Due to the higher electron donating ability of thiophene
than phenyl moiety, the molecule VK11 possesses higher HOMO level compared to
that of VK12. Similarly, due to the higher electron donating ability of thiophene and
absence of cyano group, the polymer VK13 possesses comparatively higher HOMO
energy level than that of VK14. The electrochemical data are listed in Table 3.8.
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Figure 3.107 Cyclic voltammograms of (a) VK11, (b) VK12, (c¢) VK13 and (d) VK14.

Insets show the enlarged image of oxidation peaks in the anodic region.
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Table 3.8 Summary of optical, electrochemical and theoretical data of VK11-VK14.

Molecules  Amax*"® ) maxP! Egopt Eonset HOMO LUMO
(nm)  (nm) (eV) (V vs SCE) (eV) (eV)
VK11 399 537 2.66 0.82 —5.35¢2 -2.69°
VK12 377 500 2.74 0.99 —5.528 —2.78°
VK13 312 494 2.78 0.55 —5.08? -2.30°
VK14 419 562 2.55 0.91 —5.442 —2.89°
Eg" Optical band gap calculated from the intersection of normalized absorption

and emission spectra.

E”mnset  Experimental onset oxidation potential vs SCE.
a Experimental values from CV using Equation 2.1 with Fc/Fc* as internal
standard.

b Experimental values using Equation 2.2.

3.4.4 Theoretical studies

DFT calculations were performed to acquire better understanding of the electronic
structure and distribution of electrons in the synthesized compounds. The electronic
structure of VK11, VK12 and two dimers simulating the structure of the polymers
VK13 and VK14 were determined using tools of DFT as implemented in Gaussian 09
package. The optimization of the ground state geometry was carried out including
solvent effects (chloroform) through the PCM using the B3LYP hybrid functional with
6-31G(d,p) basis set. Vibrational frequencies were computed at the same level of theory
to confirm that these structures were minima on the energy surfaces. For computing the
vertical transition energies, the TD-DFT tools as implemented in GO9 were used. The
performance of several functionals (B3LYP, M06, CAM-B3LYP, X3LYP, LC-wPBE,
wB97XD, HSEh1PBE, and BMK) was tested by comparison of the calculated spectra
to the experimental ones. It was observed that the best results were obtained using the
wB97XD hybrid functional. Therefore, TD-DFT calculations were carried out at the
wB97XD/6-31G(d,p)/PCM (chloroform) level of theory to produce a number of 15

singlet-to-singlet transitions. The calculated absorption spectra were obtained from the
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outputs of GO9 using the Gaussum free software. The ground state optimized geometry,
HOMO and LUMO energy levels of VK11-VK14 are shown in Figure 3.108. The
decyloxy unit was considered as methoxy group for the easy calculation. As shown in
Figure 3.108, except the decyloxy substituted phenyl group, which is twisted by an
angle of ~30° from the thiophene—pyridine plane, the HOMO and LUMO orbitals are
uniformly distributed over central pyridine, spacer thiophene, cyanovinylene and on the
peripheral groups as a result of structural planarity in the case of VK11 and VK12. This
type of spatial distribution on entire molecular backbone suggests the n—n~ type
transition in VK11 and VK12, whereas, in the case of VK13 the HOMO is majorly
distributed on thiophene and vinylene linkage present in the right wing. Also, a minor
distribution of HOMO can be seen on thiophene and vinylene linkage present in the left
wing as well. This may be attributed to the twisting of polymeric chain from the
planarity. Further, the LUMO is majorly localized on central pyridine, thiophene and
the vinylene linkage present in the right wing. Similarly, in VK14 the HOMO is majorly
distributed on thiophene and 1,4-phenyleneacrylonitrile group present in the right wing
and partially distributed on central pyridine and thiophene present in the left wing.
There is a twisting of 1,4-phenyleneacrylonitrile group in the left wing, as a result of
which the HOMO distribution is restricted to thiophene unit. The LUMO in VK14 is
majorly localized on central pyridine, thiophene and 1,4-phenyleneacrylonitrile group
present in the right wing. Further, to study the excited state electronic transitions, the
TD-DFT calculations were carried out. Structural optimizations were performed on
various conformational isomers (dimers) of VK13 and one simple structure (monomer,
VK13f). Of the five conformations VK13a, VK13b, VK13c, VK13d, and VK13e,
VK13e is of lowest energy conformation (Figure 3.110). The simple structure (VK13f)
cannot be compared in energy to the others as it has a smaller number of total atoms.
Similarly, structural optimizations were performed on VK14 (dimer) and one simple
structure (monomer, VK14f). Simulated absorption spectra were taken for all the
conformers along with VK11 and VK12. Out of all the five conformers of VK13,
VK13e exhibits a closer agreement with experimental results. However, the
experimental absorption spectrum of VK13 can be described better with the electronic
structure of the monomer VK13f. This latter fact suggests that for a more accurate
simulation of the absorption spectrum of VK13 it is necessary that the inclusion of a
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larger number of units including several conformations. Similarly, simulated spectra of
VK14 and VK14f showed good results in terms of comparison with experimental data
and it seems that extending the number of units shifts the spectrum to longer wavelength
region. Figure 3.109 shows the predicted spectra for VK11, VK12 and for the most
stable conformations (dimer) and monomer of VK13 and VK14 compared to the

experimental solution spectrum.

Compound Optimized geometry HOMO LUMO

VK11

VK12

VK13

VK14

Figure 3.108 Optimized ground state geometry and HOMO/LUMO distribution of
VK11-VK14.
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e ®
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(2 (h)
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Figure 3.110 (a)—(e) The optimized geometry of VK13 dimer in conformations a to e
(f) optimized geometry of VK13 monomer (g) optimized geometry of VK14 dimer
(h) optimized geometry of VK14 monomer.

3.4.5 Thermal properties

As shown in the TGA plots of VK11-VK14 (Figure 3.111), no significant
weight loss is observed up to a temperature of ~350°C for VK11 and VK12, after
which, an abrupt weight loss is observed for both the molecules, indicating the complete
decomposition of the molecules. The onset of T4 corresponding to VK11 and VK12 are
347 and 369°C, respectively. The higher Tq of VK12 is due to the presence of 2-
phenylacrylonitrile unit in VK12 which is more stable than 2-thiopheneacrylonitrile
present in VK11. However, the onset of Tq for the polymer VK13 is observed at 260°C.
The weight loss at 76°C corresponds to the moisture and that at 260°C is due to the
degradation of polymer backbone, whereas the polymer VK14 exhibits the thermal
stability up to 384°C and a sharp weight loss above 384°C, indicating the complete
decomposition of polymer backbone. Since 1,4-phenylacrylonitrile is more stable than
thiophene, the presence of 1,4-phenylacrylonitrile in VK14 is fetching the higher
stability to VK14 compared to that of VK13, as in the case of VK12. It is seen from
the TGA plots of VK11, VK12 and VK14 that they exhibit Tq higher than that of VK13.
This is attributed to the presence of cyanovinylene moiety in VK11, VK12 and VK14
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which makes them thermally stable (Park et al. 2016). From the TGA results it can be
concluded that the stability of the materials is good enough to be used in photovoltaics/

optoelectronics.
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Figure 3.111 TGA plots of (a) VK11 and VK12, (b) VK13 and VK14.
3.4.6 Third order NLO properties

3.4.6.1 Nonlinear absorption studies

The OA Z-scan measurements were carried out to study the NLA behavior of
VK11-VK14. A 50 wJ laser beam with a pulse width of 7 ns, corresponding to the peak
on—axis intensity of 1.386 GW cm™2 was used to examine the NLA behavior of the
compounds. The linear transmittance was set at 60-65%. The OA Z-scan curves
obtained from VK11-VK14, by dissolving them in CHCls, are shown in Figure
3.112a-d, respectively. On analysing the figures, it is observed that at the focus (z=0),
the curves are symmetric and there is a decrease in the transmittance which becomes
minimum at the focus, revealing the RSA of the compounds. At high laser energies, the
RSA is associated with TPA, which is assisted with ESA. Therefore, the net effect is
termed as “effective TPA” process (Vishnumurthy et al. 2011). In order to determine
the ferr of VK11-VK14, the experimental data were theoretically fitted to an ESA
assisted TPA using Equation 2.3. Further, on solving the nonlinear propagation (dl/dz)
using Equation 2.4, (fourth-order Runge—Kutta method), the output laser intensity was
numerically calculated for a given input intensity. The obtained experimental results
were fitted with less error with the normalized transmittance (T(z)) (Equation 2.5),
which was derived from Equations 2.3 and 2.4. The im »® for OA configuration was

determined using the Equation 2.6. The calculated Ser and im » are given in Table

160



3.9. The calculated Serr values for VK11, VK12, VK13 and VK14 are 1.48x107°,
2.08x107%0 6.12x107% and 7.02x1071° m W1, respectively. The obtained Ses values of
VK11-VK14 are comparable with Sest values of some of the well-known materials
(Table 3.9).
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Figure 3.112 Z-scan curves of (a) VK11, (b) VK12, (c) VK13 and (d) VK14 under
OA configuration.
3.4.6.2 Optical limiting studies

The optical limiting data of VK11-VK14 are obtained by plotting a graph of
normalized transmittance versus input intensity (Figure 3.113a—d), obtained from the
OA Z-scan analysis. From the graph, it is seen that the onset of optical limiting values
of the compounds VK11, VK12, VK13 and VK14 are at 1.11, 0.83, 0.22 and 0.16 J
cm?, respectively and the LT values are 8.34, 4.16, 1.69 and 1.42 J cm for VK11,
VK12, VK13 and VK14, respectively. The polymers VK13 and VK14 possess
significantly low onset and LT values compared to that of molecules VK11 and VK12
and moreover, the obtained relatively low optical limiting data are comparable and are
even better than the similar materials reported (Table 3.9).

For an instance, Gopi et al. (Gopi et al. 2020) synthesized a new solution
processable quinoxaline based push—pull molecule with 3-ethyl rhodanine as acceptor
unit and investigated the NLO properties of the molecule, which showed an effective
TPA with S value as high as 10.0x107° m W with the LT of 2.46 J cm™2. Vintu et
al. (Vintu et al. 2019) synthesized a novel anthracene supported 5,11-dihydroindolo
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[3,2-b] carbazole- based polymer for nonlinear optical application, which showed a
very high SBer of 11.6x107° m Wt with the LT of 1.03 J cm™2. Zawadzka et al.
(Zawadzka et al. 2013) synthesized two 5,10-A2B2 porphyrin series with different
metals in the core and investigated the NLO properties, and with tin (IV) complex,
SnCl,_CCTMS, porphyrin showed RSA with the Sefr of 6.4x1072° m W, Praseetha et
al. (Praseetha et al. 2019) observed the enhancement in the NLO property of 4’-Heptyl-
4-biphenylcarbonitrile (7CB) nematic liquid crystal upon doping it with CdSe quantum
dot (QD) in different concentrations. The pure 7CB nematic liquid crystal showed Sest
of 2.0x107° m W while after doping with 0.75 and 1% of CdSe QD, the Se raised to
5.5x10°1 m W with the LT of 3.02 J cm 2 and 7.8x1071® m W with the LT of 2.1
Jcm~2, respectively. The available reports indicate that in most of the cases the optical
nonlinearity is increased by doping with some inorganic materials, whereas, few of the
pure organic materials have also shown increase in the Sett as a result of conjugation.
However, the synthesized compounds VK11, VK12, VK13 and VK14 exhibit higher
NLA, improved et and significantly low onset and LT values, establishing their
efficient optical power limiting behavior in their pristine state compared to some of the
reported molecules. The results reveal that these synthesized compounds could serve
the potentials as optical limiters for human eye and other sensitive sensors in laser
photonics. Unfortunately, VK11-VK14 did not show NLR properties as the NLA was

much stronger than refraction of the compounds.
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Figure 3.113 Optical limiting curves of (a) VK11, (b) VK12, (c) VK13 and (d)
VK14 at an input intensity of 1.386 GW cm 2.
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Table 3.9 NLO parameters of VK11-VK14 and few comparisons with work reported

under similar experimental conditions.

Sample Best Limiting Imy®  References
threshold (esu)
(1071 mW1)
(Jem™2) (10712
VK11 1.48 8.34 4.67596  This work
VK12 2.08 4.16 6.56524  This work
VK13 6.12 1.69 19.2738  This work
VK14 7.02 1.42 22.1203  This work
CNWN N 10 2.46 - (Gopi et al.
: % ) 2020)
1N ¢
iﬂ 11.6 1.03 32.331 (Vintu et
o Q=L al. 2019)
\QiQOO =
» If\
5,10-A2B; porphyrin— 6.4 - - (Zawadzka
SnCl,_ CCTMS et al. 2013)
complex
7CB 2.0 - 7.42 (Praseetha
et al. 2019)
7CB + 0.75% CdSe 5.5 3.02 20.4 (Praseetha
QD et al. 2019)
7CB + 1.0% CdSe QD 7.8 2.1 28.9 (Praseetha
et al. 2019)

As the optical nonlinearity of organic materials is solely resulting from the
conjugation, the extended conjugation in VK11-VK14 enhances the NLO properties
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of the materials. Moreover, the predominant increment in the et and substantial
reduction in optical limiting values of polymers VK13 and VK14 compared to that of
molecules VK11 and VK12 is due to the higher extension of conjugation, improved
interaction between the electron donor and acceptor units, increased ICT and the
polarizability in VK13 and VK14. Between the VK11 and VK12, the VK12 shows
higher NLO property due to the presence of phenyl acrylonitrile moiety which extends
the conjugation in VK12 compared to that of thiophene acrylonitrile in VK11.
Similarly, between the VK13 and VK14, the VK14 shows higher NLO property due to
the presence of phenyl acrylonitrile moiety which extend the conjugation in VK14

compared to that of thiophene alone in VK13.

3.4.7 The important findings from the experimental data

The substituted acrylonitrile group present in VK11, VK12 and VK14 results
in the red shift of the absorption and emission maxima; and improves the thermal
stability compared to that of VK13. The presence of phenylacrylonitrile unit results in
the enhanced NLA in VK12 and VK14 compared to that of VK11 and VK13. The
higher degree of conjugation in VK13 and VK14 improves the interaction between the
electron donor and acceptor units, the ICT and the polarizability of the polymers,
resulting in the predominant increment in the Seft (6.12x107*% and 7.02x1071° m W for
VK13 and VK14, respectively) and substantial reduction in optical limiting values
(1.69 and 1.42 J cm™ for VK13 and VK14, respectively) compared to that of VK11
and VK12. The results obtained here for VK13 and VK14 are better than some of the
NLO materials reported. Therefore, the materials synthesized here could be of
promising candidates for all-optical limiting devices in laser photonics.
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3.5 BUTTERFLY-SHAPED THIOPHENE-PYRIDINE HYBRIDS (VK15-
VK18): GREEN ELECTROLUMINESCENCE AND LARGE THIRD-ORDER
OPTICAL NONLINEARITIES

Designing and developing new families of organic molecules with the specific
features is at the heart of optoelectronics. Though, a number of organic molecules have
drawn immense attention due to their prime applications in the fields like NLO, OLED,
OSCs and OFETSs, in particular, ample interest has been developed towards OLEDs
owing to their advantages such as light weight, low cost, thinness, flexibility, high
brightness, wide viewing angles and in addition, they are also considered as one of the
most anticipated device architectures for solid state lighting sources as well as a key
technology for flat-panel displays (Baldo et al. 1999; Ding et al. 2010; Tang and
VanSlyke 1987; White et al. 2009). Although it is difficult to develop high color purity
emitters and achieve excellent devices, from the point of chemical approach, one way
of improving the major factors such as low thermal stability, chemical purity and poor
efficiency that restrict the device performance is designing of rigid either star/butterfly
shaped or dendrite shaped molecules (Jiang et al. 2010; Ren et al. 2010; Thelakkat
2002). Moreover, due to the advantages like good thermal stability, high purity, good
thin film formation and good solution processability of star/butterfly shaped molecules
over the linear molecules, they have gained enormous attention in recent past (Huang
et al. 2013).

Though, there are well documented literatures on phenyl-pyridine based
star/butterfly-shaped molecules, thiophene—pyridine core structured butterfly-shaped
molecules remained unexplored. Given that, in the present study it is planned to explore
simple thiophene—pyridine derivatives possessing D-n—A-n-D structural configuration
(VK15 and VK16) and D-A-n-D-n—-A-D configuration (VK17 and VK18) to the
optoelectronic industry (OLED and NLO).

3.5.1 Structural elucidation of the intermediates and final compounds

Similar type of pattern was observed in the '"H NMR and '*C NMR spectrum of
intermediate 30 as that of 29, which confirms the structure. The reduction of
intermediate 29 was confirmed by the 'H NMR spectrum of intermediate 32, wherein
the disappearance of aldehydic proton and appearance of a singlet at 6 4.83 ppm and 6
2.50 ppm corresponding to the alcoholic proton and secondary protons of —CH,OH
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group, respectively, confirm the structure. The structure was further confirmed by its
13C NMR spectrum. Similar type of pattern was observed in the 'H NMR and '*C NMR
spectrum of 31 as that of 32, which confirms the structure. The mass spectrum shows
molecular ion (M+1) peak at m/z 504.37 and 536.44 for intermediates 30 and 32,
respectively, which corresponds to their molecular formula, confirming the structure.
A doublet resonating at 6 5.94 ppm as a result of secondary protons of —CH>—P group
and formation of additional aromatic protons at & 7.87-6.88 ppm in the '"H NMR
spectrum of intermediate 34 confirms the formation of Wittig salt. Further, in the *C
NMR spectrum of intermediate 34, the peak resonating at 6 59.3 ppm corresponding to
—CH2>—P carbon and all the aromatic carbons resonating in the downfield region clearly
confirm the structure. Similar type of pattern was observed in the 'H NMR and '*C
NMR spectrum of 33 as that of 34, which confirms the structure. The structural
elucidation of one of the final compounds, VK15 is discussed herewith. The successful
formation of VK15 is evident by the disappearance of -CH>—P protons at 6 5.94 ppm
and formation of new aromatic protons at 6 7.65-7.02 ppm corresponding to
triphenylamine and vinyl protons in its "TH NMR spectrum, and also, missing of -CHa—
P carbon signal at & 59.3 ppm and additional signals of new aromatic carbons in the
downfield region in its '*C NMR spectrum further confirm the structure. Similar type
of patterns was observed in the 'H NMR and *C NMR spectrum of VK16, VK17 and
VK18, which confirm the structure. Also, MALDI-TOF mass spectrum shows a
molecular ion peak at 1013.849, 913.652, 1243.866 and 1193.815 corresponding to
(M+1) peak of VK15, VK16, VK17 and VK18, respectively, which further validates
the structure. In addition to the spectral characterizations, the elemental analysis further
evidences the structures of all the intermediates and final compounds. The 'H NMR,
13C NMR and mass spectra of the intermediates and final compounds VK15-VK18 are
presented in Figure 3.114-3.129.
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Figure 3.116 *H NMR spectrum of 34
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Figure 3.120 MALDI-TOF Mass spectrum of VK15
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Figure 3.122 *C NMR spectrum of VK16
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Figure 3.129 MALDI-TOF Mass spectrum of VK18

3.5.2 Photophysical studies

The UV-vis absorption spectra of VK15, VK16, VK17 and VK18 exhibit two
absorption bands (Figure 3.130a—d). One absorption band is located at higher energy
UV region (280-330 nm) and the other is located at lower energy visible region (350-
460 nm). The band at higher energy region is attributed to n-n* transition and that at
lower energy region ascribes to ICT transition from the electron donating
triphenylamine/carbazole moiety to the electron accepting pyridine group. The
absorption maxima (Amax) 0f VK15, VK16, VK17 and VK18 are observed at 409, 394,
419 and 404 nm, respectively. The absorption spectra clearly display the effect of
variation of peripheral groups on the conjugation and hence, the absorption of the
molecules. As it is seen in Figure 3.130a—d, there is a considerable red shift in the
absorption of VK15 and VK17 compared to that of VK16 and VK18. This
bathochromic shift is attributed to the higher electron donating ability of triphenylamine
group in VK15 and VK17 compared to that of carbazole in VK16 and VK18.
Moreover, the higher Amax 0f VK17 is resulted from the higher degree of conjugation
in VK17 compared to that of VK15, VK16 and VK18. The optical band gap (Eg)
determined from the point of intersection of absorption and emission spectra is 2.64,
2.71,2.62 and 2.76 eV for VK15, VK16, VK17 and VK18, respectively.
The fluorescence spectra at RT show an emission peak at 503, 450, 488 and 461 nm for
VK15, VK16, VK17 and VK18, respectively (Figure 3.130a—d), by exciting at their

corresponding Amax. In addition, there is a considerable red shift in the absorption
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(Figure 3.130e) and emission spectra (Figure 3.130f) of all the four molecules in the
solid state compared to that of solution state. This is due to the increased intermolecular
interactions in the solid state. For an ideal fluorophore, fluorescence quantum yield (&)
is one of the deciding factors. In view of this, their absolute solid-state fluorescence quantum
yields were obtained, and they are 0.153, 0.021, 0.041 and 0.038 for VK15, VK16, VK17
and VK18, respectively. The emission profiles of the four molecules were also measured
at 77 K in degassed toluene to ensure the emission from the triplet state. It is observed
that the low temperature emission profiles are overlapping with the RT emission
profiles (Figure 3.130a—-d), which suggests the nonexistence of phosphorescence and
validates the pure fluorescence emission (with the enhanced vibronic bands). Further,
the time-resolved photoluminescence decay dynamics were studied at RT to measure
the lifetime of the molecules. The time-resolved photoluminescence decay profiles for
the molecules in the degassed toluene are given in Figure 3.131a-d. The molecules
VK15, VK16, VK17 and VK18 possess a short lifetime (zr) of 2.93, 2.42, 1.17 and
1.18 ns, respectively, which is attributing to the relaxation from Sy to So. And there is
no any delayed component observed, indicating the pure fluorescence emission. The
data of absorption and emission studies are summarized in Table 3.10.
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Figure 3.130 UV-Vis absorption spectra at RT (measured in CHCIs, 10> M) and

fluorescence emission spectra at RT and 77K (measured in toluene, 107> M) of (a)
VK15, (b) VK16, (c) VK17 (d) VK18, (e) absorption in thin film and (f) emission
profiles in the solid state of VK15-VK18.
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Figure 3.131 Time-resolved photoluminescence decay of (a) VK15, (b) VK16, (c)
VK17 and (d) VK18 in toluene at RT. Right: Fitting parameters including pre-

exponential factors and confidence limits.

3.5.3 Electrochemical studies

Figure 3.132a-d depict the cyclic voltammograms of VKI15-VK18,

respectively. The observed onset oxidation peaks of first oxidation peak are 0.77, 0.80,
0.71and 0.82 V vs SCE for VK15, VK16, VK17 and VK18, respectively. As observed,

the molecules undergo multistep oxidation process. The oxidation peaks other than the

first oxidation peak could be due to the oxidation of different units present in the
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molecule. The small oxidation peaks observed at ~1.67-1.7 V in all the four molecules
could be associated with vinylene bond oxidation. The oxidation peak observed at ~1.2
V may be due to the oxidation of N-substituted carbazole in VK16 and VK18 whereas,
the potential range between 0.8-1.5 V in VK15 and VK17 could be related to the
oxidation of triphenylamine unit which depends on the substituents attached to the
phenyl ring of triphenylamine unit. The energy of HOMO calculated from Equation
2.1 is —5.31, —5.34, —=5.25 and —5.36 ¢V for VK15, VK16, VK17 and VK18,
respectively. Similarly, the energy of LUMO determined from the Equation 2.2 is
—2.67,—-2.63, —2.63 and —2.60 ¢V for VK15, VK16, VK17 and VK18, respectively.

As a consequence of the presence of stronger electron donating triphenylamine
group, VK15 and VK17 possess a lower oxidation potential compared to carbazole
containing VK16 and VK18. As the electron donating groups increase the HOMO
level, VK15 and VK17 possess higher HOMO energy level compared to that of VK16
and VK18. The electrochemical data are listed in Table 3.10.
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Figure 3.132 Cyclic voltammograms of (a) VK15, (b) VK16, (c) VK17 and (d) VK18.
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Table 3.10 Summary of optical, electrochemical and theoretical data of VK15-VK18.

Molecules  Amax®™  AmaP?'  EgP Dr T E%net HOMO LUMO
(nm) (nm) (eV) (x0.02) (ns) (V vs SCE) (eV) (eV)

VK15 409° 503*  2.64  0.153 2.93 0.77 -5.31° —2.67¢

420° 543° +0.03 —4.73°  —1.68°

VK16 394 493 271  0.021 2.42 0.80 -5.34¢  —2.63¢

408° 569° +0.01 —4.76°  —1.50°

VK17 419° 498*  2.62  0.041 1.17 0.71 -5.25¢ —2.63¢

430° 538° +0.050] —-4.70° —1.72°

VK18 404 474* 276  0.038 1.19 0.82 -5.36°  —2.60¢

417° 542° +0.005 —4.77° —1.58°

E," Optical band gap calculated from the intersection of normalized absorption and

emission spectra.

@r  Absolute quantum yield determined using an integrated sphere.
@  Determined in CHCIz (10> M).

b Determined in solid state.

E%nset  Experimental onset oxidation potential vs SCE.

¢ Experimental values from CV using Equation 2.1 with Fc/Fc* as internal standard.

d Experimental values using Equation 2.2.

N Theoretical results.
=  Amplitude weighted average lifetime, biexponential, [*] triexponential.
3.5.4 Theoretical studies

Figure 3.133 represents the ground state optimized geometry and the
HOMO/LUMO distribution of VK15-VK18. The long decyloxy chain was replaced
by methoxy group to reduce the calculation time. As seen in Figure 3.133, in the case
of VK15 and VK16, except the decyloxy substituted phenyl group which is twisted by
an angle of ~41° from the thiophene-pyridine plane, the HOMO is distributed majorly
on spacer thiophene and vinylic linkage. The HOMO distribution is also extended on
nitrogen atom and one of the phenyl group (which is attached to the vinylic bond) of
peripheral triphenylamine in VK15 and ethyl carbazole in VK16. Further, a partial
distribution of HOMO over central pyridine is also seen. Since the free phenyl groups

in the terminal triphenylamine unit are twisted by an angle of ~42° from the thiophene-
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pyridine plane, HOMO is distributed to a less extent on triphenylamine group in VK15.
Similarly, due to the small twisting from its co-planarity of unsubstituted phenyl group
of terminal ethyl carbazole, HOMO is spread to a less extent on ethyl carbazole in
VK16. On the other hand, the LUMO is mainly localized on central pyridine and spacer
thiophene units; and partially distributed over vinylic linkage in VK15 and VK16. In
addition, there is a minor distribution of LUMO on substituted phenyl group of
triphenylamine and ethyl carbazole in VK15 and VK16, respectively. Correspondingly,
in the case of VK17 and VK18, the HOMO is majorly localized on spacer thiophene,
vinylic linkage, central triphenylamine in VK17 and on central carbazole in VK18,
while the LUMO is localized primarily on electron acceptor pyridine ring, spacer
thiophene and vinylic linkage. Also, there is a partial distribution of LUMO over
substituted phenyl rings of triphenylamine and carbazole unit in VK17 and VK18,
respectively. It is observed that, the HOMO of all the four molecules is mainly situated
on electron donors while LUMO is mainly localized on electron withdrawing pyridine
unit, which indicates D-A type charge transfer character of the molecules. And, a
significant overlap of orbitals is observed from the electron density distribution of
HOMO and LUMO levels, suggesting the ambipolar property, which may support for
the proper transport of holes/electrons and to maintain the active electronic

communication between the acceptor and the donor (Li et al. 2018; Liu et al. 2018).
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Figure 3.133 The optimized molecular structures and HOMO/LUMO distributions of
VK15-VK18.

In order to examine the excited state transition, TD-DFT calculations were
performed. Figure 3.134 shows the simulated spectra of VK15-VK18. The appearance
of distinct bands at lower and higher energy region indicates the existence of charge-
transfer transition and =m-m* transition, respectively, within the molecules. The
theoretical HOMO/LUMO values are summarized in Table 3.10. Overall, the
theoretical estimation follows similar trend and are in support with the experimental
results, however, the tiny discrepancy is due to the theoretical overestimation.
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Figure 3.134 Simulated absorption spectra of VK15-VK18.
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3.5.5 Thermal properties

Thermal properties of the molecules were analysed by differential scanning
colorimetry (DSC) and TGA. The DSC and the TGA plots of VK15-VK18 are depicted
in Figure 3.135 and Figure 3.136, respectively. The DSC analysis shows that the
molecules are amorphous in nature, as there are no exothermic melting peaks observed
during two heating cycles (Figure 3.135). And, all the four molecules exhibit a clear
glass transition temperature (Tg) during the second heating cycle. In fact, molecules
VK17 and VK18 show Ty of 27.63 and 36.33°C, respectively, whereas, molecules
VK15 and VK16 exhibit comparatively better T4 of 72.32 and 66.12°C, respectively.
The higher T¢ of VK15 and VK16 compared to that of VK17 and VK18 is attributed
to the presence of bulky side groups in VK15 and VK16, which hinders the rotational
flexibility, thereby increases the T4 (Yu et al. 2018).

The TGA results reveal that the molecules possess extremely good thermal stabilities
with the high degradation temperatures. The T4 of VK15 and VK16 (corresponding to
5% weight loss) is observed at 426 and 432°C, respectively, whereas, the Tq of VK17
and VK18 is observed at 417 (corresponding to 20% weight loss) and 428°C
(corresponding to 10% weight loss), respectively. In addition, a slight degradation is
observed at 218 and 240°C (corresponding to 2% weight loss), in VK17 and VK18,
respectively, which is due to the decomposition of the peripheral, low molecular weight
component (4-(4-(decyloxy)phenyl)-2,6-di(thiophen-2-yl)pyridine), present in them.
The relatively higher Tq of VK16 and VK18 compared to that of triphenylamine
containing VK15 and VK17 is due to the presence of carbazole (structurally more rigid
compared to triphenylamine) unit in them, which improved the structural rigidity of
VK16 and VK18. Apparently, the excellent thermal stability with high Tq of all the four
molecules is attributed to the bulky D-n—A-n-D/ D-A-n-D-n—A-D structural
arrangement (Wang et al. 2019) with relatively large molecular weights, which can lead
to a homogeneous and amorphous film and thus, improve the quality of the film at high

temperatures, which is a criterion for their practical use in OLEDs.
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Figure 3.135 DSC plots of (a) VK15, (b) VK16, (c) VK17 and (d) VK18.
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Figure 3.136 TGA plots of VK15-VK18.
3.5.6 Third—-order NLO properties

3.5.6.1 Nonlinear absorption studies

Under ultra-short 50 pJ laser excitation (532 nm, 7 ns pulse width),
corresponding to on—axis intensity of 1.386 GW cm 2, OA Z-scan analysis was carried
out, wherein the transmitted beam was measured without the aperture in front of the
detector, to determine the NLA of the molecules. The linear transmittance was
maintained at 70-72%. Figure 3.137a—d show the OA Z-scan signatures of VK15—
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VK18 in CHCIz solution, respectively. The interaction of laser beam with the molecules
produces a valley pattern i.e., the transmittance of the molecules decreases gradually
towards the focal point and reaches a minimum with the deep transmittance trough at
the focus where the curves are symmetric at z=0, which signifies the RSA behavior of
the molecules with the positive NLA of the incident light. On the nanosecond time scale
the RSA is combined with TPA and ESA, which are collectively called as “the effective
TPA” process (Poornesh et al. 2009; Vishnumurthy et al. 2011). The experimental data
are matching well with the theoretical model for ESA assisted TPA process in all the

four molecules.

Following the intensity dependent absorption coefficient (« (1)) for ESA assisted
TPA (associated with SA), OA Z-scan recordings were theoretically fitted using
Equation 2.3-2.5 to determine fSerr. The »® was calculated by fitting to Equation 2.6.
Using the Equations 2.3 and 2.5, the experimental data were fitted to the theoretical
model to obtain NLA parameters (Table 3.11). The numerically fitted OA Z-scan
results disclose enhanced NLO responses of the synthesized molecules. The fes values
of VK15, VK16, VK17 and VK18 are 4.45, 3.65, 3.91 and 2.58x10°° m W,
respectively. The obtained ferr values in the present study are very much closer and

predominantly better than those reported in the literature (Table 3.11).
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Figure 3.137 Z—scan curves of (a) VK15, (b) VK16, (c) VK17 and (d) VK18 under
OA configuration.
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3.5.6.2 Optical limiting studies

The OL data of VK15-VK18 were extracted from the graphs of normalized
transmittance obtained from OA Z-scan analysis against input fluence (Figure 3.138
a—d). From the graph, the onsets of limiting action are 0.18, 0.49, 0.38 and 0.65 J cm 2
and the LT values are 1.73, 2.72, 2.68 and 4.68 J cm 2 for VK15, VK16, VK17 and
VK18, respectively. From the results it is evidenced that the molecules in the present
study exhibit exceptional OL action with very low onset and LT values. These
significantly reduced values are analogous and better than those of many reported
values. For an instance, under similar conditions, Praseetha et al. (Praseetha et al. 2019)
observed the enhancement in the NLO property of 7CB nematic liquid crystal upon
doping with CdSe QD in different concentrations. The pure 7CB nematic liquid crystal
showed ferof 2.0x107 1 m W! while after doping with 0.75 and 1% CdSe QD, the By
raised to 5.5x1071 m W' with the LT of 3.02 J cm 2 and 7.8x1071° m W™! with the
LT of 2.1 J cm™, respectively. Shiju et al. (Shiju et al. 2019) investigated the NLO
response of phenothiazine (PTZ)-silver (Ag) organometallic hybrid system, which
showed By of 3.60x1071 m W! and LT of 3.43 J cm 2, which was two orders of
magnitude higher than that of pristine PTZ. Zhang et al. (Zhang et al. 2011) studied the
NLO and optical limiting properties of graphene oxide—Fe3O4 hybrid material, which
showed an enhanced Sy of 2.6x107 ' m W™! with the LT of 2.82 J cm™ 2, whereas new
quinoxaline based push—pull molecule with 1,3 indandione as acceptor was synthesized
by Gopi et al. (Gopi et al. 2020) and its third-order NLO properties were studied, which
showed an effective TPA with very high ey 0f 2.0x107° m W' and low LT of 1.15 ]
cm 2. Further, Mi et al.(Mi et al. 2016) synthesized Zn-complexed D-n—A type
porphyrin derivative, Por—Zn—N, through [2+2] click reactions and studied the NLO
response of the material, which showed RSA with feyof 4.8x1071m W', Specifically,
VK15 and VK16 of the present series having similar structural arrangement as that of
molecules of series—4, wherein, the same core structure (i.e., thiophene-pyridine) was
connected to small end groups such as thiophene/phenyl acrylonitriles, show enhanced
NLO properties compared to the previous molecules. This is mainly attributed to the
improved ICT, increased polarity and extended conjugation existed due to the presence
of bulkier end groups (triphenylamine/carbazole) in the present molecules compared to

thiophene/phenyl acrylonitriles. Moreover, the LT value of VK15 (1.73 J cm?) is
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similar to that of polymer VK14 (1.42 J cm2) which suggests that the proper selection
of bulkier end group and structural modifications in small molecules could lead to
comparable NLO properties as that of polymers and could replace the polymeric
materials in optical limiting devices. From the literature reports it is noticed that the
enhancement in the nonlinearity is mainly due to the doping of organic compounds with
some inorganic materials with the exception of some of the pure organic materials
which showed improved nonlinearity without any doping. However, the materials in
the present study have shown remarkable nonlinear response with substantial increment
in the B which is of the order 1071 m W™! and exceptionally well optical limiting
behavior with very low LT in their pristine form, which is comparable and better than
some of the well-known reported materials, making them capable materials for optical

power limiting devices in photonics.
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3.5.6.3 Nonlinear refraction studies
The closed by open signatures of VK15-VK18 are depicted in Figure 3.139a—

d, respectively. As it is seen from the figure, there is a prefocal peak followed by null
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and postfocal valley, which indicates the negative sign of refractive index, representing
a self-defocusing nature and thus, negative nonlinearity of VK15-VK18. As a result,
molecules act like diverging lens. By fitting experimental data to Equation 2.7, the
normalized transmittance (T) at CA condition was determined. The 7. and the real y®/
related to 772 was calculated by Equations 2.8 and 2.9. The NLR parameters of VK15-
VK18 are listed in Table 3.11.

(a) Experimental value of VK15 (b) © Experimental value of VK16
Theoretical fit

Theoretical fit

1.64

1.2

0.8+

0.4

> Experimental value of VK18

I Experimental value of VK17 h
(C) ——Theoretical fit (d) Thearetical fit

1.6

1.2
| 2 o

0.8

Normalized transmittance

0.41

-20 -10 ] 10 20 -20 -10 0 10 20

Position (um)

Figure 3.139 Z-scan curves of (a) VK15, (b) VK16, (c) VK17 and (d) VK18 under
CA configuration.

The butterfly-shaped molecules in the present study possessed highly
delocalized n—electronic cloud, resulting from the structural planarity, which provided
a prolonged m—conjugation between the electron donor and acceptor groups via
excellent ICT interactions, ultimately induced the polarization in the molecules, which
led to a remarkably high S value and extremely low LT values of pristine molecules.
Further, the higher extent of electron donating ability of triphenylamine moiety than
carbazole unit brought about notable increment in the S value and exceptional
reduction in the LT value in the case of VK15 and VK17 compared to that of VK16
and VK18. Thus, it is worth to note that these materials would be efficient limiters

which would provide safety for damages caused by high intensity sources.
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Table 3.11. Comparison of NLA and NLR parameters of VK15-VK18 with similar

results reported.

Sample Py Limiting 2 x®  References
(x1071%  threshold (esu) (esu)
mW')  (Jem?) (10712
VK15 4.45 1.73 7.06357x107!""  14.0157 This work
VK16 3.65 2.72 6.21902x107'"" 11.5239 This work
VK17 3.91 2.68 7.63576x107!"  12.3421 This work
VK18 2.58 4.68 4.78997x1071"  8.1398  This work
7CB 2.0 - - - (Praseetha
et al. 2019)
7CB + 0.75% CdSe 5.5 3.02 - - (Praseetha
QD et al. 2019)
7CB + 1.0% CdSe 7.8 2.1 - - (Praseetha
QD et al. 2019)
Phenothiazine 3.60 3.43 8.0 - (Shiju et al.
(PTZ)-silver (Ag) 2019)
organometallic
hybrid system
Graphene oxide— 2.6 2.82 - - (Zhang et
Fe;04 al. 2011)
O < A/\‘O 2.0 1.15 - - (Gopi et al.
O ) QT 0
Y ~ 0 2020)
Zn-complexed D— 4.8 - - - (Mi et al.
n—A type porphyrin 2016)

derivative,
(Por—Zn—N)

186



3.5.7 Electroluminescence properties

Out of four molecules synthesized, VK15 exhibited comparatively higher @r,
better film forming property and high lying HOMO level. As a result, a multilayer non-
doped OLED was fabricated employing VK15 as the emissive material and the
properties were investigated. The device configuration is as follows: ITO (150
nm)/PEDOT:PSS (30 nm)/NPB (20 nm)/VK15 (40 nm)/TPBi (35 nm)/LiF (1 nm)/Al
(100 nm). In the device, patterned ITO-coated glass substrate was used as a transparent
anode, PEDOT:PSS (Poly(3,4-ethylene dioxythiophene)-poly(styrenesulfonate)) as
hole injecting material, NPB (N,N’-Di(1-naphthyl)-N,N’-diphenyl-(1,1'biphenyl)-4,4'-
diamine) as HTL, VK15 as emissive material, TPBi (2,2',2"-(1,3,5-Benzinetriyl)-tris(1-
phenyl-1-H-benzimidazole) as ETL and HBL, lithium fluoride (LiF) served as EIL and
Al as cathode (Figure 3.140a) and their energy level diagram is given in Figure 3.140b.
The current density-voltage-luminance (J-V-L) characteristic, current density-
luminance, current density-current efficiency and electroluminescence (EL) spectra of
the fabricated device are presented in Figure 3.141a—d, respectively. As sown in the
figure, the device exhibits good diode characteristic with a turn-on voltage of 7.74 V
(at 1 cd m™2), a maximum luminance of 207 cd m2, a #ce of 1.51cd A™%, #7pmax Of 0.46
Im W and #eqe of 0.48 % at 100 cd m™2 (Table 3.12). The device emits bright green
light having maximum emission (Amax™) at 512 nm with a narrow full width half
maximum (FWHM) of 68 nm and commission internationale de leclairage (CIE)
coordinates of (0.290, 0.606) at 12 V, which show the pure green emission from the
device (Figure 3.141e). It is seen that the presence of triphenylamine unit as end groups
with D-n—A-n—D configuration effectively reduced the aggregation and crystallinity,
and thus, facilitated the formation of homogeneous film by solution processing. Also,
there is no any change in the EL peak shape, that reveals the excellent spectral stability
of the device. The fabricated device is unoptimized and there is a large scope for the

optimization of various parameters which can further improve the device performance.
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Figure 3.140 (a) Device configuration and (b) the energy level diagram showing the

HOMO and LUMO energies of different component materials.
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Figure 3.141 Device characteristics (a) J-V-L characteristic, (b) J-L curve, (b) J—nce
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Table 3.12 Electroluminescence data of VK15 in OLED device.

Molecule Vonset A max Lmax NcCE Y Pmax HEQE

%) (mm) (¢cdm?) (¢dAH) (AIMmWH (%)

VK15 7.74 512 207 1.51 0.46 0.48

3.5.8 The important findings from the experimental data

The triphenylamine present in VK15 and VK17 leads to a clear red shift in the
absorption and emission maxima, and also shifts the HOMO to higher energy level.
Localization of HOMO on electron donor and LUMO on acceptor renders D—A type
charge transfer and the overlapping of orbitals provides ambipolar property for all the
four molecules. The presence of bulky side groups increases the T, in VK15 and VK16,
and the presence of carbazole in VK16 and VK18 imparts high thermal stability (>
420°C). The strong electron donating ability of triphenylamine and extended
conjugation in VK15 and VK17 result in remarkably high B of 4.45 and 3.91x1071°
m W, and extremely low limiting threshold of 1.73 and 2.68 J cm 2, respectively. The
un-doped solution processed OLED using VK15 as emitter exhibited bright green
electroluminescence at 512 nm with narrow FWHM of 68 nm, a turn-on voltage of 7.74
V (at 1 cd m™?), a maximum luminance of 207 c¢d m™2, a cg of 1.51cd A™!, #pmax of
0.46 Im W' and ngor of 0.48 % at 100 cd m 2. The striking results of VK15
demonstrate its potential use as optical limiter in photonics and emissive material in

OLED:s.
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CHAPTER 4

SUMMARY AND CONCLUSIONS



4.1 SUMMARY

A total of five new D-A-D configured series, wherein series—1 with three small
molecules comprising of thiophene as the electron donor, ITD as the acceptor, and
thiophene—2—acetonitrile (VK1), phenylacetonitrile (VK2) and rhodanine—3-acetic
acid (VK3) as three different side groups; series—2 with three small molecules
comprising of thiophene and ITD as the invariable donor and acceptor moieties, and
pyrene (VK4), anthracene (VKS5) and triphenylamine (VKG6) as three different n—
conjugated systems; series—3 with four H-shaped conjugated oligomers comprising of
thiophene (VKY7), thiophene-1,3,4-oxadiazole-thiophene (VKS8), tztz (VK9) and
phenyl-tztz—phenyl (VK10) units as central cores and the Th-ITD moiety at the
periphery; series—4 with two trigonal-shaped conjugated small molecules comprising
of thiophene as the electron donor, 2,4,6-trisubstituted pyridine as the acceptor, and
thiophene-2-acetonitrile (VK11) and phenyl acetonitrile groups (VK12) as side groups,
and two polymers comprising of thiophene and 2,4,6-trisubstituted pyridine as the
invariable donor and acceptor moieties, and thiophene (VK13) and 1,4-
phenylenediacetonitrile (VK14) as n—extenders; and series=5 with four butterfly-
shaped conjugated molecules comprising of thiophene and 2,4,6-trisubstituted pyridine
as the invariable donor and acceptor moieties, and triphenylamine (VK15 and VK17)
and carbazole (VK16 and VK18) as secondary donor moieties were designed. The
designed compounds were synthesized via appropriate multistep synthetic protocol
using various well-known cost-effective named reactions such as Knoevenagel
condensation, Schiff-base condensation, Wittig reactions and microwave assisted one
pot green synthesis. All the reactions were optimized to acquire maximum yield. All
the intermediates and final compounds were purified either by column chromatography
or by recrystallization using appropriate solvent mixtures. The structures of the
intermediates and final compounds were confirmed using *H NMR, *C NMR, mass
spectral analysis, and elemental analysis. The molecular weights of polymers were
determined by GPC technique. The photophysical properties of all the eighteen
synthesized compounds were studied using UV-Vis absorption and fluorescence
emission spectroscopy wherein, the optical band gaps were calculated. The
electrochemical properties were studied by cyclic voltammetry using which the
energies of HOMO and LUMO levels of the compounds were determined. The ground
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state optimized geometry, HOMO/LUMO electronic distribution and excited state
transitions were investigated by DFT and TD-DFT studies, which were used to further
validate the experimental results. The thermal stabilities of these compounds were
determined using TGA/DSC analysis. Finally, the third-order NLO properties of VK1-
VK18 were investigated using Z-scan technique which explored their optical limiting
behaviour at high input intensity. The electroluminescent property of VK15 was studied
by fabricating OLED using VK15 as the emissive material. Primarily, the influence of
the structural modification on their property i.e., structure-property relationship of the
synthesized compounds was studied in detail.

4.2 CONCLUSIONS

On the basis of the results obtained, the following conclusions are drawn:

1. The alternative donor and acceptor units provide a proper charge separation and
delocalization of m—electrons via ICT in all the eighteen synthesized compounds
(VK1-VK18).

2. The extension of conjugation and presence of strong electron donor and
acceptor groups shift the absorption and emission maxima to higher wavelength
region in VK3, VK4, VK8, VK10, VK11, VK14, VK15 and VK17.

3. The presence of strong electron donor lowers the oxidation potential and
increases the HOMO to the higher energy region in VK4, VK7, VK10, VK13,
VK15 and VK17 while the presence of strong electron acceptor decreases the
LUMO in VK3, VK8, VK9, VK12 and VK14.

4. The alternative arrangement of strong electron donor and acceptor groups
provides planarity to the system as confirmed by DFT.

5. All the compounds exhibit good thermal stability up to ~350°C, which reveal
the suitability of these materials for practical application in optoelectronics.

6. All the compounds exhibit excited state assisted TPA with high Se values of the
order of 1071 m W and a strong optical limiting behavior which is correlated
to their unique chemical structures.

7. Except series—4 compounds (VK11-VK14), all the other molecules possess

negative nonlinearity, which show self-defocusing nature.
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8.

9.

The polymers VK13 and VK14 exhibit highest Serr values of 6.12 and
7.02x1071% m W and extremely low optical limiting thresholds of 1.69 and
1.42 J cm™2, respectively.

Among the synthesized molecules, VK3, VK8 and VK10 of thiophene-ITD
series, and VK12, VK15 and VK17 of thiophene-pyridine series exhibit

enhanced optical nonlinearity than some of the well-known reported values.

10. The OLED based on VK15 emits green light with good color stability under

different bias voltages.

4.3 SCOPE FOR FURTHER WORK

1.

In the present work, the thiophene—ITD and the thiophene-2,4,6-trisubstituted
pyridine-based D-A-D configured conjugated materials are explored to the
optoelectronic industry for the first time. As a result, there is a large scope for
structural modification to improve the performance.

The preliminary third-order NLO studies revealed that the synthesized
compounds exhibit TPA with excellent optical limiting behavior. Therefore, the
practical applicability of these materials may be checked by fabricating all-
optical limiting or integrated NLO devices.

The preliminary study of OLED device of VK15 as a proof of concept revealed
the suitability of this material as active emitting material and the device
performance can be further improved by optimizing the device.

Excellent TADF materials may be achieved by proper modification of
molecular structure of molecules of series-5.

The synthesized molecules may also be suitable as active materials for organic

solar cells.
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APPENDIX 1

Representative *H NMR, *C NMR and ESI-MS spectra of some intermediates.
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